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We present the novel finding that V-domain Ig suppressor of T cell activation (VISTA)

negatively regulates innate inflammation through the transcriptional and epigenetic

re-programming of macrophages. Representative of VISTA re-programming is the ability

of VISTA agonistic antibodies to augment LPS tolerance and reduce septic shock lethality

in mice. This anti-inflammatory effect of anti-VISTA was mimicked in vitro demonstrating

that anti-VISTA treatment caused a significant reduction in LPS-induced IL-12p40,

IL-6, CXCL2, and TNF; all hallmark pro-inflammatory mediators of endotoxin shock.

Even under conditions that typically “break” LPS tolerance, VISTA agonists sustained

a macrophage anti-inflammatory profile. Analysis of the proteomic and transcriptional

changes imposed by anti-VISTA show that macrophage re-programming was mediated

by a composite profile of mediators involved in both macrophage tolerance induction

(IRG1, miR221, A20, IL-10) as well as transcription factors central to driving an

anti-inflammatory profile (e.g., IRF5, IRF8, NFKB1). These findings underscore a novel

and new activity of VISTA as a negative checkpoint regulator that induces both tolerance

and anti-inflammatory programs in macrophages and controls the magnitude of innate

inflammation in vivo.

Keywords: VISTA, macrophage, tolerance, immunosuppression, agonist

INTRODUCTION

Macrophage plasticity plays an important role in controlling both the amplitude and quality of the
inflammatory response in a wide variety of physiological and pathological conditions, as well as
the resolution of inflammation and tissue repair. To achieve this, macrophages undergo extensive
transcriptional and epigenetic reprogramming in response to various environmental cues. These
cues allow macrophages to rapidly respond to danger signals by inducing pro-inflammatory
mediators on one extreme or to exist in a regulatory state for the purpose of tissue repair
and/or maintenance. Two prominent re-programming mechanisms in macrophages that mitigate
inflammation are those that mediate the development of tolerance to endotoxin (1) and the
alternative differentiation of macrophages to a non-inflammatory phenotype (2).
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Lipopolysaccharide (LPS) tolerance is an example of
transcriptional and epigenetic reprogramming that prevents
macrophage overactivation through development of
refractoriness to repeated stimulation resulting in reduced
capacity of macrophages to mediate septic shock. LPS
tolerance has been extensively studied in vivo and in vitro
with well-documented changes in transcriptional and epigenetic
landscapes that abrogates release of the prototypic inflammatory
cytokines secreted by activated macrophages, including TNFα,
IL-6, IL-1, and IL-12p40. Several mediators including IRAK-M
(3), NF-κB1 (p50) (4, 5), mir221/222 (6), IRG1, and A20 (7) have
been implicated in mediating or enhancing LPS tolerance.

A second example of macrophage plasticity is historically
exemplified by the extremes of M1 (classical) and M2
(alternative) reprogramming of macrophages in response to
environmental cues including TLR ligands, cytokines, and other
soluble mediators such as corticosteroids and immune complexes
[reviewed in Martinez and Gordon (8)]. Compared to the M1
state which is characterized by high production of IL12, TNFα,
IL-6, and IL1; various M2 activation states are defined by
attenuated production of IL12 and increased production of IL-
10 and TGFβ. Key mediators of the M1 program include STAT1,
IRF5 (9, 10) and NFKB (8, 11) whereas the M2 programs variably
depend on IRF4 (12), NFIL3 (13) and the inhibitory NF-κB
homodimers of NF-κB1(p50) and NF-κB2 (p52) (4, 5).

It is clear that the development of the tolerance and
anti-inflammatory transcriptional programs have overlapping
functional consequences as macrophages polarized toward
a regulatory state endow potent protection against LPS-
induced lethality (14). In addition, regulatory polarization
of macrophages can suppress subsequent pro-inflammatory
polarization, and augment tolerance to inflammatory stimuli (2,
14–17). Despite extensive investigations of these two phenomena
for many years, little is known about this overlap and how
these processes are coordinately regulated in vivo to produce a
unified macrophage response to a given stimulus. Porta et al.
validated that tolerance and alternative macrophage polarization
are overlapping transcriptionally regulated processes and showed
that NF-κB1 (p50) is central to establishing an “M2-like” state in
LPS tolerized macrophages.

Amongst negative checkpoint regulators, VISTA (also known
as PD-1H, DD1a, Dies1) is unique in its high levels of constitutive
expression on resting myeloid cells, including monocytes and
macrophages (18). VISTA is an immunoglobulin superfamily
receptor broadly expressed by cells of the hematopoietic
compartment (both T cells and myeloid cells) with well-defined
roles as a negative immune checkpoint of T cell responses
(19, 20). Chen et al. introduced a class of anti-VISTA agonist
antibodies and showed in multiple systems, including GVHD
and Con A-induced hepatitis, that this class of antibodies
suppress T cell mediated immune responses (21–25). Our
group further demonstrated VISTA agonistic antibodies also
have immunosuppressive activities to ameliorate diseases
driven by innate inflammation including antibody-induced
arthritis, KBxN arthritis and imiquimod induced psoriasis
(20, 26). These findings led to the hypothesis that VISTA
may be a negative regulator in the myeloid compartment that

tempers the magnitude of myeloid responses to inflammatory
stimuli. In this study, we show that VISTA agonists functionally
and transcriptionally re-program macrophages by negatively
regulating macrophage responses to pro-inflammatory stimuli.
Anti-VISTA alone induced mediators involved in both M2
polarization and LPS tolerance including IL-10, miR-221,
IRG1, A20, and MerTK and suppressed mediators of M1
polarization (reduced IRF5 and IRF8 expression at both
the transcriptional and protein levels). As anticipated, the
VISTA-mediated reduction in these transcription factors (TFs)
diminished the expression of inflammatory genes including
IL-12 family members, IL-6 and TNFα. Furthermore, anti-
VISTA upregulated key mediators of LPS tolerance resulting
in the enhanced survival of mice from endotoxin shock.
In summary, we show that negative checkpoint regulation
by VISTA agonists of innate immunity is mediated by
the induction of transcriptional reprogramming of both
tolerance and anti-inflammatory programs to mitigate innate
inflammation in vivo.

MATERIALS AND METHODS

Cell Culture
Primary Bone marrow-derived macrophages (BMDMs) were
generated by isolation and culture of mouse bone marrow
in complete RPMI supplemented with 20 ng/ml recombinant
murine M-CSF (Peprotech, 315-02) for up to 7 days. For
cell stimulation, 10 ng/ml LPS (Sigma L2630) or 100 ng/ml
recombinant mouse IFNγ (Biolegend, 575306) were used. For
tolerization experiments, BMDMs (1 × 106 cells/ml per well in
a 6 well plate) were stimulated with 10 ng/ml LPS for 15 hours,
washed 5 times with 1× PBS, then allowed to rest for 2 h in
LPS-free complete medium. BMDMs were then stimulated with
1µg/ml LPS for 4 h (for total RNA-seq) or 12 h (for Luminex) or
as indicated.

For human monocyte and macrophage experiments, Ficoll-
Paque (GE Healthcare) was used to isolate PBMCs from
healthy volunteers by differential centrifugation. The RPMI 1640
medium (Sigma-Aldrich) was supplemented with 10mM L-
glutamine and 10mM pyruvate (Life Technologies). Monocytes
were obtained by depletion of CD3, CD19, and CD56 positive
cells from PBMCs obtained upon Ficoll isolation of a buffy coat.
CD3 MicroBeads (130-050- 101), CD19 MicroBeads (130-050-
301), and CD56 (130-050-401) were purchased from Miltenyi
Biotec and used according to the manufacturer protocol. For
RNA-seq analysis of the monocytes, additional CD14 positive
cells selection was performed on the CD3-, CD19-, and
CD56- population using CD14 MicroBeads (130- 050-201)
fromMiltenyi Biotec. For humanmonocyte-derived macrophage
differentiation, isolated monocytes were cultured at 2 × 106

cells/ml in 6-well plates (Corning, 3506) in RPMI supplemented
with 10% human pooled serum and 20 ng/ml recombinant
human M-CSF (Peprotech, 300-25) for 6 days prior to treatment
with anti-VISTA for 24 h followed by LPS (1µg/ml) stimulation.
For time-time course RNA-seq analysis, cells were isolated at each
time-point, and RNA was extracted as described below.
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Mice
For BMDM generation, hVISTA knock-in mice of 8–10 weeks
of age were used (20), unless otherwise noted. Both male
and female mice were used in experiments. For tolerance and
septic shock experiments, C57Bl/6 mice (Charles River) of 8–
10 weeks of age were used. LPS (Escherichia coli O55:B5;
Sigma L2880) and d-(+)-galactosamine hydrochloride (Sigma
G0500) were re-suspended in sterile PBS and filter-sterilized
before intraperitoneal injection. Mice were maintained under
specific-pathogen–free conditions in the Dartmouth Center
for Comparative Medicine and Research. The Animal Care
and Use Committee of Dartmouth College approved all
animal experiments.

Antibodies
Anti-VISTA agonist antibodies used in this study were anti-
human VISTA clone 803 and anti-mouse VISTA clone 8G8 (20).

Cytokine Analysis
Simultaneous determination of multiple cytokine concentrations
was carried out using the MILLIPLEX MAP Mouse
Cytokine/Chemokine Magnetic Bead Panel— Premixed 32
Plex (EMD Millipore, Billerica, MA) on a Bio-Rad Bio-Plex
Array Reader. Samples were diluted in cell culture medium to
the dynamic range of each kit.

Proteomic Analysis
Control and anti-VISTA-treated BMDM protein lysate (10
× 106 cells per replicate) we sent for global proteomic
quantification (Thermo Fisher Scientific Center for Multiplexed
Proteomics at Harvard). In brief, sample were reduced with
TCEP, alkylated with iodoacetamide, then quenched with DTT.
The proteins were precipitated using methanol/chloroform and
sequentially digested with LysC (1:50) and trypsin (1:100)
based on protease to protein ratio. Five Hundred milligrams of
peptides were labeled for enrichment. Peptides were separated
using a gradient of 3 to 25% acetonitrile in 0.125% formic
acid over 180min prior to detection (MS1), sequencing (MS2)
in the Ion trap, and quantification (MS3) in the Orbitrap.
MS2 spectra were searched using the SEQUEST algorithm
against a Uniprot composite database derived from the Mouse
proteome containing its reversed complement and known
contaminants. Peptide searches were performed using a 20
ppm precursor ion tolerance, 1 Da fragment ion tolerance,
Max Internal Cleavage Site: 2, Max differential/Sites: 4, static
modifications for TMT tags (+229.163 Da) on Lysine residues
and N-terminus peptide, carbamidomethylation (+57.021 Da)
on Cysteine residues and a variable modification for oxidation
(+15.995 Da) on Methionine residues. For Phosphopeptide
searches, another variable modification was considered for
phosphorylation (+79.966 Da) on Serine (S), Threonine (T) and
Tyrosine (Y) residues. Peptide spectral matches were filtered
to a 1% false discovery rate (FDR) using the target-decoy
strategy combined with linear discriminant analysis. The proteins
were filtered to a <1% FDR. Proteins were quantified only
from peptides with a summed SN threshold of >100 and MS2
isolation specificity of 0.5. Quantified proteins were hierarchically

clustered using the Euclidean distance, average linkage. Multiple
sample test with FDR <0.05 revealed about 1,581 proteins that
are significantly changing between two study groups.

RNA-seq
RNA was extracted using the Kapa Hyperprep with RiboErase
kit, according to the manufacturer’s instructions. Samples were
sequences on the NextSeq500 machine in 75-bp paired-end runs.
The quality of the runs was confirmed using the FastQC software
(27). Sequencing output files were aligned to GRCh38 and
GRCm38 for human and mouse data, respectively. Transcripts
were counted by the Spliced Transcripts Alignment to a
Reference (STAR) algorithm using the “–quantMode” option
(28). The count data matrix was then processed in R and
differentially expressed genes (DEGs) were identified using
DESeq2 (29). In brief, the data were filtered by removing
transcripts that were not detected in all replicates. Differential
expression analysis was performed contrasting anti-VISTA-
treated samples to the IgG-treated condition. Unless noted
otherwise, DEGs were considered to be those with an FDR-
adjusted P < 0.05. The count data were transformed to log2-
transformed transcripts per million (TPM) for downstream
analyses and heatmap displays.

Genes differentially expressed throughout the BMDM
and human monocyte time-course were selected by three
complementary approaches: (1) DESeq2 (29) DEG identification
at each time point comparing anti-VISTA to IgG-treatment, (2)
EDGE (30, 31) DEG identification comparing the expression
dynamics between anti-VISTA to IgG-treatment, (3) ANOVA
DEG identification modeled by time and treatment. We selected
all genes that were deemed significant by at least two of these
methods as differentially expressed throughout the time course.

scATAC-seq
Nuclei from BMDMs were isolated following the 10X Genomics
protocol for scATAC-seq. The CellRanger ATAC v1.1.0 pipeline
(32) as used for initial processing. Raw base call (BCL) files
were demultiplexed into FASTQ files using “mkfastq.” Reads
were aligned to the mouse mm10 reference genome using
“count.” Peak count matrices were aggregated into one file
using the “aggr” function. Downstream analyses were conducted
using the Signac R package (v0.2.4) (33). Only cells considered
to be of sufficient quality were retained; cells with at least
3,000 detected fragments, with less that 5% of fragments
originating from blacklisted regions, with more than 20%
of all fragments mapping to gene peaks, with nucleosome
binding patterns present (nucleosome_signal < 10) and with
a transcriptional start site (TSS) enrichment score of at
least 2 were considered of high quality. The remaining cells
were normalized for sequencing depth using frequency-inverse
document frequency (TF-IDF) normalization. Singular value
decomposition (SVD) was used to reduce the dimensionality of
the data. Since the first reduced component was highly correlated
with sequencing depth (pearson correlation coefficient=−0.97),
only the second to 30th components were retained for further
analyses. Unsupervised clustering using Uniform Manifold
Approximation and Projection (UMAP) (34) was used for all
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FIGURE 1 | VISTA targeting augments LPS tolerance in vivo and in vitro. (A) Anti-VISTA enhances LPS-induced tolerance in a model of LPS-induced septic shock.

Mice were partially tolerized using 1 mg/kg LPS in the presence of anti-VISTA or control IgG for 72 h followed by the induction of septic shock using 2 mg/kg LPS +

(Continued)

Frontiers in Immunology | www.frontiersin.org 4 October 2020 | Volume 11 | Article 5801878

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


ElTanbouly et al. VISTA Maintains Macrophage Tolerance

FIGURE 1 | D-galactosamine and monitored for survival (top). (B) Survival of mice following treatment with control Ig, anti-VISTA or non-tolerized (n = 8/group in the

antibody treatment and n = 4 for untolerized mice control). This experiment is a representative of 3 independent repeats with p-values calculated by log rank test

(bottom). P-value of anti-VISTA treatment vs. Isotype IgG control treatment is 0.0194 whereas p-value of untolerized compared to antibody treatment is 0.0004 (C)

Anti-VISTA enhances a tolerogenic profile in LPS-treated BMDMs in vitro. Anti-VISTA or control Ig-treated BMDMs (1 × 106 cells/ml per well in a 6 well plate) were

tolerized by treatment with 10 ng/ml LPS for 15 h, washed and rested for 2 h, then stimulated by 1µg/ml LPS for 12 h. Luminex analysis was performed on

supernatant. This data is representative of three independent repeats with three biological samples of pooled BMDMs. Each bar indicates the mean value, and each

error bar refers to one standard deviation (SD). Student’s t-tests were performed on anti-VISTA vs. Control IgG samples. (D) Differential gene expression in anti-VISTA

treated LPS activated BMDMs. BMDMs were treated for 15 h with LPS and control Ig or anti-VISTA, rested for 2 h and restimulated with LPS (top). Heat map of RNA

expression (RNA-seq) of selected differentially expressed genes from anti-VISTA vs. control IgG treated BMDMs after 4 h of restimulation with LPS following LPS

tolerance (bottom). (E) Anti-VISTA induces a regulatory macrophage transcriptional profile. Comparison between Anti-VISTA treated tolerized BMDM profile vs.

Regulatory BMDM previously reported (14). P-value calculated by hypergeometric test. These experiments are representative of three independent repeats with three

biological samples per repeat. (F) Anti-VISTA expands the breadth of LPS tolerizable genes. Genes induced by LPS stimulation (“LPS”) compared to unstimulated

(“Unstim.”) were identified and classified as non-tolerized (red) or tolerized by LPS pretreatment (blue) (“LPS Tol”) in BMDMs (as described in (C). The extend of

tolerization was determined by the ratio of “LPS tol” and “LPS” (“Tolerized”). Genes non-tolerized by LPS were further evaluated for expression upon anti-VISTA

treatment (“Anti-VISTA/Control IgG”). Statistical significance of *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, whereas ****P ≤ 0.0001.

visual presentations of the data using the “RunUMAP” function
on SVD-reduced data and the aforementioned components.
Cell clusters were identified using the find “FindClusters”
function using resolution 0.3. Cluster marker genes were
obtained by the “FindAllMarkers” function using a logistic
regression framework to determine differentially expressed
genes. Markers with a Bonferroni corrected p < 0.001 were
considered true marker genes. For global comparisons between
treatment groups, the “FindAllMarkers” function was similarly
used after using “SetIdent” to specify the treatment identify
for each cell. A gene activity matrix was generated to evaluate
gene-level differences between treatments. Gene coordinates
for the mouse genome were obtained from EnsembleDB with
the EnsDb.Mmusculus.v79 R package (v2.99.0) (35). Gene
regions were extended to include the 2kb upstream promoter
region. Gene activities were assigned based on the number
of fragments that mapped to each of the gene regions using
the “FeatureMatrix” function. Gene activity scores were log
normalized using the “NormalizeData” function. The gene
activity scores were utilized for all presented heatmaps.

GSEA, TF Enrichment and Network Display
Gene Set Enrichment Analysis (GSEA) was performed using the
GSEA software provided by the Broad (36, 37) (v4.3.0). Pathway
gene sets were downloaded from the C2 and C7 category of the
Molecular Signatures Database (MSigDB v7.0) database (36, 37).
Only gene sets with at least 10 effective genes (i.e., the number
of genes presented in a gene expression dataset) were retained.
Transcription factor (TF) target genes were obtained from
TRRUST (v.2), a manually curated database of human andmouse
transcriptional regulatory networks (38). In addition, TF targets
were added manually based on a literature investigation of TFs of
interest. The TF network was displayed using Cytoscape (39).

RESULTS

Anti-VISTA Enhances LPS Tolerance and
Enhances Resistance to Septic Shock
Endotoxin shock is a well-established model wherein a high-dose
LPS injection induces a sterile inflammatory shock resulting in

macrophage production of TNFα, IL1 and other cytokines (40–
44) and subsequent lethality (45, 46). Furthermore, it is well-
established that prevention of endotoxin shock can be induced
by the prior treatment of the host with low dose LPS. Based
on prior studies that showed that anti-VISTA could diminish
innate inflammation, initial studies were designed to determine
if anti-VISTA could enhance LPS tolerance. Under conditions of
partial tolerance induction by LPS (Figure 1A), VISTA agonistic
mAb treatment conferred remarkably enhanced protection
against LPS-induced lethality (Figure 1B) (47). However, this
enhancement required concurrent administration of low-dose
LPS since pretreatment with [even multiple doses] anti-VISTA
alone did not confer significant protection to high dose LPS
(Supplementary Figure 1).

To gain insights into the reprogramming that was conferred
by anti-VISTA, a well-established in vitro system of LPS tolerance
on purified bone-marrow derived macrophages (BMDMs) was
used. In these studies, initial stimulation of BMDMs with
low-dose LPS induces a tolerogenic form of innate immune
re-programming that results in reduced responsiveness to
subsequent stimulation with high-dose LPS (47–51). Under
these conditions of LPS tolerance, anti-VISTA treatment
enhanced tolerance based on significant reductions in IL-
12p40, IL-6, CXCL2, and TNFα; all hallmark cytokines for
LPS-induced endotoxin shock (Figure 1C) (11, 52–54). These
findings show that anti-VISTA synergizes with low dose LPS
to expand a program that reduces the production of pro-
inflammatory cytokines.

The transcriptional program that results in LPS-induced
tolerance in macrophages has been well-established. To
rigorously define the components of this program that anti-
VISTA modulates to enhance LPS-induced tolerance, the
transcriptional profile of BMDMs stimulated in vitro by
concurrent treatment with LPS with control Ig or with anti-
VISTA was analyzed. This analysis revealed that anti-VISTA and
LPS induced a regulatorymacrophage program (Figure 1D) (20).
This regulatory macrophage program was previously reported
as a unique set of common transcripts induced in macrophages
stimulated by immunomodulatory agonists [e.g., Prostaglandin
E2 (PGE2), Aldosterone (Ado)] leading to macrophages that
were anti-inflammatory and protected mice from septic shock
(14). We report that this set of genes is enhanced by anti-VISTA
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and LPS when compared to control Ig and LPS (Figure 1E). One
hallmark was the upregulation ofNfil3; a transcription factor that
directly upregulates Il10 and suppresses Il12 gene expression,
respectively (Figure 1D) (13, 55, 56). This was also concomitant
with the upregulation of its target IL-10, as well as SHP-1 (Ptpn7),
and Flrt3; all effectors of macrophage regulatory activation and
anti-inflammatory response (14, 57). Hence, concurrent VISTA
engagement alters the trajectory of LPS stimulated macrophages
to divert to a less pro-inflammatory profile and contributes to
the ability of anti-VISTA to enhance LPS tolerance in vivo.

Anti-VISTA Expands the Breadth of LPS
Tolerizable Genes
Numerous studies have identified tolerizable and non-tolerizable
genes in systems of LPS tolerance. The previous data presented
(Figure 1) show that anti-VISTA can augment the magnitude
of tolerance induced by LPS and therefore an analysis was
performed to define the registry of tolerizable vs. non-tolerizable
genes induced by concurrent LPS and anti-VISTA. One
thousand, two hundred twenty-eight genes were identified to be
strongly induced by the primary stimulation with LPS of which
the expression of 878 genes was reduced (tolerized) and 350 genes
were re-induced (untolerized) upon re-stimulation with LPS

(Figure 1F). Importantly, half of the identified LPS untolerizable
genes were repressed by anti-VISTA treatment, confirming
a broadening of the genes suppressed by the concurrent
presence of anti-VISTA during the induction of LPS tolerance.
TF enrichment analysis of these genes yielded significant
enrichments for NFkB1, Rel, and Rela (Supplementary Table 1);
all TFs with an established role in macrophage pro-inflammatory
reprogramming in response to LPS (58, 59). These findings
provide molecular insights into how VISTA agonism imparts
a regulatory profile on the macrophages by restraining the
expression of effectors of inflammatory “M1” polarization.
Multiple analyses highlight a downregulation of NFkB1, REL,
and IRF5 at the levels of expression and activity with anti-
VISTA causing muted pro-inflammatory polarization as marked
by reduced induction of their target genes. This led to a reduction
in LPS response pathways and a skewing toward an unstimulated
cell state after LPS activation.

Anti-VISTA Alters the Epigenetic Profile of
Tolerized Macrophages
Given that LPS tolerance in macrophages is evident at the
epigenetic level (47, 48), we examined whether anti-VISTA
treatment augmented the epigenetic tolerogenic programming

FIGURE 2 | Anti-VISTA alters the epigenetic profile of tolerized BMDM. (A) Anti-VISTA alters the epigenetic steady state of tolerized BMDMs. UMAP plot of

scATAC-seq on anti-VISTA agonist or IgG isotype control treated LPS-tolerized BMDMs 15 h after treatment with tolerizing LPS dose (10 ng/ml). Data is representative

of ∼10,000 cells from 2 independent biological samples per group. (B) Representative genes that define the clusters identified by scATAC-seq analysis presented in

(A). (C) Anti-VISTA induces global changes in the epigenetic profile of tolerized BMDMs. Heatmap presenting global differences in gene activity between anti-VISTA

vs. IgG control in LPS-tolerized BMDMs. (D) Anti-VISTA induced a regulatory macrophage profile. Comparison between Anti-VISTA treated tolerized BMDM profile vs.

Regulatory BMDM previously reported (14). This data is representative of two independent repeats with two biological samples per group for each repeat.
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of macrophages in response to LPS tolerization. Analysis of
the chromatin accessibility by ATAC-seq revealed a striking
difference imposed by anti-VISTA treatment in the context of
LPS tolerance (Figure 2A). Unsupervised clustering identified
two cell states in LPS tolerized macrophages, where anti-VISTA
induced a regulatory macrophage profile highlighted by the
enhanced differential accessibility to Il1rn, Socs3, Il10, Nfil3
and other genes upregulated in anti-inflammatory macrophages
(Figure 2B). On the other hand, we also observed reduced
accessibility to macrophage polarizing factors such as Irf5, Irf8,
and Tgif1 (Figure 2B). Global epigenetic analysis supported
these differences as anti-VISTA treatment of LPS-tolerized
macrophages profoundly enhanced their tolerogenic phenotype
as marked by enhanced gene activity of Il10, Il1rn, Nfil3 as
well as multiple genes upregulated by regulatory macrophages
such as Ildr1 and Flrt3, in direct support of the RNA-seq data
(Figure 2D). As observed in the RNA-seq analysis, the epigenetic
profile of the VISTA activated macrophages overlapped with the
transcriptional signature of regulatory macrophages (Figure 2D)
(14). These findings suggest that anti-VISTA agonism amplifies
macrophage LPS tolerance at the epigenetic level.

Anti-VISTA Reprograms the Subsequent
Inflammatory Response to LPS
Prior data presented show that the concurrent treatment
of macrophages with LPS and anti-VISTA altered
the transcriptional and epigenetic trajectories of their
tolerogenic/regulatory profile (Figures 1, 2). Given the striking
impact of anti-VISTA on LPS tolerance, we anticipated that
prior treatment with anti-VISTA could re-programmacrophages
to differentially respond to a subsequent cytokine response to
LPS. To this end, BMDMs were pretreated with anti-VISTA or
control IgG for 24 h then stimulated with LPS for 24 h. As shown,
the pretreatment with anti-VISTA agonist caused significant
upregulation of the immunomodulatory cytokine IL-10 and
suppression of pro-inflammatory cytokines such as IL-12 family
(IL12p40, IL12p70), TNFα, IL-6, and G-CSF (Figure 3A). This
is distinct from studies shown in Figure 1, in that low-dose
LPS was not used to tolerize the macrophages. Analysis of the
transcriptional impact of anti-VISTA on the subsequent LPS
response showed a clear impact of anti-VISTA on suppressing
the expression of cytokines Il12a, Il12b, Tnf, Cxcl10 while
upregulating anti-inflammatory mediators including Il10, Ptpn7,
and Il1rn. This profile of changes induced by anti-VISTA is
consistent with the development of a tolerized macrophage
phenotype (Figure 3B). The gene expression of transcription
factors (TF) Irf5, Irf8, Rel, and NFkB1 were significantly
reduced (Figure 2B) and the reduction in the activity of these
TFs was confirmed by TF enrichment analysis (Figure 3C,
Supplementary Figure 2A, Supplementary Table 2). IRF5 plays
a critical role in macrophage inflammatory polarization, as
it influences macrophage activation toward an inflammatory
trajectory by direct upregulation of IL-12 and repression of
IL-10 genes (9, 60). IRF8 plays similar roles in pro-inflammatory
programming of macrophage polarization (61, 62). More recent
work showed that IRF5 interaction with NFkB (Rel-a) plays a

substantial role in the induction of inflammatory genes upon
LPS stimulation (63). Therefore, downregulation of IRF5,
NFkB1, and IRF8 by anti-VISTA treatment followed by LPS
stimulation explains the subsequent downregulation of their
target genes. The profile of VISTA reprogrammed macrophages
with subsequent LPS stimulation was compared to the profile
of tolerized vs. untolerized macrophages previously reported
by Medzhitov and colleagues (48). In the VISTA agonist group,
enrichment analysis showed a marked downregulation of
genes induced in macrophages stimulated by LPS (Figure 3D).
In addition, VISTA triggering upregulated genes that were
enriched in naïve unstimulated macrophages (Figure 3E).
VISTA agonism also significantly enriched for genes in LPS
tolerized macrophages (Supplementary Figures 2A,B). We also
observed a significant overlap in genes downregulated upon IFN
stimulation (Figure 3F) and for multiple other inflammatory
response pathways (Supplementary Figure 2C), suggesting
an overall anti-inflammatory transcriptional profile elicited
by anti-VISTA.

Given the in vitro impact of anti-VISTA on the enhanced
breadth of anti-inflammatory related genes, the findings
suggest that anti-VISTA could instill a more stable, penetrant
and committed anti-inflammatory program. Interferon-gamma
(IFN-γ) is a potent macrophage activation factor that augments
responses to TLR ligands including LPS (64). One well-
established implication of this activity is that IFN-γ can
prevent endotoxin tolerance, and restore inflammatory cytokine
production in response to LPS in both humans and mice (65–
69). Therefore, we tested the impact of IFN-γ on VISTA-induced
programming of regulatory macrophages in the presence of
LPS stimulation. Strikingly, anti-VISTA pretreatment maintains
its suppression of macrophage pro-inflammatory response to
LPS in the presence of IFN-γ (Figure 4A). These findings
suggest that VISTA triggering can supersede the breach in
endotoxin tolerance mediated by IFN-γ and sustain a regulatory
program in macrophages even under rigorous conditions of pro-
inflammatory polarization. Studies were expanded to address
if the tolerogenic/anti-inflammatory re-programming seen in
mouse BMDMs by anti-VISTA was also apparent in human
macrophages stimulated with anti-human VISTA. Even under
conditions of direct acute LPS stimulation, pretreatment with
anti-VISTA also induced a reduction in pro-inflammatory
cytokines IL-6, TNFα and IL12p40 and an increase in IL-10
which supports our initial contention that anti-VISTA alone can
confer a regulatory program on macrophages (Figure 4B).

Comparative Analysis of Anti-VISTA
Alterations in the Proteome and
Transcriptome of Human and Mouse
Macrophages
Given the profound impact of anti-VISTA agonistic antibodies
in mitigating myeloid driven inflammatory disease and LPS-
induced inflammatory mediators, we sought to investigate the
transcriptional and proteomic changes induced by anti-VISTA
alone in both mouse and human macrophages. Proteomic
analysis on BMDMs after 30min of anti-VISTA treatment
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FIGURE 3 | Anti-VISTA induces LPS tolerance based on changes in cytokine production and transcriptional profile. (A) Pretreatment with anti-VISTA alters cytokine

production by LPS-activated BMDMs. BMDMs were treated with anti-VISTA vs. Control IgG for 24 h then stimulated with 1µg/ml LPS for 24 h and supernatant

analyzed by mouse 32-plex. Bar graphs presents average cytokine levels from 4 biological samples of pooled BMDM. Each bar indicates the mean value, and each

error bar refers to one standard deviation (SD). Student’s t-tests were performed on anti-VISTA vs. Control IgG samples. (B) Pretreatment with anti-VISTA alters the

transcriptional profile of LPS-activated BMDMs to a tolerized macrophage phenotype. Shown is a heatmap of RNA-seq analysis on anti-VISTA vs. Control IgG

pretreated BMDMs after 4 h of acute stimulation with LPS (as in A). (C) Heat maps of TF target gene expression for IRF5, IRF8, and NFkB1 in BMDMs treated with

(Continued)
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FIGURE 3 | anti-VISTA vs. Control IgG after 4 h of acute stimulation with LPS. (D) Enrichment analysis comparing the downregulated transcriptional profile of

Anti-VISTA agonist and LPS stimulated macrophages to the well-defined profile induced upon LPS stimulation (48) and (E) enrichment analysis comparing the

upregulated gene profile of Anti-VISTA and LPS stimulated macrophages to genes expressed in naïve unstimulated macrophages (48). Anti-VISTA downregulates

genes induced by LPS and (E) enriches for genes expressed in naïve macrophages. P-value was calculated by a sample permutation test (GSEA). (F) Gene-set

Enrichment analysis (GSEA) output of anti-VISTA and LPS treated macrophages compared to control treatment (IgG + LPS) indicating a significant enrichment of

genes upregulated by unstimulated macrophages compared to IFN-a stimulated macrophages in genes upregulated in unstimulated macrophages in the anti-VISTA

and LPS treated group. Anti-VISTA imposes a generalized anti-inflammatory profile in pretreated BMDMs. Cytokine measurement experiments are representative of

four independent experiments with at least three biological samples per experiment. RNA-seq analysis is representative of two independent experiments with at least

three biological sample per experiment. Statistical significance of *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.

FIGURE 4 | (A) Anti-VISTA overrides IFN-γ reversal of LPS tolerance. BMDMs were treated with anti-VISTA vs Control followed by stimulation with LPS (100 ng/ml)

and IFN-y (100 U/ml) and cytokines were measured by Luminex. This data is representative of three independent repeats with three biological samples of pooled

BMDMs. Each bar indicates the mean value, and each error bar refers to one standard deviation (SD). Student’s t-tests were performed on anti-VISTA vs Control IgG

samples. (B) Anti-VISTA induces a tolerogenic cytokine profile in human monocyte-derived macrophages. Isolated monocytes were differentiated to macrophages for

6 days prior and treatment with anti-hVISTA or control Ig (hIgG2) for 24 h followed by LPS (1µg/ml) stimulation. Supernatant analysis of cytokines from anti-VISTA or

control pretreated human macrophages that were stimulated is shown. The data is representative of three independent repeats from 1 healthy donor per repeat.

Statistical significance of *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.

showed significant reduction multiple key pro-inflammatory
mediators including NFkB1, IRF5, and IRF8 (Figure 5A).
In contrast, the levels of factors involved in macrophage
regulatory activity such as MerTK, LILRB3, and NRP1 were
all upregulated after anti-VISTA treatment (Figure 5A). More
insights into the regulatory program imposed by anti-VISTA
treatment was afforded using time-course RNA-seq analysis
of BMDMs compared to control treatment. VISTA triggering
resulted in a profound induction of several well-established
effectors of macrophage tolerance including IRG1 (Acod1) and
its downstream effector NFkB inhibitor A20 (Tnfaip3), miR-
221, Il1RA, and IL-10. By 16 h, IRG1 was the top upregulated
gene in the VISTA-treated macrophages (Figure 5B). IRG1 is
upregulated during endotoxin tolerance and plays an important
role in augmenting macrophage tolerance and inhibition of
TLR responses, in part by upregulating A20, an inhibitor of

NFkB signaling (7, 70). In agreement with this, the chromatin
accessibility state of Acod1, Il1rn, Il10, and its regulator Nfil3
was significantly enhanced with anti-VISTA agonist treatment as
revealed by ATAC-seq (Supplementary Figure 3).

Time-course analysis of anti-VISTA treated human
monocytes and mouse macrophages revealed consistent
trends of upregulation of immunomodulatory genes
including miR-221, Adora2b, STS-1 (Ubash3b), and IL1RA
(Il1rn) (Figure 5C) (47, 71–75). Time-course pathway
analysis VISTA agonist-treated human monocytes revealed
a remarkable downregulation of multiple inflammatory
response pathways, and this downregulation was also
observed in BMDMs (Supplementary Figure 4A,B). TF
enrichment analysis of genes that showed significant changes
in expression revealed that NFKB1, and RelA targets
were significantly enriched among downregulated genes
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FIGURE 5 | Comparative analysis of anti-VISTA alterations in the proteome and transcriptome of human monocytes and mouse macrophages. (A) Anti-VISTA agonist

induces a tolerogenic proteomic profile in BMDMs. Heatmap presenting quantified global proteomic changes in BMDMs treated with anti-VISTA agonist (803) for

30min (details in Methods). Multiple sample test with FDR <0.05 revealed 1,581 proteins that were significantly changing between two study groups. Data is

representative of compiled three biological independent repeats of pooled BMDMs (10 × 106 cells per sample). (B) Anti-VISTA induced changes in the transcriptional

expression of genes involved with LPS-induced macrophage tolerance. Kinetics of mRNA expression of the genes Acod1, Tnfaip3, Il10, and miR-221 from a

time-course assessment of anti-VISTA treatment of BMDMs at 1, 2, 4, 8, and 16 h by total RNA-seq. (C) Comparative analysis of anti-VISTA alterations in the

transcriptional expression of miR-221, Adora2b, Ubash3b, Csf1, and Il1rn in human and mouse macrophages. The log2 fold change (log2FC) of differentially

expressed genes comparing Anti-VISTA agonist and Control IgG-treated BMDM and monocyte derived human macrophage were compared. Kinetics of mRNA

expression of the genes miR-221, Adora2b, Ubash3b, Csf1, and Il1rn upregulated by both mouse BMDMs and human monocytes after anti-VISTA treatment. (D)

Anti-VISTA induces similar changes in gene expression when analyzed at both the transcriptional and proteomic levels. Heatmap presenting common genes

differentially expressed after anti-VISTA treatment at both the proteomic level from the same dataset in (A) and by RNA-seq after LPS stimulation (from data presented

in Figure 3).
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(Supplementary Figure 4C, Supplementary Table 3). This
was associated with transcriptional suppression of several key
transcription factors (TF) involved in macrophage inflammatory
programing including IRF5, IRF8, and NFkB1 (Figure 5D).
Given the importance of these factors in driving macrophage
inflammatory responses, the data show that VISTA agonists
strategically alter the macrophage transcriptome to resist
polarization to an inflammatory state (Figure 5D).

DISCUSSION

The expression of VISTA by myeloid lineage cells is broad and
constitutive. Published studies show that the genetic deletion of
VISTA results in heightened steady-state myeloid activation and
the production of immune mediators (19, 24, 76, 77). Therefore,
VISTA is a negative checkpoint regulator whose constitutive
function is to keep the myeloid compartment immunologically
“quiet.” Data presented in this study show that in addition
to this constitutive function, VISTA also plays a role during
inflammatory challenges to re-program and restrain macrophage
inflammatory differentiation through the regulation of factors
that control macrophage tolerance and inflammation.

Our result shows that anti-VISTA treatment could
significantly augment the magnitude of LPS tolerance in
vivo and in vitro. In vivo, concurrent anti-VISTA agonist
treatment with low-dose suppressed LPS-induced lethality.
Despite this, anti-VISTA pretreatment alone did not fully
substitute for low dose LPS in inducing LPS tolerance, similar to
other anti-inflammatory molecules like IL-10 (78). In contrast,
we observed a tolerogenic impact of anti-VISTA agonist
pretreatment in vitro on reducing subsequent responses to LPS
indicating that the tolerogenic effect of VISTA monotherapy
indeed is evident, but does not override high-dose LPS in vivo.
These tolerogenic findings of anti-VISTA pretreatment were
seen using both human and murine macrophages suggesting a
conserved cross-species role for VISTA. The in vivo conditions
also speak to the involvement of multiple myeloid populations
in promoting the LPS lethal inflammation whereas the in vitro
systems allow for specific reprogramming of macrophages.

We also present the finding that VISTA agonist induced
the development of a regulatory phenotype from resting
macrophage independent from and prior to inflammatory
stimulation (Figures 1, 3). This result speaks to the constitutive
function of VISTA in maintaining immunologic quiescence in
the macrophage lineage. High-resolution time-course RNA-seq
analysis coupled with proteomic analysis revealed a regulatory
profile that was induced by anti-VISTA. Anti-VISTA induced a
tolerogenic and anti-inflammatory functional and transcriptional
profile in both mouse and human macrophages. The resulting
profile of anti-VISTA alone (rapid decrease IRF5 and IRF8 and
increased MerTK proteins) was associated with transcriptional
upregulation of mediators of tolerance (IRG1, A20). IRF5 has
a critical role in macrophage inflammatory polarization, as
it influences macrophage activation toward an inflammatory
trajectory by direct upregulation of IL-12 and repression of IL-
10 genes (9, 60). IRF8 plays similar roles in pro-inflammatory

programming of macrophage polarization (61, 62). More
recent work showed that IRF5 interaction with NFkB plays a
substantial role in the induction of inflammatory genes upon
LPS stimulation (63). Reduction in NFkB transcriptional activity
in anti-VISTA-treated macrophages suggests that VISTA may
be operating upstream of these mediators. By coordinately
downregulating these three factors, VISTA signaling restrains
macrophages from an M1-like inflammatory response and
increases resistance to endotoxin shock.

When concurrently administered with an inflammatory
signal, anti-VISTA altered the trajectory of the macrophage
inflammatory response to LPS in both magnitude and quality.
In the presence of LPS stimulation, anti-VISTA triggered
macrophages maintained a profile similar to reprogramming by
immunomodulatory stimuli such as glucocorticoids, immune
complexes and PGE2 (14). Indeed, this comparison showed that
the profile of macrophages after VISTA activation followed by
LPS stimulation clustered closer to unstimulated macrophages
compared to tolerized or untolerized macrophages, underscoring
the profound checkpoint regulation imposed by anti-VISTA on
the development of inflammation. Similar results were seen with
human monocyte-derived macrophages, suggesting that VISTA
represents an evolutionarily conserved negative regulator of
macrophage inflammatory responses that exerts a more global
impact than that which is seen in LPS tolerance. Strikingly,
anti-VISTA reprogramming was also resistant to inflammation
driven by IFNγ, consistent with the observation that anti-
VISTA resulted in more global reprogramming than seen
with LPS tolerance alone. Likewise, anti-VISTA reprogramming
resulted in impaired commitment of macrophages toward an
M1 pro-inflammatory phenotype thus placing VISTA at the
center of negative regulation of macrophage responses. Together,
our findings show that VISTA is an important checkpoint
for macrophage inflammatory response and agonistic anti-
VISTA antibodies could represent an unprecedented asset for
modulating myeloid mediated inflammation in human immune-
driven diseases.
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Immunomodulatory Dual-Sized
Microparticle System Conditions
Human Antigen Presenting Cells Into
a Tolerogenic Phenotype In Vitro and
Inhibits Type 1 Diabetes-Specific
Autoreactive T Cell Responses
Maigan A. Brusko1,2, Joshua M. Stewart2, Amanda L. Posgai1, Clive H. Wasserfall 1,
Mark A. Atkinson1,3, Todd M. Brusko1,3 and Benjamin G. Keselowsky2*

1 Department of Pathology, Immunology, and Laboratory Medicine, University of Florida Diabetes Institute, Gainesville, FL,
United States, 2 J. Crayton Pruitt Family Department of Biomedical Engineering, University of Florida, Gainesville, FL, United States,
3 Department of Pediatrics, University of Florida, Gainesville, FL, United States

Current monotherapeutic agents fail to restore tolerance to self-antigens in autoimmune
individuals without systemic immunosuppression. We hypothesized that a combinatorial
drug formulation delivered by a poly-lactic-co-glycolic acid (PLGA) dual-sized
microparticle (dMP) system would facilitate tunable drug delivery to elicit immune
tolerance. Specifically, we utilized 30 µm MPs to provide local sustained release of
granulocyte-macrophage colony-stimulating factor (GM-CSF) and transforming growth
factor b1 (TGF-b1) along with 1 µm MPs to facilitate phagocytic uptake of encapsulated
antigen and 1a,25(OH)2 Vitamin D3 (VD3) followed by tolerogenic antigen presentation.
We previously demonstrated the dMP system ameliorated type 1 diabetes (T1D) and
experimental autoimmune encephalomyelitis (EAE) in murine models. Here, we
investigated the system’s capacity to impact human cell activity in vitro to advance
clinical translation. dMP treatment directly reduced T cell proliferation and inflammatory
cytokine production. dMP delivery to monocytes and monocyte-derived dendritic cells
(DCs) increased their expression of surface and intracellular anti-inflammatory mediators.
In co-culture, dMP-treated DCs (dMP-DCs) reduced allogeneic T cell receptor (TCR)
signaling and proliferation, while increasing PD-1 expression, IL-10 production, and
regulatory T cell (Treg) frequency. To model antigen-specific activation and downstream
function, we co-cultured TCR-engineered autoreactive T cell “avatars,” with dMP-DCs or
control DCs followed by b-cell line (ßlox5) target cells. For G6PC2-specific CD8+ avatars
(clone 32), dMP-DC exposure reduced Granzyme B and dampened cytotoxicity. GAD65-
reactive CD4+ avatars (clone 4.13) exhibited an anergic/exhausted phenotype with dMP-
org October 2020 | Volume 11 | Article 574447119
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DC presence. Collectively, these data suggest this dMP formulation conditions human
antigen presenting cells toward a tolerogenic phenotype, inducing regulatory and
suppressive T cell responses.
Keywords: poly-lactic-co-glycolic acid, microparticle, autoimmunity, immunoregulation, combination therapy, type
1 diabetes
INTRODUCTION

Ideal immunotherapy approaches in antigen-specific autoimmune
disease must abrogate autoimmunity without the need for broad
and sustained systemic immunosuppression. In the case of type 1
diabetes (T1D), insulin is a primary target antigen during disease
development and thus, also for tolerance induction to prevent
disease onset (1, 2). Historically, attempts to tolerize against
insulin have demonstrated exceptional safety profiles, yet failed to
meet clinical endpoints inmajor T1Dprevention trials (3–6). In the
case of established T1D, therapeutic success will likely hinge on
elimination of the autoreactive T cells presumably responsible for
the destruction of pancreatic b-cells or externalmeasures to control
T cell behavior (7). Indeed, non-antigen-specific strategies targeting
T cells have shown success in subjects with or at-risk for T1D,
temporarily maintaining C-peptide production or delaying disease
onset, but the decline in C-peptide and T1D progression eventually
resumes, suggesting treated subjects do not develop lasting
tolerance to islet antigens (8–14). The field has called for the use
of combination therapies as a potentially more effective strategy to
augment T cell targeted agents (15–19). To address this, we
developed a novel biomaterial therapy to deliver immunomodulatory
agents along with autoantigen as a means to recruit and tolerize
dendritic cells (DCs) for robust antigen-specific T cell tolerance (20,
21). Here, we extensively characterized human immune cell responses
in vitro as an important bridge to clinical translation for this novel dual
sized microparticle (dMP) formulation.

DC-based therapies have gained interest in both cancer and
autoimmunity due to the unique ability of DCs to direct
inflammatory or anti-inflammatory T cell effector responses to
their presented antigen (22–26). Many approaches center around
the generation of antigen-specific presentingDCs ex vivo; however,
high cost, impaired cell migration, and poor survival upon delivery
complicate clinical translation (27, 28). Thus, we have pursued
strategies to direct DC function in vivo. The intrinsic phagocytic
capacity ofDCsandother antigenpresentingcells (APCs), aswell as
lic acid; dMP, dual-sized microparticle;
lony-stimulating factor; TGF-b1,
,25(OH)2 Vitamin D3; T1D, type 1
e encephalomyelitis; DCs, dendritic
cell receptor; Treg, regulatory T cell;

leamine 2,3-dioxygenase; NOD, non-
; PVA, Poly-vinyl alcohol; PBMC,
; CTV, CellTrace Violet; CMV,
media; MOI, multiplicity of infection;
VD3TGF, large MP containing TGF-
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their abundant presence as immune sentinels in the epidermis (29),
make them an attractive target for subcutaneously delivered
payloads encapsulated in a particulate biomaterial (30, 31).
Antigen-loaded particles are an area of particular interest in
various disease models (28, 32, 33). Poly-lactic-co-glycolic acid
(PLGA)has beenwell characterized as a delivery vehicle toDCs and
is a component in multiple FDA-approved products (e.g.,
dissolvable sutures) (34). Previous work from our group and
others demonstrated that PLGA microparticles (MPs) of
approximately 1 mm in diameter are efficiently endocytosed for
directed endosomal delivery, while particles 30mm in diameter, too
large to be taken up by APCs, provide controlled local release of
encapsulated factors extracellularly to generate a tolerogenic milieu
(35, 36). Our strategy involves combining a disease-relevant
autoantigen with immunomodulatory agents selected for their
ability to recruit DCs, create a suppressive APC phenotype, and
induce durable antigen-specific T cell tolerance. We previously
screened immunomodulatory agents of interest encapsulated in
PLGA for their abilities to effect tolerogenic activity by murine
bone-marrow derived DCs in mixed lymphocyte reactions. The
resultant dMP was comprised of large MPs (30 mm) encapsulating
transforming growth factor b1 (TGF-b1) and granulocyte-
macrophage colony-stimulating factor (GM-CSF) for
extracellular conditioning, along with small MPs (1 mm)
containing 1a,25(OH)2 Vitamin D3 (VD3) and denatured insulin
antigen for phagocytic engulfment (20, 36).

The tolerogenic capacity of the individual agents has been
previously characterized in several settings. TGF-b1 is a potent
immunoregulatory cytokine capable of suppressing effector
function and cytokine production by both innate and adaptive
immune cells (37). TGF-b1 treated DCs demonstrate reduced
expression of MHC-II, co-stimulatory molecules, and
inflammatory cytokines; increased production of the tolerogenic
enzyme, indoleamine 2,3-dioxygenase (IDO) (38, 39); increased
capacity for the induction of antigen-specific regulatory T cells
(Tregs); and deletion of antigen-specific effector T cells (40).
Additionally, as a critical mediator in differentiation and
development of myeloid DCs, GM-CSF has been shown to
promote DC recruitment in multiple disease applications (41),
including the non-obese diabetic (NOD) mouse model of T1D
where adoptive transfer of GM-CSF exposed DCs promoted the
expansion of Foxp3+ Tregs and delayed diabetes onset (42). VD3 is
well-known for its ability to steerDCs to a tolerogenic phenotype by
inhibiting their maturation and promoting anti-inflammatory
cytokine production, thus reducing T cell proliferation and
effector response (43–47). Additionally, deficiencies in vitamin D,
its receptor, and binding proteins have been found in multiple
autoimmune and autoinflammatory conditions, including T1D,
October 2020 | Volume 11 | Article 574447
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multiple sclerosis, rheumatoid arthritis, systemic lupus
erythematosus, and Crohn’s disease (48–50). Thus, we designed
our dMP formulation to impact multiple tolerogenic pathways
active in innate and adaptive immune subsets for the induction of
antigen-specific immune regulation.

This carefully selected combination of tolerogenic agents and
disease-relevant autoantigen, delivered via PLGA MP
encapsulation for subcutaneous injection, has been tested in two
murine models of antigen-specific autoimmunity. This therapy
successfully prevented diabetes in NOD mice and reduced disease
severity in an early treatment model of experimental autoimmune
encephalomyelitis (EAE) (21, 51). Often, efficacy in mouse models
does not scale to trials in human subjects, highlighting the need for
in vitropreclinical assays to test dose-response in target cells, as well
as off-target or unexpected effects (52). Hence, we modeled
biomaterial therapeutic responses to the immunomodulatory
dMP agents in human subjects via in vitro culture and
phenotyping of primary human monocytes, monocyte-derived
DCs (hereafter referred to as DCs), primary T cells, and
autoreactive T cell avatars engineered via T cell receptor (TCR)
gene transfer (53) as a step toward supporting clinical translation.
MATERIALS AND METHODS

MP Fabrication and Characterization
PLGA MPs were manufactured as previously described (51) with
some noted modifications. Briefly, a 50:50 polymer composition of
PLGA (molecular weight (MW) 44,000 g/mol; Corbion Purac), was
used in a standard water-oil-water double solvent evaporation
technique. Emulsions were formed with the aqueous phase
comprised of Ultrapure H2O (Barnstead GenPure, Thermo Fisher
Scientific). Poly-vinyl alcohol (PVA; MW approximately 15,000
g/mol; Fisher Scientific) was used as an emulsion stabilizer. To
incorporate the desired protein(s), 100mg PLGA polymer was
dissolved in methylene chloride (Fisher Scientific) at 5% w/v ratio.
Protein solution containing either TGF-b1, GM-CSF, or VD3) was
added to 5% PLGA solution and homogenized to form a primary
emulsion. This emulsion was added to 2mL of 5% PVA solution
and homogenized to form the secondary emulsion. After transfer to
a beaker containing 30mL 1% PVA, resultant MPs were agitated
using a magnetic stirrer for 4–6 h to evaporate residual methylene
chloride. The remaining solution was centrifuged at 10,000xg for
10min to collect MPs and washed 3x with Ultrapure H2O. MPs
were then flash-frozen in liquid nitrogen, lyophilized, and stored at
−20°C or −80°C until use. MP size distributions were measured
using the Microtrac Nanotrac Dynamic Light Scattering Particle
Analyser (Microtrac). Loading efficiency in MPs was measured
using solvent extraction in DMSO followed by spectrophotometric
analysis of protein content (51).

Peripheral Blood Sample Collection
and Processing
Following the provision of written informed consent,
deidentified blood samples were collected from subjects
without autoimmunity by venipuncture into sodium heparin
Frontiers in Immunology | www.frontiersin.org 321
coated Vacutainer tubes (BD) in accordance with University of
Florida IRB201400709 and processed for leukocyte subsets via
negative selection and Ficoll density gradient separation within
12 h of collection.

Monocyte/Macrophage Culture
Peripheral blood mononuclear cells (PBMC) were isolated by
density gradient centrifugation over Ficoll separation medium
(GE) using established protocols. For monocyte/macrophage
cultures, PBMC were incubated in 24-well tissue culture plates
at 5x106/mL in complete RPMI with 10% fetal bovine serum for
24 h, after which nonadherent cells were washed away to leave
adherent monocytes. After MP incubation steps, cells were
removed from tissue culture plastic via plate incubation on ice
for 10 min and gentle scraping to avoid loss of surface marker
expression potentially associated with protease treatment.

Monocyte-Derived DC Generation
and Culture
Monocytes were isolated from heparinized peripheral blood via
negative selection (RosetteSep, StemCell) followed by density
gradient centrifugation over Ficoll separation medium (GE).
Monocytes were maintained at 106/mL in DMEM (Gibco) with
10% heat-inactivated human serum and 50 ng/mL each of
recombinant human GM-CSF and IL-4 (Peprotech) in ultra-
low attachment plates (Corning) for 7-10 days. Small MPs
(containing VD3 or equivalent mass unloaded PLGA, 5 µg)
were incubated in wells with harvested DC in ultra-low
attachment plates to allow for antigen/PLGA uptake. Large
MPs (containing TGF-b1 and GM-CSF or equivalent mass
unloaded PLGA) were added at 5 mg per 106 DC in 0.4 mM
pore size hanging well inserts (Miltenyi) to prevent cell
overcrowding, for two days prior to testing for phenotype or
stimulus response.

Flow Cytometry
Antibodies for CD4 (clone RPA-T4, Biolegend), CD8 (clone
RPA-T8, Biolegend), CD11c (clone Bly6, BD Biosciences), CD40
(clone 5C3, Biolegend), CD80 (clone 2D10, Biolegend), CD86
(clone BU63, Biolegend), HLA-DR (clone L243, Biolegend),
Galectin 9 (clone 9M1-3, Biolegend), PDL1 (clone), CD25
(clone BC96, Biolegend), FOXP3 (clone 206D, Biolegend),
ILT3 (clone ZM4.1, Biolegend), ILT4 (clone 42D1, Biolegend),
PD1 (clone EH12, BD Biosciences), Eomes (clone WD1928,
eBioscience), IDO (clone eyedio, eBioscience) were obtained,
and cells were stained according to manufacturer-recommended
protocols. Events were collected on an LSRFortessa cytometer
(BD), and data were analyzed in FlowJo (Treestar).
Representative gating strategies are presented in Supplemental
Figure 1.

Allogeneic T Cell Response Assay
CD4+ and CD8+ T cells were isolated from peripheral blood by
negative selection (RosetteSep, StemCell) followed by density
gradient separation. T cells were labeled with fluorescent
proliferation dye [CellTrace Violet (CTV), Invitrogen] as per
manufacturer’s instructions and cocultured with MP treated DC
October 2020 | Volume 11 | Article 574447
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at a 1:1 ratio for up to 7 days to assess proliferation and effector
function. In some experiments, memory (CD45RO+) and naïve
(CD45RA+) T cells were FACS sorted (BD FACSAria) prior to
DC coculture. Proliferation was quantified by gating the
frequency of dividing cells, or by calculating the proliferation
index (average number of divisions of responding cells;
calculated in FlowJo as proliferation index = sum ( i * N(i)/2i)/
sum (N(i)/2i)where i = division number (undivided = 0) and
N(i) = number of events in division i (54).

Lentiviral Transduction and Generation
of T Cell Avatars
Isolated CD4+ T cells were transduced with a multicistronic
lentiviral TCR clone 4.13 as previously described (53). This clone
reacts to GAD555–567 in the context of HLA-DRB1*04:01 and
expresses an eGFP reporter on a pCNFW lentiviral vector
backbone, driven by a cytomegalovirus (CMV) promoter.
Isolated CD8+ T cells were transduced with a multicistronic
lentiviral TCR expression construct encoding TCR clone 32,
which recognizes the autoantigen glucose-6-phosphatase
catalytic subunit 2 (G6PC2, formerly known as IGRP) in the
context of HLA-A*02:01 (55, 56). In brief, T cells were
resuspended in 1 mL of complete RPMI media (cRPMI) and
cultured in a 24-well plate (250,000 cells/well). Cells were bead
activated using anti-CD3 and anti-CD28 loaded Dynabeads (Life
Technologies) at a 1:1 cell to bead ratio. After 48 h, protamine
sulfate (Sigma) was added to a final concentration of 8 mg/mL.
Lentivirus stock was added dropwise [multiplicity of infection
(MOI) = 3]. Spinoculation was then performed by centrifuging
the plate at 1000xg for 30 min at 32°C, followed by addition of
IL-2 (200 U/mL) on days 2, 5, and 7.

Supernatant Cytokine Analysis
Plates were centrifuged to remove cell debris, supernatants
collected, and stored at -20°C until batch analysis of cytokines
via Luminex multiplex bead assay (Millipore) or ELISA (BD
OptEIA, BD Biosciences) as per manufacturer’s instructions.

Antigen-Specific CD4+ T Cell Avatar
Proliferation Assay
Seven days post-transduction, CD4+ T cell avatars (clone 4.13)
were magnetically depleted of stimulation beads and flow-sorted
(BD FACSAria) into GFP+ (de novo TCR+) and GFP- (mock-
transduced) populations prior to equilibration in IL-2 (50 U/mL)
and IL-7 (10 ng/mL) for 5 days. Semi-quiescent cells were labeled
with CTV proliferation dye for 1:1 co-culture with MP-treated
HLA-DR4+ genotype selected (57) DCs (dye-labeled where
indicated to ease gating strategies) in the presence of GAD555–567

peptide. Proliferation and expression of intracellular transcription
factors, FOXP3 and Eomes, were assessed via flow cytometry at
day 5.

Antigen-Specific CD8+ T Cell Avatar
Killing Assay
Previously cryopreserved CD8+ G6PC2-reactive TCR avatars
(clone 32) were thawed and rested for 24 h with the
Frontiers in Immunology | www.frontiersin.org 422
homeostatic cytokine IL-7 (10 ng/ml) prior to coculture with
MP-treated HLA-A2+ genotype selected (57, 58) DCs for 24 h in
tissue culture treated plates at a 1:1 DC : CD8+ T cell ratio.
Nonadherent CD8+ T cell avatars were removed from the plate,
washed, and resuspended in fresh media for the killing assay. The
human b-cell line, blox5 (59, 60), was maintained under
standard culture conditions, labeled with CTV fluorescent dye,
and plated 18 h prior to the killing assay to achieve 80-90%
confluency. At time of assay, media was removed and CD8+

T cell avatars were seeded at an effector to blox5 target cell ratio
of 5:1. Cell death was assessed at 18 h via flow cytometric analysis
of Annexin V (BD Biosciences) and viability dye (Life
Technologies) staining via an assay established in the lab (61).

Statistical Analysis
Data were visualized using GraphPad Prism v.8 and analyzed by
t tests or one-way ANOVA with multiple comparison testing as
indicated in figure legends, with p < 0.05 considered significant.
RESULTS

MP Characterization
PLGA MPs were manufactured in a single large batch to provide
standardization across in vitro experiments. MP size distribution,
assessed by dynamic light scattering, showed that MPs exhibited
the desired size characteristics (Figure 1A). Release kinetics in
aqueous solution were determined at 1, 3, and 7 days to model
payload release in vitro (Figure 1B). Encapsulation efficiencies
were quantified via solvent extraction and spectrophotometric
analysis, with TGF-b1 at 63.1 ± 6.6%, GM-CSF at 53.2 ± 7.3%,
and VD3 at 73.4 ± 8.2% encapsulation efficiency. To control for
biomaterial-induced cellular responses, in vitro assays were
conducted with identical masses of drug-loaded PLGA MPs
versus PLGA-only controls in each size class. These mass
values, in combination with the release kinetics, were used to
estimate in vitro concentrations of each agent at defined assay
time points of 24 and 48 h (Table 1) and thereby, assess the
effects of MP treatment on cellular phenotype and function.
A B

FIGURE 1 | Characterization of MP formulation. (A) MP diameter was
determined for small Vitamin D3-loaded MPs (dotted histogram), and large
GM-CSF (dashed histogram) and TGF-b-loaded MPs (solid histogram).
(B) Release of encapsulate into aqueous solution was assessed at 1, 3, and
7 days.
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MP Responses in Isolated Cell Subsets
Previous work in the NODmouse revealed a diverse immune cell
composition surrounding the subcutaneous MP injection site,
with neutrophils predominating in immediate response to PLGA
material, followed by accumulation of the desired target of
myeloid cells, as well as a significant number of T cells in
response to drug-loaded dMP (20, 21). We therefore sought to
investigate direct effects of dMPs on human cells belonging to
those subsets specifically attracted by the dMP over PLGA—
namely, monocytes/macrophages, DCs, and T cells—to assess
therapeutic modulation.

Monocytes
The capacity of dMPs to induce phenotypic alterations in
isolated human monocytes was investigated (Figure 2).
Monocytes were incubated for 48 h under unstimulated
conditions with media alone (UN) or both large and small
empty MPs (PLGA) versus with MPs encapsulating dMP
agents GM-CSF, VD3, and TGF-b1(dMP)) in the presence or
absence of LPS for an additional 24 h of culture time (72 hr total).
Tolerogenic markers of interest were assessed by flow cytometry
Frontiers in Immunology | www.frontiersin.org 523
of live CD14+ monocytes (representative gating in Figure 2A).
dMP treated monocytes exhibited a significant increase
(approximately 30%) in frequency of cells expressing the
scavenger receptor CD163, a marker associated with anti-
inflammatory M2 macrophages (62) (Figure 2B, dMP vs. UN
and PLGA conditions, p < 0.01). Expression of the suppressive
tryptophan-catabolizing enzyme, IDO, increased in response to
dMP in the absence of LPS induction (Figure 2C, UN vs. dMP,
p < 0.05), whereas PD-L1 was robustly induced in dMP treated
cells above PLGA effects in in the presence of LPS stimulus
(Figure 2D, dMP vs. UN/PLGA, p < 0.001). As expected,
monocytes cultured with dMPs exhibited enhanced surface and
intracellular expression of anti-inflammatory mediators.

DCs
Human DCs were derived from peripheral blood monocytes via
standard culture techniques and incubated for 48 h with large
MP containing TGF-b1 and small MP containing VD3
(VD3TGF) versus PLGA and UN controls, in the presence of
GM-CSF in culture media (Figure 3). GM-CSF containing MPs
were not used in DC experiments as the effective MP dose (35 ng,
TABLE 1 | Encapsulation efficiency and effective microparticle dose.

Encapsulate Input(ng/mg PLGA) Encapsulation Efficiency (% ± SD) MP mass in vitro (mg) 24 h dose (ng/mL) 48h dose (ng/mL)

rhTGF-b1 50 63.1 ± 6.6 5 67.1 88.5
rhGM-CSF 80 53.2 ± 7.3 5 34.6 76.8
Vitamin D3 100 73.4 ± 8.2 0.05 0.85 1.1
October 2020 | Volume
Encapsulation efficiencies were calculated via spectrophotometric analysis of microparticle (MP) batches. In vitro dosing was calculated based on the delivered MP mass and % release at
defined time points.
A

B DC

FIGURE 2 | Monocyte MP response. (A) Gating schematic for live monocytes and indicated markers. (B) Expression of scavenger receptor CD163 on monocytes
(n = 10) with media (white bars) PLGA MPs (gray bars) or full dMP (black bars). (C) Intracellular expression of IDO (n = 3) after incubation with PLGA or dMP
(indicated as in (B)) shows increased frequency of IDO expression in media alone with dMP (left), to the level of the IDO-inducing stimulus LPS (right). (D) PD-L1
frequency (n = 6) increased significantly with dMP in the presence of LPS. Batch effects considered in analysis. (*p < 0.05, **p < 0.01, ***p < 0.001 by ANOVA with
Tukey’s multiple comparison test).
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Table 1) was lower than the media concentration necessary to
induce and maintain DC differentiation (50 ng/mL). Following a
48 hour MP incubation, cells were treated with LPS (1 mg/mL) or
media alone for an additional 24 h to assess response to
inflammatory stimulus by flow cytometry, with representative
gating schematic depicted for analysis of live DCs in Figure 3A.
dMP treated DCs, hereafter referred to as dMP-DCs, showed a
failure to upregulate canonical surface markers associated with
antigen presentation (HLA-DR: dMP vs. UN, p < 0.001; dMP vs.
PLGA, p < 0.01) and T cell costimulation (CD40: dMP vs. UN,
p < 0.001; dMP vs. PLGA p < 0.01; CD80: dMP vs. UN, p < 0.001,
dMP vs. PLGA, p < 0.05; CD86: dMP vs. UN, p < 0.01; dMP vs.
PLGA, p < 0.0001) in the presence of LPS [calculated as mean
fluorescence intensity (MFI) fold change] when compared to UN
or PLGA controls (Figure 3B). This resistance to LPS-induced
maturation and activation is characteristic of tolerogenic DCs.
Supernatant analysis showed that dMP-DCs released significantly
higher levels of IL-10 than both PLGA or UN controls, with LPS
(Figure 3C, p < 0.0001) or media alone (p < 0.0001). Additionally,
dMP-DCs exhibited increased expression levels of negative
regulators as compared to UN or PLGA-DCs, namely PD-L1
(63) (Figure 3D, p < 0.05), ILT3 (64, 65) (Figure 3E, p < 0.05
and p < 0.01), and Galectin 9 (66) (Figure 3F, p < 0.001). ILT4
levels were slightly increased on PLGA-DCs (Figure 3G)
compared to UN (p < 0.001) or dMP-DCs (p < 0.05). Altogether,
Frontiers in Immunology | www.frontiersin.org 624
these results suggest induction of a potent tolerogenic phenotype in
dMP-DCs.

T Cells
Total CD3+ T cells were isolated from healthy control subjects by
negative selection, proliferation dye-labeled, and treated for 48 h
with single-component MP-encapsulated agents (GM-CSF,
VD3, or TGF-b1) or the complete dMP formulation (GM-CSF,
VD3, and TGF-b1) as compared to UN and PLGA controls.
T cells were subsequently harvested from MPs via density-
gradient centrifugation and cultured with plate-bound anti-
CD3/anti-CD28 TCR stimulus for five days, whereupon cell
proliferation and phenotype of both CD4+ and CD8+ T cells
were assessed by flow cytometry (Figure 4). Representative
gating and proliferation traces for CD4 and CD8 cells are
shown (Figure 4A, representative of n = 6). Proliferation index
(a measure of the division of responding cells) was significantly
reduced in complete dMP-treated CD4 and CD8 T cells as
compared to UN, PLGA, or individual agents (Figure 4B,
dMP vs. UN, p < 0.01; dMP vs. PLGA, p < 0.001; dMP vs.
GMCSF, p < 0.0001; dMP vs. VD3, p < 0.0001). Notably,
proliferation of both CD4 and CD8 T cells was blunted by
dMP with TCR stimulus (anti-CD3) and costimulatory signal
(anti-CD28, shown) with similar results for cells treated with
anti-CD3 only (not shown). Investigation of the mechanisms
A B
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C

FIGURE 3 | Dendritic cell modulation by dMP agents. (A, upper panels) Representative gating schematic for live CD11c+ DCs; (lower panels) representative
histograms showing expression of activation markers HLA-DR, CD40, CD80, and CD86 under each culture condition (unstimulated (UN) in white, PLGA (gray) and
VD3TGF (black) for gated DCs showing leftward shift in presence of dMP components. (B) Quantification of results depicted in (A) with calculated ratio of geometric
mean fluorescence intensity (gMFI) in stimulated conditions (LPS) over unstimulated (UN) controls (n = 10) showing failure to upregulate activation markers in
response to LPS with VD3TGF MPs in presence of GM-CSF. (C) IL-10 production in culture supernatants after (left) 72-h incubation with media (white circles), PLGA
MPs (gray circles) or dMP (black circles), or 72-h incubation with treatments indicated as previous, with the addition of LPS (1 µg/ml) for the final 24 h of culture.
dMP induced significantly increased IL-10 production over other treatments with or without inducing LPS stimulus. (D–G) Flow cytometry of replicate experiments for
expression of negative regulators show increased intensity (gMFI) in presence of dMP for (D) PD-L1 (n = 14), (E) ILT-3 (n = 6), and (F) Galectin 9 with an apparent
material associated increase in ILT-4 (G). (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by ANOVA with Tukey’s multiple comparison test).
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potentially underlying the observed reduced proliferation revealed
that TGF-b1 MPs increased the frequency of PD1+CD4+ T cells
compared to UN and VD3 MP treated T cells (p < 0.01), although
PD1+CD8+ T cell frequencies were not significantly altered (Figure
4C). These findings demonstrate the interactions of individual MP
components in the complete dMP in direct suppression of T cell
activation andeffector responses.Moreover, TGF-b1MPsbolstered
the frequency of Tregs among total CD4+ T cells (Figure 4D) as
compared toUN(p< 0.0001), VD3MP(p< 0.01), anddMP treated
T cells (p < 0.01).

Influence of MP Treatment on DC:
T Cell Interactions
TCR Activation With dMP-DC
With the observation of a tolerogenic phenotype in dMP-DCs,
we next sought to confirm functional tolerogenic capacity via
allogeneic human T cell co-culture. DCs (n = 3 donors) were
proliferation dye labeled, then left untreated (UN-DCs), or
conditioned with empty MPs (PLGA-DCs) or dMP (dMP-
DCs) for 48 h, followed by MP removal via density gradient
centrifugation. DCs from each donor were next co-cultured with
proliferation dye-labeled T cells from two allogeneic donors
(total experimental n = 6) at a 1:1 DC:T cell ratio. Cocultures
(experimental n = 6) were incubated in media alone or with
soluble CD3/CD28 TCR stimulus for T cell activation for 24 h,
and examined by flow cytometry for both DC phenotype and
T cell activation (Figure 5). dMP-DC response to T cell
activation mirrored that seen with LPS stimulation (Figure 3).
Namely, reduced HLA-DR expression was observed in response
Frontiers in Immunology | www.frontiersin.org 725
to dMP (Figure 5A, black bars) as compared to both UN-DCs
and PLGA-DCs (p < 0.0001). PD-L1 expression was
concomitantly increased in dMP-DCs as compared to UN-DCs
(p < 0.01) and PLGA-DCs (Figure 5B, p < 0.05). Accordingly,
both CD4+ and CD8+ T cells had significantly reduced frequency
of cells expressing the TCR-activation marker, CD69, at 24 h
post-stimulation in the presence of dMP-DCs (Figure 5C)
compared to PLGA-DCs (p < 0.01) or UN-DCs (p < 0.01).
CD4 T cell CD69 MFI was also significantly reduced with dMP-
DC compared to UN-DC (Figure 5D, p < 0.01). These findings
support the notion that dMP treatment blunts immediate TCR
activation, giving the potential to influence downstream
effector responses.

T Cell Phenotype and Function Post-Activation
With dMP-DCs
Downstream CD4+ effector T cell response to dMP-DCs was
determined via co-culture of proliferation dye-labeled T cells
with VD3-TGF-, PLGA-, or UN- pretreated allogeneic DCs at a
DC:T cell ratio of 1:5 for 7 days. Proliferation and cellular
phenotype were assessed by flow cytometry (Figure 6). dMP-
DCs did not support alloantigen-induced proliferation of both
CD45RO+ memory T cells (Figure 6A, dMP vs. UN and PLGA
p < 0.01) and CD45RA+ naïve T cells at day 5 (Figure 6B, dMP
vs. UN, p < 0.0001; dMP vs. PLGA, p < 0.01). In a subsequent
experiment, a low dose of anti-CD3 (1 mg/mL) was added to
induce TCR activation, leaving T cells reliant on DCs for
costimulation. Again, dMP-DCs resulted in suppressed
proliferation as compared to UN-DCs (p < 0.01) and PLGA-
A B

DC

FIGURE 4 | T cell proliferation and phenotype modulations with dMP. (A, left) Representative gating schematic for selecting live, CD4, or CD8 T cells for analysis
after culture with single encapsulated dMP agents and complete dMP formulation; (right panels) representative histograms showing dye dilution indicating gated CD4
and CD8 T cell proliferation in each culture condition [unstimulated (UN, white), PLGA (light gray), individual agents VD3 (mid-gray), GM-CSF (dark gray), TGF
(charcoal), and dMP (black)] showing reduced proliferation for TGF and dMP groups. (B) Quantification of results depicted in (A), proliferation index for gated CD4
and CD8 T cells (n = 6 donors) with CD3/CD28 stimulation at 7 days post-stimulation with presence of indicated dMP agents. (C) %PD1 positive of gated CD4
T cells increased with TGFb-MPs compared to UN and GM-CSF MPs. (D) % Treg of gated CD4 T cells increased with TGFb-MPs compared to UN, GM-CSF, or
dMP. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by ANOVA with Tukey’s multiple comparison test).
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DCs (p < 0.001) (Figure 6C). Both FOXP3+Helios+ Treg
frequency among CD4+ T cells (Figure 6D, dMP vs. UN/
PLGA, p < 0.05) and PD1 expression on CD4+ T cells were
increased in response to dMP-DCs at day 7 (Figure 6E, dMP vs.
UN and PLGA, p < 0.0001). Despite reduced proliferation and
therefore, lower total T cell number in all dMP-DC co-cultures,
IL-10 production in culture supernatant was increased in
cultures assessed at day 5 compared to PLGA- or UN-DC co-
cultures (Figure 6F, dMP vs. UN, p < 0.05; dMP vs. PLGA, p <
0.01). Multiplex measurement of supernatant cytokines on day 7
(Figure 6G) revealed a trend toward decreased proinflammatory
cytokines (IL-6, TNFa, IFNg, GM-CSF, and IL7), a significant
decrease in IL-8 (p < 0.01) and IL-12p70 (p < 0.05) as compared
to UN-DC cocultures, and a significant decrease in IL-5 (p <
0.001) from both UN- and PLGA-DC cocultures. This decrease
in TH1 and proinflammatory cytokines, with a concomitant
significant increase in IL-4 compared to both control
conditions (p < 0.001) and maintenance of IL-10 levels
compared to untreated cultures, is suggestive of skewing to a
TH2 phenotype. These alterations in T cell skewing were specific
to the dMP, as PLGA-DC stimulus induced no significant
changes in cytokine levels as compared to UN-DC. Given the
reduced T cell proliferation, cytokine profiles were generally
suppressed in presence of dMP, although production of IL-2
and IL-4 were enhanced in these cultures (p < 0.05). IL-10
production was elevated in response to dMP-DCs on day 5 when
measured via ELISA (Figure 6F, p < 0.05), yet dMP-DC induced
IL-10 was near UN-DC levels on day 7 with multiplex assay
(Figure 6G), consistent with declining IL-10 levels over culture
time for in vitro T cell stimulations (67).
A B

DC

FIGURE 5 | DC-T cell interactions after DC MP treatment. (A) DC expression
of HLA-DR (n = 6) in T cell coculture after incubation with media alone
[unstimulated (UN, white) PLGA (light gray), and dMP (black)] shows failure to
upregulate HLA-DR and (B) upregulation of PD-L1 in response to T cell
crosstalk. (C) Frequency of CD69+ cells in gated CD4 and CD8 populations
decreased with dMP-DC coculture. (D) Upregulation of CD69 in response to
TCR (CD3/CD28) stimulus (gMFI of stimulated divided by UN controls) for
both CD4 and CD8 T cells decreased with dMP-DC incubation. (*p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001 by ANOVA with Tukey’s multiple
comparison test).
A B
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FIGURE 6 | T cell activity and phenotype during coculture with MP-DCs. Proliferation of sorted (A) CD45RO+ memory T cells (n = 11) and (B) CD45RA+ naïve
T cells (n = 10) was significantly suppressed in response to allogeneic dMP-DCs. (C) Proliferation of isolated total CD4 T cells (n = 14) was significantly suppressed in
response to allogeneic dMP-DCs. (D) Increased presence of natural Tregs among total CD4 T cells (n = 5) was found in dMP-DC coculture. (E) PD-1 expression
increased significantly with dMP-DCs (n = 5). (F) IL10 production in supernatant at day 5 was elevated (n = 9) with dMP-DCs. (G) A subset of T cell proliferation
assays (displayed in (C)) were assessed for cytokines by multiplex bead assay and showed a general trend for decrease in cytokine production with T cell-dMP DC
coculture (scaled for display and comparison by log transformation of raw values). % proliferation was included as a scale reference. Significance compared to dMP
condition is indicated for individual outcome measures. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by ANOVA with Tukey’s multiple comparison testing).
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Modeling of Antigen-Specific Effector
T Cell Response to dMP
CD4+ andCD8+ T cell avatars expressing TCRs reactive to the T1D
autoantigensGAD (clone 4.13) andG6PC2 (clone 32), respectively,
were generated from naïve T cells using lentiviral vectors as
previously described (53). As TCR transduction requires T cell
preactivation and expansion, sorted T cell avatars were equilibrated
in homeostatic cytokines IL-2 and IL-7 for two days. This was
followed by incubation for 24 h with nonadherent lymphocyte-
depleted APCs from HLA-compatible donors, pretreated with
PLGA or dMPs for 48 h (Figure 7A). CD8-32 avatars were
assessed for phenotype and CTL function in killing assays using
the lox5 humanpancreatic b-cell line as target cells (55). dMP-APC
conditioned CD8-32 cells were moderately suppressed in
killinglox5 cells (Figure 7B, p < 0.05) and accordingly, exhibited
significantly decreased expression of the serine protease Granzyme
B in response to dMP-APCs versus PLGA-APCs, indicative of
reduced cytotoxic potential (Figure 7C, 30% decrease in gMFI, p <
0.01). While untransduced GFP-CD4+ T cells (mock transduced)
showed somewhat reduced proliferation in response to dMP-APC
with allogeneic stimulus, CD4-GAD4.13 avatars showed
dramatically reduced proliferation in response to dMP-APCs
with exogenous GAD555–567 peptide stimulus (GFP+, 75%
decrease in proliferating cells; p < 0.0001, Figure 7D). Modest
increases in the frequency of FOXP3+ cells and FOXP3 gMFI were
observed in dMP-APC activated CD4+ T cell avatars following
exposure to autoantigen, whereas dMP-APC activation
significantly increased frequency (p < 0.01) and expression
Frontiers in Immunology | www.frontiersin.org 927
intensity (4.5-fold increase, p < 0.0001) of the exhaustion-
associated transcription factor Eomes (Figures 7E, F) (68, 69).
Altogether, these data indicate dMP-APCs are capable of strongly
directing T1D antigen-specific CD4+ T cell responses, with more
modest control over CD8+ T cells.
DISCUSSION

In development and testing this dMP platform, we implemented a
sequential iterative strategy of in vitro screening with formulation
testing in mouse immune cells and validation of in vivo efficacy in
two murine models of autoimmunity (21, 51), followed by both
replicative in vitro experiments and discovery efforts in human cells
as reported herein. We validated target immune effects using
standard immune function assays, then modeled autoimmune
responses to evaluate indirect immunomodulation of engineered
autoreactive T cells exposed to dMP-APCs. These data support the
clinical translatability of this dMP formulation, as therapeutic goals
defined and met in animal models of autoimmunity (21, 51) were
recapitulated in vitro in human cells.

Notably, dMP treatment of both monocytes and monocyte-
derived DCs robustly induced a suppressive cell phenotype and
dampened responses to inflammatory stimulus. Human dMP-DC
results were analogous to those seen in murine bone marrow
derived DCs (20, 36), with marked resistance to LPS-induced
maturation after brief incubations with soluble GM-CSF plus MP
encapsulated TGF-b1 and VD3. dMP-DCs displayed a
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FIGURE 7 | Assessment of antigen-specific T cell dMP response. (A) Schematic for generation of CD4 and CD8 T cell avatars via lentiviral transduction and
coculture with dMP-treated HLA-selected APCs. (B) Results from target-killing assay for CD8 T cell avatars against the blox5 beta cell line, with results represented
as the ratio of dead labeled target cells to GFP+ T cells. (C) Expression of the cytotoxic effector protein Granzyme B in gated GFP+ T cells. (D) Proliferation in mock
transduced T cells with allogeneic DC stimulus (left) was lower in presence of dMP, while antigen induced proliferation (right) was significantly controlled by dMP-
APCs. (E, F) Analysis of intracellular staining of transcription factors associated with Treg (FOXP3) and T cell exhaustion (Eomes) showing difference of expression
frequency with dMP pretreatment (E, % positive of gated GFP+ TCR+ cells − % positive in mock-transduced T cells) and difference of expression intensity (F, gMFI of
gated GFP+ TCR+ cells – gMFI in mock-transduced T cells). (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by ANOVA with Tukey’s multiple comparison test).
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comprehensive suppressive phenotype, with high expression of
multiple immunoregulatorymarkers (PD-L1, ILT3,Galectin 9) and
demonstrated ability to restrain T cell responses. Expression of
ILT3, induced onDCs in vitro by IL-10 in combinationwith IFN or
VD3, influences unprimed T cells to become suppressive (70).
Induction of ILT3 and PD-L1 on DCs has been shown with
individual agents in the dMP formulation, namely VD3 (45, 47,
71, 72). PD-L1+ DCs are known to restrain T cell activation,
differentiation, and proliferation during priming (73, 74).
Administration of Galectin 9 at supraphysiological levels has
shown promise in suppressing TH1 inflammation, (66),
promoting Treg (75), and preventing T1D development in the
NOD mouse via islet expression (76). Additionally, Galectin 9
expression onDCs assists their migration toward chemokines (77),
thus suggesting that dMP treatment could enhance DC migratory
capacity from the injection site to draining lymph nodes.
Importantly, dMP-DCs maintained their desirable tolerogenic
surface marker profile following both LPS stimulus and T cell
crosstalk post-anti-CD3/CD28 activation. T cells responding to
dMP-DCs exhibited reduced immediate TCR activation and
downstream proinflammatory responses. Notably, these data
indicate that dMP exposure influenced T cell skewing, with a
major shift toward a TH2 phenotype characterized by high levels
of IL-4 production. The skewing of cytokine production after
exposure to dMP-DCs versus PLGA-DCs or UN-DCs is
consistent with lower effective TCR signal strength (78, 79),
biasing T cell differentiation toward a TFH/TH2 phenotype.

This work included assessment of dMP influence on human
monocytes/macrophages, which were abundantly present at the
MP injection site in vivo in theNODmouse (21) and could provide
additional local immunoregulation beyond the tolerogenic DC and
cytokine milieu promoted by dMP. The potential for dMP-
monocytes to induce robust T cell suppression was demonstrated,
whereasHLA-matched donormonocyteswere not differentiated to
DCsprior to incubationwithdMPandsubsequentTcell co-culture.
In addition to DCs, monocytes and macrophages could provide
additional antigen-specific immunoregulation of T cells
encountered (80) and deletion of autoreactive T cells in
peripheral and inflamed sites through the observed increased
IDO expression (81). Indeed, M2 macrophages have been shown
to promote tolerance of transplant tissue and suppression of
xenoimmune response via IDO expression and production of
TGF-b1 (82, 83). Additionally, human monocytes have a unique
ability to activate latent TGF-b1 on surrounding cells, providing a
potential feedforward loop for this potent suppressivemediator (84).

We measured T cell responses following direct culture with
the dMP formulation. In agreement with the prior literature,
TGF-b1 MPs alone drove induction of FOXP3 and PD-1 (85),
whereas only the full dMP provided both significant reduction in
TCR-induced cellular proliferation and inflammatory cytokine
production. Our data indicate that in addition to indirect
suppression by interactions with dMP-tolerized DCs in lymph
nodes, T cell phenotype and activity could be directly influenced
at the injection site through mechanisms of infectious tolerance
demonstrated in TGF-b1 producing TH3 peripheral Tregs (86).
Notably, while the specific dMP formulation is tunable for
Frontiers in Immunology | www.frontiersin.org 1028
disease-specific applications, the combination of agents in the
dMP tested here synergized to influence T cell effector function.
This may provide additional benefit in the case of antigen-
specific T cell localization to a peripheral antigen depot, as
recently reported in an antigen-defined T1D mouse model (87).

Finally, we assessed the impact of the dMP on antigen-specific
T cell responses to two b-cell autoantigens in T1D. We utilized our
established platform for generating T cell avatars by multi-cistronic
TCRexpression to assess dMP-mediated suppressionof islet antigen-
specific T cell activity (53). With this platform, we previously
demonstrated that autoreactive T cells may play a direct role in b-
cell killing, asG6P2C-specificCD8+ cytotoxicT lymphocyte avatars
are able to directly lyse both b-like cell lines and primary human b-
cells (55).Moreover, our studies ofhuman tissues fromtheNetwork
for Pancreatic Organ donors with Diabetes (nPOD) have
demonstrated that clone 4.13, originally identified in T1D PBMC
(88), can be found within the islets of a human T1D pancreas (89).
Hence, this system represents an excellent platform for preclinical
translation. dMP-DCs were able to potently suppress the
proliferation and drive anergy in CD4+ GAD4.13 T cell avatars,
and though dMP-DCs reduced Granzyme B expression by G6PC2
avatars, they only moderately reduced cytotoxic effects. These
results suggest that our dMP formulation, despite decreasing
effector molecule expression and inducing markers of T cell
exhaustion, is not capable of fully reversing the cytotoxic activity
of an activated CTL with high affinity TCR. For optimal reversal of
T1D in human subjects, these results suggest potential opportunity
for pretreatment with a depleting agent, such as anti-CD3
(teplizumab) or anti-thymocyte globulin (ATG, thymoglobulin)
prior to reconditioning the host with this tolerogenic dMP
vaccine (90).

The experiments conducted herein further support the
development of antigen-specific tolerogenic vaccine strategies that
leverage themany benefits of controlled release frombiocompatible
MPs. Experimental conditions described herein were meant to
model the effect on cells encountering the persistent injection site
microparticle depot induced by dMP injection, wherein the local
concentration of agents released bymicroparticles is high, followed
by trafficking to draining LN to present ingested antigen.

Here, we expand the scope of the dMP from preventing and
reversing T1D in theNODmouse (20, 21) and ameliorating EAE in
a mouse model of multiple sclerosis (51) to illustrate efficacy in
humancells, notably using autoreactiveT cell clones specific for two
T1D-associated antigens. Importantly, the dMP system is modular
in nature and could be adapted to include additional antigens and
epitopes that continue to emerge as targets of autoreactive T cells in
T1D (91, 92). In summary, the use of bioengineering approaches,
including the dMP formulation reported here, offers the capacity to
safely deliver effective vaccines to intervene in the disease process of
chronic autoimmune conditions.
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62:3901–8. doi: 10.2337/db13-0236

9. Gaglia J, Kissler S. Anti-CD3 Antibody for the Prevention of Type 1 Diabetes:
A Story of Perseverance. Biochemistry (2019) 58:4107–11. doi: 10.1021/
acs.biochem.9b00707

10. Linsley PS, Greenbaum CJ, Rosasco M, Presnell S, Herold KC, Dufort MJ.
Elevated T cell levels in peripheral blood predict poor clinical response
following rituximab treatment in new-onset type 1 diabetes. Genes Immun
(2019) 20:293–307. doi: 10.1038/s41435-018-0032-1

11. Gitelman SE, Gottlieb PA, Rigby MR, Felner EI, Willi SM, Fisher LK, et al.
Antithymocyte globulin treatment for patients with recent-onset type 1
diabetes: 12-month results of a randomised, placebo-controlled, phase 2
trial. Lancet Diabetes Endocrinol (2013) 1:306–16. doi: 10.1016/S2213-8587
(13)70065-2

12. Haller MJ, Gitelman SE, Gottlieb PA, Michels AW, Rosenthal SM, Shuster JJ,
et al. Anti-thymocyte globulin/G-CSF treatment preserves b cell function in
patients with established type 1 diabetes. J Clin Invest (2015) 125:448–55. doi:
10.1172/JCI78492

13. Haller MJ, Gitelman SE, Gottlieb PA, Michels AW, Perry DJ, Schultz AR, et al.
Antithymocyte Globulin Plus G-CSF Combination Therapy Leads to
Sustained Immunomodulatory and Metabolic Effects in a Subset of
Responders With Established Type 1 Diabetes. Diabetes (2016) 65:3765–75.
doi: 10.2337/db16-0823

14. Haller MJ, Schatz DA, Skyler JS, Krischer JP, Bundy BN, Miller JL, et al. Low-
Dose Anti-Thymocyte Globulin (ATG) Preserves b-Cell Function and
Improves HbA. Diabetes Care (2018) 41:1917–25. doi: 10.2337/dc18-0494

15. Kolb H, von Herrath M. Immunotherapy for Type 1 Diabetes: Why Do
Current Protocols Not Halt the Underlying Disease Process? Cell Metab
(2017) 25:233–41. doi: 10.1016/j.cmet.2016.10.009

16. Bresson D, von Herrath M. Moving towards efficient therapies in type 1
diabetes: to combine or not to combine? Autoimmun Rev (2007) 6:315–22.
doi: 10.1016/j.autrev.2006.09.013
October 2020 | Volume 11 | Article 574447

https://www.frontiersin.org/articles/10.3389/fimmu.2020.574447/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2020.574447/full#supplementary-material
https://doi.org/10.1007/s11892-015-0689-z
https://doi.org/10.1002/9780470697405.ch7
https://doi.org/10.1002/9780470697405.ch7
https://doi.org/10.1016/S0140-6736(08)61309-4
https://doi.org/10.1016/S0140-6736(08)61309-4
https://doi.org/10.1001/jama.2015.2928
https://doi.org/10.2337/dc11-0523
https://doi.org/10.1001/jama.2017.17070
https://doi.org/10.1371/journal.pone.0142318
https://doi.org/10.2337/db13-0236
https://doi.org/10.1021/acs.biochem.9b00707
https://doi.org/10.1021/acs.biochem.9b00707
https://doi.org/10.1038/s41435-018-0032-1
https://doi.org/10.1016/S2213-8587(13)70065-2
https://doi.org/10.1016/S2213-8587(13)70065-2
https://doi.org/10.1172/JCI78492
https://doi.org/10.2337/db16-0823
https://doi.org/10.2337/dc18-0494
https://doi.org/10.1016/j.cmet.2016.10.009
https://doi.org/10.1016/j.autrev.2006.09.013
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Brusko et al. Tolerance Conditioning via Biomaterial Immunotherapy
17. Peakman M, von Herrath M. Antigen-specific immunotherapy for type 1
diabetes: maximizing the potential. Diabetes (2010) 59:2087–93. doi: 10.2337/
db10-0630

18. Matthews JB, Staeva TP, Bernstein PL, Peakman M, von Herrath MGroup I-
JTDCTA. Developing combination immunotherapies for type 1 diabetes:
recommendations from the ITN-JDRF Type 1 Diabetes Combination
Therapy Assessment Group. Clin Exp Immunol (2010) 160:176–84. doi:
10.1111/j.1365-2249.2010.04153.x

19. Nambam B, Haller MJ. Updates on Immune Therapies in Type 1 Diabetes.
Eur Endocrinol (2016) 12:89–95. doi: 10.17925/EE.2016.12.02.89

20. Lewis JS, Dolgova NV, Zhang Y, Xia CQ, Wasserfall CH, Atkinson MA, et al.
A combination dual-sized microparticle system modulates dendritic cells and
prevents type 1 diabetes in prediabetic NOD mice. Clin Immunol (2015)
160:90–102. doi: 10.1016/j.clim.2015.03.023

21. Lewis JS, Stewart JM,MarshallGP,CarstensMR,ZhangY,DolgovaNV, et al.Dual-
SizedMicroparticle System forGenerating SuppressiveDendriticCells Prevents and
ReversesType1Diabetes in theNonobeseDiabeticMouseModel.ACSBiomater Sci
Eng (2019) 5:2631–46. doi: 10.1021/acsbiomaterials.9b00332

22. Lo J, Clare-Salzler MJ. Dendritic cell subsets and type I diabetes: focus upon
DC-based therapy. Autoimmun Rev (2006) 5:419–23. doi: 10.1016/
j.autrev.2005.12.001

23. Phillips BE, Garciafigueroa Y, Engman C, Trucco M, Giannoukakis N.
Tolerogenic Dendritic Cells and T-Regulatory Cells at the Clinical Trials
Crossroad for the Treatment of Autoimmune Disease; Emphasis on Type 1
DiabetesTherapy.Front Immunol (2019) 10:148. doi: 10.3389/fimmu.2019.00148

24. Creusot RJ. Initiating type I diabetes: new suspects in the lineup. Nat Med
(2013) 19:18–20. doi: 10.1038/nm.3044

25. Lewis JS, Roche C, Zhang Y, Brusko TM, Wasserfall CH, Atkinson M, et al.
Combinatorial delivery of immunosuppressive factors to dendritic cells using
dual-sized microspheres. J Mater Chem B (2014) 2:2562–74. doi: 10.1039/
C3TB21460E

26. Macri C, Dumont C, Johnston AP, Mintern JD. Targeting dendritic cells: a
promising strategy to improve vaccine effectiveness. Clin Transl Immunol
(2016) 5:e66. doi: 10.1038/cti.2016.6

27. Seyfizadeh N, Muthuswamy R, Mitchell DA, Nierkens S. Migration of dendritic
cells to the lymph nodes and its enhancement to drive anti-tumor responses. Crit
Rev Oncol Hematol (2016) 107:100–10. doi: 10.1016/j.critrevonc.2016.09.002

28. Phillips BE, Giannoukakis N, Trucco M. Dendritic cell mediated therapy for
immunoregulation of type 1 diabetes mellitus. Pediatr Endocrinol Rev (2008)
5:873–9.

29. Rattanapak T, Birchall JC, Young K, Kubo A, Fujimori S, Ishii M, et al.
Dynamic visualization of dendritic cell-antigen interactions in the skin
following transcutaneous immunization. PLoS One (2014) 9:e89503. doi:
10.1371/journal.pone.0089503

30. Jilek S, Merkle HP, Walter E. DNA-loaded biodegradable microparticles as
vaccine delivery systems and their interaction with dendritic cells. Adv Drug
Deliv Rev (2005) 57:377–90. doi: 10.1016/j.addr.2004.09.010

31. Elamanchili P, Diwan M, Cao M, Samuel J. Characterization of poly(D,L-
lactic-co-glycolic acid) based nanoparticulate system for enhanced delivery of
antigens to dendritic cells. Vaccine (2004) 22:2406–12. doi: 10.1016/
j.vaccine.2003.12.032

32. Jhunjhunwala S, Raimondi G, Thomson AW, Little SR. Delivery of rapamycin
to dendritic cells using degradable microparticles. J Control Release (2009)
133:191–7. doi: 10.1016/j.jconrel.2008.10.011

33. Kishimoto TK, Ferrari JD, LaMothe RA, Kolte PN, Griset AP, O’Neil C, et al.
Improving the efficacy and safety of biologic drugswith tolerogenic nanoparticles.
Nat Nanotechnol (2016) 11:890–9. doi: 10.1038/nnano.2016.135

34. Ulery BD, Nair LS, Laurencin CT. Biomedical Applications of Biodegradable
Polymers. J Polym Sci B Polym Phys (2011) 49:832–64. doi: 10.1002/polb.22259

35. Waeckerle-Men Y, Allmen EU, Gander B, Scandella E, Schlosser E, Schmidtke
G, et al. Encapsulation of proteins and peptides into biodegradable poly(D,L-
lactide-co-glycolide) microspheres prolongs and enhances antigen
presentation by human dendritic cells. Vaccine (2006) 24:1847–57. doi:
10.1016/j.vaccine.2005.10.032

36. Acharya AP, Carstens MR, Lewis JS, Dolgova N, Xia CQ, Clare-Salzler MJ,
et al. A cell-based microarray to investigate combinatorial effects of
microparticle-encapsulated adjuvants on dendritic cell activation. J Mater
Chem B (2016) 4:1672–85. doi: 10.1039/C5TB01754H
Frontiers in Immunology | www.frontiersin.org 1230
37. Travis MA, Sheppard D. TGF-b activation and function in immunity. Annu Rev
Immunol (2014) 32:51–82. doi: 10.1146/annurev-immunol-032713-120257

38. Kobie JJ, Wu RS, Kurt RA, Lou S, Adelman MK, Whitesell LJ, et al.
Transforming growth factor beta inhibits the antigen-presenting functions
and antitumor activity of dendritic cell vaccines. Cancer Res (2003) 63:1860–4.

39. Belladonna ML, Volpi C, Bianchi R, Vacca C, Orabona C, Pallotta MT, et al.
Cutting edge: Autocrine TGF-beta sustains default tolerogenesis by IDO-
competent dendritic cells. J Immunol (2008) 181:5194–8. doi: 10.4049/
jimmunol.181.8.5194

40. Rubtsov YP, Rudensky AY. TGFbeta signalling in control of T-cell-mediated
self-reactivity. Nat Rev Immunol (2007) 7:443–53. doi: 10.1038/nri2095

41. Ali OA, Huebsch N, Cao L, Dranoff G, Mooney DJ. Infection-mimicking
materials to program dendritic cells in situ. Nat Mater (2009) 8:151–8. doi:
10.1038/nmat2357

42. Cheatem D, Ganesh BB, Gangi E, Vasu C, Prabhakar BS. Modulation of
dendritic cells using granulocyte-macrophage colony-stimulating factor (GM-
CSF) delays type 1 diabetes by enhancing CD4+CD25+ regulatory T cell
function. Clin Immunol (2009) 131:260–70. doi: 10.1016/j.clim.2008.12.001

43. Baeke F, Takiishi T, Korf H, Gysemans C, Mathieu C. Vitamin D: modulator
of the immune system. Curr Opin Pharmacol (2010) 10:482–96. doi: 10.1016/
j.coph.2010.04.001
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Allogeneic hematopoietic cell transplantation (allo-HCT) is an efficacious and frequently
the only treatment option for some hematological malignances. However, it often faces
severe morbidities and/or mortalities due to graft versus host disease, and the severity of
the conditioning regiment needed, that result in toxicity-related issues poorly tolerable for
some patients. These shortcomings have led to the development of less aggressive
alternatives like non-myeloablative (NMAC) or reduced-intensity conditioning regiments
(RIC). However, these approaches tend to have an increase of cancer relapse and limited
persistence of donor-specific chimerism. Thus, strategies that lead towards an
accelerated and more durable donor engraftment are still needed. Here, we took
advantage of the ability of host-derived unlicensed NK (UnLicNK) cells to favor donor
cell engraftment during myeloablative allo-HCT, and evaluated if the adoptive transfer of
this cell type can improve donor chimerism in NAMC settings. Indeed, the infusion of these
cells significantly increased mixed chimerism in a sublethal allo-HCT mouse model,
resulting in a more sustainable donor cell engraftment when compared to the
administration of licensed NK cells or HCT controls. We observed an overall increase in
the total number and proportion of donor B, NK and myeloid cells after UnLicNK cell
org January 2021 | Volume 11 | Article 614250132
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infusion. Additionally, the extension and durability of donor chimerism was similar to the
one obtained after the tolerogenic Tregs infusion. These results serve as the needed
bases for the implementation of the adoptive transfer of UnLicNK cells to upgrade NMAC
protocols and enhance allogeneic engraftment during HCT.
Keywords: Unlicensed NK, allogeneic hematopoietic cell transplantation, chimeras, engraftment, non-
myeloablative conditioning regimen
INTRODUCTION

Hematopoietic cell transplantation (HCT) is a preferred option
for the treatment of a number of malignant and non-malignant
hematological diseases as well as severe combined immune
deficiencies (1). In order to achieve maximal donor stem cell
engraftment, many transplantation protocols have involved the
administration of myeloablative conditioning regimens (MAC)
through total body irradiation or high dose chemotherapy, which
eliminates the host’s immune system and allows for donor
hematopoietic stem cell (HSC) engraftment. However, at the
initial stages after transplantation patients are susceptible to
cancer relapse and opportunistic infections due to the lack of
immune defense. Additionally, the development of graft versus
host disease (GvHD) following allogeneic HCT can result in
significant mortality risk despite being associated with anti-
tumor responses (1). Furthermore, aggressive conditioning
regimens are associated with high toxicities and treatment-
related mortality (TRM) making these therapies inaccessible to
elderly patients and patients with poor performance status
and impaired organ function (2). Interestingly, current
protocols that use non-myeloablative (NMAC) or reduced-
intensity conditioning regiments (RIC), which are less toxic,
are able to accomplish cell engraftment and graft versus leukemia
(GvL) effects with significant reduction of TRM when compared
to MAC (3). These regimens have been associated with mixed
hematopoietic chimerism in the recipients. The extension and
durability of these allogenic mixed chimeras are important to
establish a long-term allograft acceptance with minimal or absent
immunosuppression in an effort to induce transplantation
tolerance (4). Unfortunately, increased cancer relapse rates,
attaining durable donor-specific chimerism, and immune
tolerance towards donor antigens are still major concerns in
HCT when NMAC is used.

Current approaches to improve HCT tolerance are achieved
through the adoptive transfer of immune cells with both
tolerogenic and/or effector functions. Our group and many
others have utilized the suppressor properties of regulatory T
cells (Tregs) to prevent GvHD and improve tolerance to donor
HSC engraftment (5–9). Similarly, NK cells provide a protective
effect in allogeneic HCT outcome (1, 10). Indeed, NK cells can
suppress GvHD due to the elimination of alloreactive T cells and/
or antigen presenting cells (APC) preventing the T cell immune
barrier to allogeneic HCT engraftment (10–12). However, host
NK cells also play a critical role in breaking immune tolerance to
allogeneic cells. Host-type licensed NK (LicNK) cells, those NK
cells expressing inhibitory receptors that recognize self-MHC,
org 233
are preferentially involved in the rejection of allogeneic HSC,
unlike unlicensed NK cells (UnLicNK) (13). In contrast, new
evidence supports the use of activated UnLicNK cells as a means
to increase donor specific tolerance and engraftment when donor
MHC class I (MHCI) interacts with their inhibitory receptor,
indicating a unique function of UnLicNK cells (14). In this study,
we exploited the ability of UnLicNK cells to enhance donor-
specific mixed chimerism prior to NMAC allogenic HCT in
order to achieve more rapid and sustained chimerism.
MATERIAL AND METHODS

Mice
C57BL/6 (H-2b) and BALB/c (H-2d) mice were purchased from
Jackson Laboratories (Sacramento, CA). CD45.1+ congenic mice
were bred in our animal facility. Female mice were used at 8-12
weeks of age and housed under specific pathogen-free
conditions. All animal protocols were approved by the IACUC
at Stanford University.

Purification of NK Cells and Tregs
For NK cells, single cell suspensions from spleen and BM
cells were collected from C57BL/6 mice and T-cell were
depleted using EasySep™ mouse CD90 selection kit according
to manufacturer’s instructions (StemCell Technology,
Vancouver). Cells were then cultured in RPMI complete media
at 37°C with 5% CO2 and supplemented with 1,000 IU/ml
recombinant human IL-2 (IL-2) from NCI repository
(Frederick, MD). As previously described, adherent NK cells
were collected on day 5 and stained for CD45.1, TCRb, CD122,
Ly49G2, and Ly49C/I. Gated CD45.1+TCRb-CD122+ cells
were flow sorted by FACS Aria II (BD) for total NK, licensed
or unlicensed NK cells based on their Ly49G2 and Ly49C/I
expression profile according to the mouse strain. CD4+CD25high

Tregs were isolated as previously described (15).

Transplantation
One million sorted ex vivo IL-2 expanded host-type NK cells
(Ly49C/I+/-Ly49G2+/-), LicNK (Ly49C/I+Ly49G2-) or UnLicNK
(Ly49C/I-Ly49G2+) cells, obtained as previously described (14)
(see Supplemental Material for a detailed description), were
intravenously injected into C57BL/6 mice that received sublethal
irradiation (700cGy). Mice were treated with low doses (5x104 IU)
of IL-2 or PBS intraperitoneally (ip) for 7 days after irradiation to
maintain and/or activateNKandTregs respectively. Twodays later,
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mice received an intravenous injection of 10 million NK and T cell
depleted (NTCD) BALB/c donor-derived BM cells (negative
selection of anti-CD4, anti-CD8, and anti-CD49b microbeads kits
from Miltenyi Biotec). After transplantation, cell chimerism in
peripheral blood (PB) was calculated according to the frequencies
of donor-type MHCI. In some experiments, splenocytes were
collected at day 28 post-HCT to evaluate immune parameters by
flow cytometry.

Similarly, one million host-type sorted NK cells (total NK:
Ly49C/I+/-Ly49G+/-; LicNK: Ly49C/I-Ly49G+; or UnLicNK:
Ly49C/I+Ly49G-) and/or half a million host-type sorted Tregs
were intravenously injected into BALB/c mice that received
sublethal irradiation (550cGy). Mice were treated with low
doses (5x104 IU) of IL-2 or PBS intraperitoneally (ip) for 7
days after irradiation. Two days after NMAC regimen, mice
received an intravenous injection of 5 million NTCD C57BL/6
donor-derived BM cells. In this set of experiments, to select host-
type NK cells from BALB/c mice, anti-mouse Ly49G clone 4T8
was used.

The irradiation dose was chosen based on the lethal dose of
total body radiation without BMC rescue for each of the strains.
For C57BL/6 this dose is 950cGy whereas for BALB/c the dose is
800cGy. To accomplish a non-myeloablative regimen a 150cGy
reduction from the TBI tolerated was used.

Flow Cytometry Analysis
Antibody staining of peripheral blood lymphocytes (PBL) or
single-cell suspensions from spleen was performed as previously
described (16). Briefly, cells were pre-incubated with Fc-block
(anti-CD16/32) 10 min at 4C to prevent unspecific binding,
followed by incubations with surface mAbs for 20 min at 4C.
Cells were then washed with staining buffer (PBS supplemented
with 2% FBS). For transcription factors, the Foxp3/transcription
factor staining buffer set was used following manufacturer’s
instructions (ThermoFisher). Stained cells were analyzed with an
LSRII cytometer (Becton Dickinson, San Jose, CA). Fluorescence
minus one (FMO) or biological comparison controls were used for
cell analysis. See Supplementary Table 1 for a detailed description
of antibodies used. Data analysis was performed using FlowJo
software (TreeStar).

Stimulation
For NK cell subset stimulation, a million cells were stimulated
with anti-NK1.1 (clone PK136) coated 24-well plates for 4 h at
37°C with 5% CO2. For analysis of NK and CD8 T cell function
28 days after HCT, 2 million splenocytes were stimulated for 4 h
at 37°C with 5% CO2 with 160 hg/ml phorbol 12-myristate 12-
acetate (PMA) and 1.6mg/ml ionomycin (Io) in complete media.
After stimulation, cells were collected and stained for IFNg using
BD Cytodix/Cytoperm Fixation/permeabilization kit following
manufacturer’ instructions.

Serum Cytokine Analysis
The level of cytokines in the serum collected at day 28 post-HCT
was measured using a multiplex assay (Luminex, Life-
Technologies©) with the Th1/Th2/Th9/Th17/Th22/Treg
Frontiers in Immunology | www.frontiersin.org 334
Cytokine 17-Plex Mouse ProcartaPlex™ Panel (ThermoFisher)
following manufacturer’s instructions.

Statistical Analysis
Each experiment was performed at least 2 times with three to
five mice per group. Student’s two-tailed t-test, one-way
ANOVA (Bonferroni post-test analysis) or two-way ANOVA
(Bonferroni post-test analysis) were used when appropriate
to determine statistical significance (Graphpad Prism 4, La
Jolla, CA). P-values were considered statistically significant
when p<0.05.
RESULTS

Infusion of Host-Derived Unlicensed NK
Cells Improves Allogeneic BMC
Engraftment After Non-Myeloablative
Hematopoietic Cell Transplantation
To evaluate the potency of total-, Lic-, and UnLic-NK cells on
alloengraftment, we injected each NK cell subset into sublethally
irradiated H2b+ recipient mice, and IL-2 was administered daily
for 7 days to maintain the transferred NK cells. Two days later,
NTCD-BMCsobtained fromH2d+donormicewere injected, andPB
chimerismwas assessed by flow cytometry every 7 days (Figure 1A).
IL-2 injection alone delayed donor hematopoietic cell rejection
compared to PBS injection alone (Figure 1B), as expected given
the ability of low dose of IL-2 to selectively activate and expand host
Tregs (5, 17).When host-type IL-2 activatedUnLicNK cells (Ly49C/
I-Ly49G2+) were administered inNMACHCT settings, we observed
the highest and most sustained engraftment of H2Dd+ donor cells
when compared to administration of total NK cells (Ly49C/I+/-

Ly49G2+/-), LicNK cells (Ly49C/I+Ly49G2-), IL-2 treated or PBS
HCTcontrols (Figures 1A,B). Fromall the immune cells analyzed, a
higher donor cell engraftment (or donor cell chimerism) was
particularly observed for B, NK, CD11c+ DC, and Gr1+ myeloid
cells, while just a small portion of donor T cells were present (Figure
1C). Despite this increase in donor cells, the total percentage of each
cell typewasmaintained along all the groups except forGr1+myeloid
cells that were at higher levels in UnLic NK cell group for up to 2
monthspost-HCT(SupplementaryFigure1).However, the analysis
of the immune cell compartment from the spleens collected at the
peakof engraftment (day28post-HCT) showeda significant increase
in the total number of B, NK, CD11c+, and Gr1+ cells by UnLicNK
cell infusion, with a higher percentage of H2Dd expression in this
group when compared to the other groups (Figures 1D, E). The
improvement of donor cell engraftment was not due to phenotypic
and functionaldifferencesbetweenactivatedLicNKorUnLicNKcells
as no major differences were reported in the expression of NK cell
receptors, activating transcription factors, proliferation capacities or
function (Supplementary Figure 2) (18). Importantly, as previously
observed (19), infused CD45.1+ NK cells were not detected shortly
after IL-2 treatment cessation due to the well-known contraction
phenomenon (16), suggesting that UnLicNK affects HCT during
early stages of reconstitution (data not shown).
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A
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FIGURE 1 | Infusion of host type activated UnLicNK cells improves donor cell engraftment after NMAC allogeneic HCT. Sublethally irradiated C57BL/6 mice
received a million ex vivo IL-2 expanded total NK cells (Ly49C/I+/-Ly49G2+/-), LicNK cells (Ly49C/I+Ly49G2-), UnLicNK (Ly49C/I-Ly49G2+) cells or PBS followed by
10 million NTCD-BMC 2 days later. Mice were treated with IL-2 (5x104 IU/ml) or PBS for seven consecutive days following NK cell transfer. (A) Schematic
representation of NMA HCT regimen. (B) Percentage of total H2Dd+ cells at each time point after NMAC HCT is shown for gated CD4 (CD45.2+TCRb+CD4+), CD8
(CD45.2+TCRb+CD8+), CD19 (CD45.2+TCRb-CD19+), CD49b (CD45.2+TCRb-CD49b+), CD11c (CD45.2+ TCRb -CD19-CD11c+), and Gr1 (CD45.2+ TCRb -CD19-

CD11b+Gr1b+) -positive cells. (C) Percentage of donor H2Dd+ cells among CD4+, CD8+, CD19+, CD3-CD49b+, CD11c+, or Gr1+ cells is shown. (D) Total number of
CD4+, CD8+, CD19+, CD3-CD49b+, CD11c+, and Gr1+ cells is shown at day 28 post-HCT in the spleen. (E) Proportion of host (H2Kb) and donor (H2Dd) is shown
for each cell type in the spleen at day 28 post-HCT. Data is representative of at least two independent experiments with n=3–5 per group (mean ± SEM). One-way
ANOVA or Two-Way ANOVA was used to assess significance. Significant differences are displayed for comparisons with the IL-2 HCT control group (*p<0.05,
**p<0.01, ***p<0.001).
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As previously demonstrated, UnLicNK cells favored allogeneic
engraftment through the production of GM-CSF with elevated
levels of GM-CSF found in the co-cultures of sorted UnLicNK
cells with allogeneic BMC, but not with syngeneic BMC, when
compared with LicNK cells (Supplementary Figure 3A) (14).
Consequently, allogeneic BMCs derived from co-cultures with
UnLicNK cells displayed higher hematopoietic potential, which
was abrogated by anti-GM-CSF treatment (Supplementary
Figure 3B). In contrast, no differences were found regarding the
levels of the inflammatory cytokines IFNg and TNFa in the
supernatant of allogeneic BMC with LicNK or UnLicNK cells
(Supplementary Figures 3C, D). We also evaluated the
immunosuppressor cytokine TGFb, but no differences were
found (Supplementary Figure 3E).

Similarly, the analysis of GM-CSF in the serum of mice treated
with NMAC HCT showed a higher presence of GM-CSF in those
groups that received total or UnLicNK cells, whereas no
differences were found for IFNg and TNFa between the IL-2
treated NMCA HCT groups (Figure 2). The differences in GM-
CSF levels between groups during the in vivo experiment were not
very striking if compared to the in vitro experiments, which is
likely attributed to the reduced half-life of GM-CSF (6–9 h) and
the usage of GM-CSF in vivo for BM engraftment. Nevertheless,
taking together, these results suggest that GM-CSF is also involved
in the mechanism by which UnLicNK cells regulate allogeneic
BMC engraftment.

Unlicensed NK Cells Favors the
Homeostatic Reconstitution of Both Host-
Derived and Donor-Derived Immune Cells
Unlike the other cell types, T cells only showed a slight, but not
significant, increase of total numbers and practically all the cells
were host-derived (Figure 1). No major differences were found
in the CD4 T cell compartment in terms of numbers and
activation phenotype (Supplementary Figure 4). However, a
significant increase in CD8+ T cells with an effector memory
profile (CD62L-CD44+) was observed in the mice that received
Frontiers in Immunology | www.frontiersin.org 536
UnLicNK cells or total NK cells compared to IL-2 HCT controls
(Figure 3A), a subset which reconstitution has been associated to
control of tumor growth (20). Interestingly, the expression of
H2Dd was much higher within this T cell subset (Figure 3B)
when compared to the overall CD8 T cell population (Figure
1D). According to a larger activation stage, we observed an
increase in the expression of the activating transcription factor
eomesodermin (Figure 3C) and the proliferative maker Ki67
(Figure 3D) in the total (H2d/b+) CD8 T cells of mice receiving
total or UnLicNK cells when compared to IL-2, PBS HCT, and
rad controls. The functional stage of these cells, measured by
IFNg production, was conserved along the groups (Figure 3E).
In contrast, donor NK cell reconstitution and expansion were
favored by the treatment with UnLicNK cells (Figures 1C, D).
The activating phenotype, and the capacity to proliferate and
respond to stimuli, measured by IFNg production, of total NK
cells were preserved in all HCT conditions (Figures 4A–D).
From all the parameters analyzed only KLRG1 expression was
upregulated on NK cells from mice that received UnLicNK cells
and a mild, but not significant increase of Eomes was also
observed (Figures 4A, B) that could indicate an improvement
in the activations status. Additionally, the levels of IFNg were
significantly higher in the co-cultures of sorted UnLicNK cells
with syngeneic BMC when compared to LicNK cells, suggesting
a superior effect against cells expressing self-MHCI
(Supplementary Figure 3C).

Similar to NK cells, the myeloid compartment was significantly
enhanced by the treatmentwithUnLicNKcells (Figures 1D and 5).
An increase in the number of myeloid-derived DCs (CD3-CD19-

CD11c+CD11b+), mainly from donor origin, was observed in the
mice that received UnLicNK cells compared to IL-2 HCT and
LicNK cells (Figures 5B, C). The DCs of this group also
displayed a higher expression of MHCII (Figure 5D), which was
particularly relevant in the donor-derived DC, suggesting a more
mature phenotype. Allogeneic CD11b- DCs (CD3-CD19-

CD11c+CD11b-), monocytes, myeloid derived suppressor cells
(MDSC) and neutrophils were also favored by the infusion of
UnLicNK cells (Figures 5B, C). These results indicates that
UnLicNK cells promoted both development and maturation of
donor-derived myeloid cells, likely caused by the known ability of
activated UnLicNK to secrete GM-CSF upon MHCI interaction,
which is involved in myeloid cell differentiation (14).

Regarding the B cell compartment, we observed an expansion of
total and donor derived B cells after infusion of UnLicNK cells
(Figure 1, Supplementary Figure 5). However, a decrease in the
expression of the maturation marker IgM occurred after NK cell
infusion, particularly in H2Dd+ B cells (Supplementary Figure 5)
suggesting a stimulation of donor BM-derived B cell development
with a more immature phenotype. A recent study demonstrated a
role of Tregs in the maintenance of immune homeostasis and B cell
differentiation (21). Thus, we next analyzed the presence of Tregs in
the spleen at day 28 after NMACHCT by flow cytometry Although
the administration of total or UnLicNK cells did not significantly
modified the percentage and total numbers of Tregs during NMAC
HCT in IL-2 treated mice, more Tregs were actually observed in
these two groups (Figures 6A–C). The majority of these Tregs
A B C

FIGURE 2 | Analysis of GM-CSF, IFNg and TNFa after NMAC HCT. Serums
were collected form mice receiving NMAC HCT treatment regimen depicted in
Figure 1A. and the cytokine levels were measured by a multiplex assay.
(A–C) Levels of GM-CSF (A), IFNg (B), and TNFa (C) in the serum. Data is
representative of two independent experiments with n=3–5 per group (mean
± SEM). One-way ANOVA or student t-test were used to assess significance.
(*p<0.05, **p<0.01, ***p<0.001, n.s, no significance).
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were from host-origin (Figure 6D) like the rest of the T
cell compartment.

Infusion of Host-Derived Unlicensed NK
Cells Results in a Tolerogenic Behavior
Similar to the One Observed When Host-
Derived Tregs Are Infused
Previous studies have reported that administration of Tregs can
achievedonor-specific tolerance and protect againstGvHD(1, 5, 8–
10, 22). Furthermore, exogenous administration of GM-CSF
increases Tregs and ameliorates chronic GvHD through
Frontiers in Immunology | www.frontiersin.org 637
CD11c+CD8a- DCs (23). Hence, enhanced tolerance and donor
engraftment has also been observedwhenhost-type Tregs are given
during NMAC allogeneic HCT as well (8). These studies provide a
rationale for combining host-type Tregs and UnLicNK cells into
NMACHCT to further improve donor chimerism. The infusion of
UnLicNK cell and Tregs, alone or combined, caused a significant
improvement of donorBMengraftment compared to the IL-2HCT
group, with a preferential increase of H2Dd+ B, NK and myeloid
cells (Figures 7A, B). However, there were no differences in the
magnitude and durability of engraftment between the groups that
received these cells alone or combined (Figure 7A). Similar results
A B

D

E

C

FIGURE 3 | The treatment with UnLicNK cells causes an increase of donor-derived effector-memory CD8 T cells. Splenocytes were collected at day 28 post-HCT
and phenotypic analysis was performed by flow cytometry. (A) Percentage of effector memory (CD62L-CD44+), central memory (CD62L+CD44+), and naïve (CD62L+CD44-)
cell subsets for CD3+CD8+ T cells is shown. (B) Percentage of H2Dd+ cells within the CD8 T effector memory subset is shown. (C)MFI expression of the activating
transcription factor eomes is shown for total (H2b/d) CD3+CD8+ T cells. (D) Percentage of Ki67 for gated total CD8 T cells is shown. (E) Representative dot-plots of IFNg+

cells on gated total CD8 T cells after stimulation with PMA/Io. Data is representative of two independent experiments with n=3–5 per group (mean ± SEM). One-way ANOVA
or Two-Way ANOVA was used to assess significance (*p<0.05, **p<0.01, ***p<0.001, n.s, no significance).
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were obtainedwhen donor and host strains were exchanged (donor
C57BL/6 and host BALB/c), suggesting that this effect is not strain-
dependent (Figure 7C). It is important to note that the results
obtained after UnLicNK cell infusion were very similar to those
obtained by the tolerogenic immune Tregs, which therapeutic
application in the clinic is limited by the low representation of
this cell type (8).
DISCUSSION

In allogeneic HCT, reaching peripheral tolerance is still a pending
issue.Therehasbeenmany therapeutic strategiesdevelopedthat aim
to prevent alloreactivity against donor antigens, by directly targeting
the cells involved in the alloreactivity or by promoting a more
immunosuppressive environment (24). Some of these strategies do
indeed involved adoptive cell therapy such as infusion of Tregs
or NKT cells (1, 15, 24–27). Other immune cells that have also
shown immune-tolerogenic properties in HCT are NK cells and
MDSC (10, 12, 14, 24, 28). Within NMAC/RIC settings, however,
new regimens to improve systemic immune tolerance across major
histocompatibility barriers are also still necessary. Here, we
demonstrate that the infusion of host-type UnLicNK cells is
capable of increasing donor cell specific engraftment and achieves
accelerated and durable mixed allogeneic chimeras.

We have shown that the infusion of host-derived UnLicNK
cells alters the NK cell population by increasing the total number
of NK cells, especially the ones derived from donor BMCs. It has
been reported that UnLicNK cells can improve allogenic
Frontiers in Immunology | www.frontiersin.org 738
engraftment by the release of GM-CSF, a growth factor that is
secreted by this particular subset when interacts with donor
BMC during allogenic HCT in a SHP-1 dependent manner (14).
GM-CSF is involved in hematopoiesis and its administration,
combined with other cytokines, can accelerate hematopoietic
recovery after allogeneic HCT (29, 30). Interestingly, long-term
hematopoietic regeneration after syngeneic or allogeneic HCT
was promoted by the treatment with a novel synthetic cytokine
that was derived from the fusion of GM-CSF and IL-4 (31).
Furthermore, during high-dose conditioning regimens, GM-CSF
have shown to shorten neutropenia, a major cause of mortality in
these settings (32). Accordingly, higher levels of GM-CSF were
detected in the serum of mice treated with total or UnLicNK cells
during NMAC HCT. In is important to note that the high
frequency of UnLicNK cells presence in the composition of ex
vivo IL-2 expanded total NK cells (14, 18, 33) contribute to the
similarities observed between the infusion of UnLicNK and total
NK cells in some of the parameters analyzed.

NK cells can also regulate donor cell reconstitution by directly
modulating reactiveTcells or antigenpresentingcells inaNKG2D-,
FasL-, IL-10-, or perforin-dependentmanner (10, 11, 16, 34). TGFb
hasbeenalso attributed a part in the immunosuppressor functionof
NK cells (35), but no differences in the secretion of TGFb were
found between sorted LicNK and UnLicNK cells and will unlikely
play a role in our model. Taking in consideration our results and
these studies, NK cells, in our scenario, could modulate
alloengraftment by exerting both an immunosuppressive
(regulate T cells) and a graft supporting effect (secrete GM-CSF).

Additionally, the early reconstitution and expansion of donor
NKcells, which functional capacities aremaintained, alongwith the
A B

D

C

FIGURE 4 | NK cell activation status during NMAC HCT. (A) The percentage of KLRG1 is shown for gated total (H2b/d) NK cells (CD3-CD49b+). (B) MFI expression
of the activating transcription factor eomes is shown for total NK cells (D). (C) Percentage of Ki67 for gated total NK cells is shown. (D) Representative dot-plots of
IFNg+ cells on gated total NK cells after stimulation with anti-NK1.1. Data is representative of two independent experiments with n=3–5 per group (mean ± SEM).
One-way ANOVA was used to assess significance. (*p<0.05, **p<0.01, n.s, no significance).
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effect of infusedUnLicNKcells themselves, could potentially lead to
a stronger and earlier protection against cancer relapse and
opportunistic infections. Accelerate NK cell reconstitution and
expansion during HCT is expected to enhanced response against
cancer and viral infection when immunotherapies targeting NK
cells are applied (36–38). Such is the case for IL-2 and anti-TGFb
combinatorial therapy (39, 40). Additionally, adoptive NK cell
transfer therapies, and lately CAR-NK cell therapy, have proven
effective in hematological malignances (8, 12, 41–43). If we focus
more onNK cell subsets, it has also been shown thatUnLicNK cells
inHLA-matchedHCT aftermyeloablative therapy are functionally
competent against tumors expressing self-HLA immediately after
transplantation unlike LicNK cells, demonstrating that
alloreactivity can be obtained with HLA-matched donor NK cells
by selecting thoseNKcells that express inhibitory receptors fornon-
self HLA (44). In line with these data, an increase of IFNg secretion
Frontiers in Immunology | www.frontiersin.org 839
was observed in cultures of sorted UnLicNK cells with cells
expressing self-MHCI when compared to LicNK cells. Moreover,
a previous study have shown that the lysis of YB tumors transfected
with self-HMC (YB-H2Db) was also enhanced in H2b-derived
UnLicNK cells when compared to LicNK cells, whereas no
differences were found against tumors expressing non-self-MHCI
(YB-H2Dd) (33). Similarly, a rapid reconstitution of NK cells with
inhibitory receptors fornon-selfHLAhasbeencorrelatedwithgood
prognosis in neuroblastoma, non-Hodgkin’s lymphoma,
Hodgkin’s disease, acute myeloid leukemia, multiple myeloma,
and metastatic breast cancer (45). UnLicNK cells were also
involved in the anti-tumor efficacy of anti- disialoganglioside
GD2 monoclonal antibody therapy for high-risk neuroblastoma
patients (46). Additionally, we observed that infusion of UnLicNK
cells induce an increase of CD8 T cells with a memory phenotype
andwith theirproliferativeabilities improved,while their functional
A

B

D

C

FIGURE 5 | Impact of the early presence of host type activated UnLicNK cells after NMAC allogeneic HCT for myeloid cell reconstitution. (A) Representative
Pseudo-color-plots for the gating strategy to differentiate the myeloid cell compartment. (B) The total number of myeloid-derived DC (CD3-CD19-CD11c+CD11b+),
CD11b- DC (CD3-CD19-CD11c+CD11b-), monocytes (CD3-CD19-CD11c-CD11b+F4/80-Gr1-), MDSC/neutrophils (CD3-CD19-CD11c-CD11b+F4/80-Gr1+) and
macrophages (CD3-CD19-CD11c-CD11b+F4/80+) is shown. (C) The percentage of H2Dd+ cells is shown for each type described in (C, D). (D) Representative
histograms for the expression of MHCII on myeloid-derived DCs. Data is representative of two independent experiments with n=3-5 per group (mean ± SEM).
One-way ANOVA or Two-Way ANOVA was used to assess significance (*p<0.05, **p<0.01, ***p<0.001).
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capacities remain intact. It has been reported that donor
CD8+CD44high memory T cells have a protective effect against
GvL without causing GvHD (31). Likewise, homeostatic
reconstitution from a lymphopenic stage in sublethally irradiated
mice have showed a greater expansion of this particular subset and
was correlated with protection against tumor growth (20).
Although evaluating the anti-tumor efficacy of this therapy is out
of the scope of this study, all these studies suggest that the adoptive
transfer of host-derived UnLicNK cells could potentially help not
only towards tolerance of allogeneic cells inHCT, aswe report here,
but also protect from cancer. Therefore, further analysis to evaluate
the anti-tumor efficacy of UnLicNK cells during NMAC HCT
is necessary.

The importance of MDSC in solid organ and HCT has been
highlighted in recent studies due to their potential role in
immune tolerance (28, 47–49). An early recovery of MDSC has
been positively correlated with enhanced tolerance in 26 patients
undergoing allogeneic HCT (50). In this study, tolerance was
attributed to the suppression of third-party CD4 T cell
proliferation as well as Th1 differentiation. A higher presence
of Tregs was also reported in those patients (50). Other studies
suggest alternative mechanisms such as a strengthened crosstalk
between MDSCs and Tregs or NKT cells (28, 51). In agreement
with these studies, an increase of the myeloid cell compartment
was also observed at day 28 post-HCT after treatment with
UnLicNK cells, but an increase on CD4 T cells or NKT cells was
not observed at this time point in the organs analyzed.

Increasing the presence of Tregs by cell transfer therapy or
targeting its expansion, are therapeutic strategies highly explored
Frontiers in Immunology | www.frontiersin.org 940
during allogeneic HCT settings with promising results (7, 9, 26, 27,
52). However, there are still some limitations surrounded Tregs
adoptive transfer therapy that mainly fall into two categories, the
low proliferative rate of this cell type and its paucity, which limit the
cell numbers that can be obtained for cell therapy to achieve
biological effects (17). A study performed by Hotta and
collaborators suggested that GM-CSF therapy could mitigate
GvHD by promoting Tregs proliferation (53). In our model,
host-derived Tregs were expanded in all groups that received IL-
2, as it was expected given the role of IL-2 in the preferential
expansion of Tregs due to their expression of the high affinity IL-
2Ra, and no significant changes were found between these groups.
However, a tendency towards higher numbers of Tregs was
observed in the mice that received Total or UnLicNK cells.
Therefore, our intention for combining Tregs and NK cell
transfer during NMAC allogeneic HCT was to obtain an additive
or synergistic tolerogenic effect with highly sustainable donor-host
chimeras that will allow for the infusion of lower doses of Tregs.
Unfortunately, the combination of both cell types did not improve
donor cell engraftment, even when a high therapeutic dosage of
Tregs was given (27). It is possible that the co-administration of
Tregs and UnLicNK did not cause an additive/synergistic effect
because the exogenous administration of Tregs bypassed the need
for UnLicNK cells. Still, it is important to note that we did achieve a
similar level of chimerism between the groups that received
UnLicNK cell and Tregs cell therapy. Because obtaining large
numbers of NK cells for therapeutic usage is more attainable,
these results advocate for UnLicNK cell adoptive transfer therapy
as a promising therapeutic alternative to Tregs to promote donor
A

B DC

FIGURE 6 | The number of Tregs is slightly increase by UnLicNK cell treatment during NMAC HCT. (A) Representative dot-plots of Foxp3 and CD25 is shown for
gated CD4 T cells. (B) Total percentage of Foxp3+CD25+ CD4 Tregs is shown for gated CD4 T cells. (C) Total number of Tregs is shown. (D) Proportion of host
(H2Kb) and donor (H2Dd) is shown for Tregs. Data is representative of two independent experiments with n=3–5 per group (mean ± SEM). Two-way Anova (A) or
One-way ANOVA were used to assess significance. (*p<0.05, **p<0.01, ***p<0.001, n.s, no significance).
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chimerism during NMAC settings. Furthermore, the use of NK
cells to improve allogeneic engraftment represents other
advantages given the versatility to manipulate (by cell sorting or
neutralizing antibodies against KIRs) and expand the NK cell
subset of interest. Consequently, these results offer evidence for
the potential therapeutic use of UnLicNK cells in HCT to give a
much-needed upgrade to the NMAC regimen protocols.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

All animal studies and protocols were reviewed and approved by
the IACUC at Stanford University.
Frontiers in Immunology | www.frontiersin.org 1041
AUTHOR CONTRIBUTIONS

MA designed and performed the research, analyzed the data, and
wrote the manuscript. AP, FS, JB, and KM-B. contributed in
conducting the experiments. AP, FS, JB, KM-B, and TH provided
scientific input and assisted with the preparation of the
manuscript. RN provided overall scientific guidance and
helped write the manuscript. All authors contributed to the
article and approved the submitted version.
FUNDING

This work was supported by the National Institute of Health
grants RO1CA125276 and P01CA049605. MA was supported by
the AACR-Millennium Fellowship in Lymphoma Research (15-
40-38-ALVA), the ASBMT New Investigator Award, the Marie
Skłodowska-Curie fellowship (CINK 746985), and by the
A

B

C

FIGURE 7 | Immune reconstitution after infusion of host type UnLicNK cells and Tregs in NMAC allogeneic HCT. (A) Percentage of H2Dd+ donor cells after NMAC HCT
is shown. (B) Percentage of H2Dd+ donor cells for gated CD4+, CD8+, CD19+, CD3-CD49b+, CD11c+, and Gr1+ cells is shown. (C) Percentage of H2Kb+ donor cells
after NMAC HCT is shown. Data is representative of three independent experiments with n=4–5 per group (mean ± SEM). One-way ANOVA or Two-Way ANOVA was
used to assess significance. Significant differences are displayed for comparisons with the IL-2 HCT control group (*p<0.05, **p<0.01, ***p<0.001).
January 2021 | Volume 11 | Article 614250

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Alvarez et al. Host-Derived UnLicNK Improves NMAC-Allo-HCT Engraftment
Spanish Association Against Cancer’s Investigator grant (2019
AECC Investigator). AP was supported by the ASBMT New
Investigator Award. FS was supported by the Geneva University
Hospitals, the Swiss Cancer League, the Fondation Genevoise de
bienfaisance Valeria Rossi di Montelera and the Dubois-Ferrière-
Dinu-Lipatti Foundation. KM-B was supported by the German
Cancer Aid. The FACSAria II (BD Bioscience, San Jose) used in
this project was obtained through the grant S10RR025518-01.
ACKNOWLEDGMENTS

The figures contain elements from Servier Medical Art (https://
smart.servier.com/), licensed under Creative Commons
Frontiers in Immunology | www.frontiersin.org 1142
Attribution 3.0 Unported License (https://creativecommons.
org/licenses/by/3.0/). We thank the Stanford shared FACS
facility; Sara Clark, and Paul Richardson for their technical
assistance. We also thank the NCI repository for providing the
IL-2. Finally, we wish to thank all the members of Negrin’s
laboratory for the valuable help and discussion through the
course of this project.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.
614250/full#supplementary-material
REFERENCES

1. Pierini A, Alvarez M, Negrin RS. NK Cell and CD4+FoxP3+ Regulatory T
Cell Based Therapies for Hematopoietic Stem Cell Engraftment. Stem Cells Int
(2016) 2016:9025835. doi: 10.1155/2016/9025835

2. Guillerey C, Huntington ND, Smyth MJ. Targeting natural killer cells in cancer
immunotherapy. Nat Immunol (2016) 17(9):1025–36. doi: 10.1038/ni.3518

3. Huang da W, Sherman BT, Lempicki RA. Systematic and integrative analysis
of large gene lists using DAVID bioinformatics resources. Nat Protoc (2009) 4
(1):44–57. doi: 10.1038/nprot.2008.211

4. Gibbons C, Sykes M. Manipulating the immune system for anti-tumor
responses and transplant tolerance via mixed hematopoietic chimerism.
Immunol Rev (2008) 223:334–60. doi: 10.1111/j.1600-065X.2008.00636.x

5. Hirakawa M, Matos TR, Liu H, Koreth J, Kim HT, Paul NE, et al. Low-dose
IL-2 selectively activates subsets of CD4(+) Tregs and NK cells. JCI Insight
(2016) 1(18):e89278. doi: 10.1172/jci.insight.89278

6. Nishikii H, Kim BS, Yokoyama Y, Chen Y, Baker J, Pierini A, et al. DR3
signaling modulates the function of Foxp3+ regulatory T cells and the severity
of acute graft-versus-host disease. Blood (2016) 128(24):2846–58. doi:
10.1182/blood-2016-06-723783

7. Pierini A, Strober W, Moffett C, Baker J, Nishikii H, Alvarez M, et al. TNF-
alpha priming enhances CD4+FoxP3+ regulatory T-cell suppressive function
in murine GVHD prevention and treatment. Blood (2016) 128(6):866–71. doi:
10.1182/blood-2016-04-711275

8. Liu E, Marin D, Banerjee P, Macapinlac HA, Thompson P, Basar R, et al. Use
of CAR-Transduced Natural Killer Cells in CD19-Positive Lymphoid
Tumors. N Engl J Med (2020) 382(6):545–53. doi: 10.1056/NEJMoa1910607

9. Di Ianni M, Falzetti F, Carotti A, Terenzi A, Castellino F, Bonifacio E, et al.
Tregs prevent GVHD and promote immune reconstitution in HLA-
haploidentical transplantation. Blood (2011) 117(14):3921–8. doi: 10.1182/
blood-2010-10-311894

10. Simonetta F, Alvarez M, Negrin RS. Natural Killer Cells in Graft-versus-Host-
Disease after Allogeneic Hematopoietic Cell Transplantation. Front Immunol
(2017) 8:465. doi: 10.3389/fimmu.2017.00465

11. Olson JA, Leveson-Gower DB, Gill S, Baker J, Beilhack A, Negrin RS. NK cells
mediate reduction of GVHD by inhibiting activated, alloreactive T cells while
retaining GVT effects. Blood (2010) 115(21):4293–301. doi: 10.1182/blood-
2009-05-222190

12. Ruggeri L, Capanni M, Urbani E, Perruccio K, Shlomchik WD, Tosti A, et al.
Effectiveness of donor natural killer cell alloreactivity in mismatched
hematopoietic transplants. Science (2002) 295(5562):2097–100. doi: 10.1126/
science.1068440

13. Sun K, Alvarez M, Ames E, Barao I, Chen M, Longo DL, et al. Mouse NK cell-
mediated rejection of bone marrow allografts exhibits patterns consistent with
Ly49 subset licensing. Blood (2012) 119(6):1590–8. doi: 10.1182/blood-2011-
08-374314

14. Alvarez M, Sun K, Murphy WJ. Mouse host unlicensed NK cells promote
donor allogeneic bone marrow engraftment. Blood (2016) 127(9):1202–5. doi:
10.1182/blood-2015-08-665570
15. Edinger M, Hoffmann P, Ermann J, Drago K, Fathman CG, Strober S, et al.
CD4+CD25+ regulatory T cells preserve graft-versus-tumor activity while
inhibiting graft-versus-host disease after bone marrow transplantation. Nat
Med (2003) 9(9):1144–50. doi: 10.1038/nm915

16. Alvarez M, Bouchlaka MN, Sckisel GD, Sungur CM, Chen M, Murphy WJ.
Increased antitumor effects using IL-2 with anti-TGF-beta reveals competition
between mouse NK and CD8 T cells. J Immunol (2014) 193(4):1709–16. doi:
10.4049/jimmunol.1400034

17. Pierini A, Nishikii H, Baker J, Kimura T, Kwon HS, Pan Y, et al. Foxp3+
regulatory T cells maintain the bone marrow microenvironment for B cell
lymphopoiesis. Nat Commun (2017) 8:15068. doi: 10.1038/ncomms15068

18. Barao I, Alvarez M, Ames E, Orr MT, Stefanski HE, Blazar BR, et al. Mouse
Ly49G2+ NK cells dominate early responses during both immune
reconstitution and activation independently of MHC. Blood (2011) 117
(26):7032–41. doi: 10.1182/blood-2010-11-316653

19. Alvarez M, Simonetta F, Baker J, Pierini A, Wenokur AS, Morrison AR, et al.
Regulation of murine NK cell exhaustion through the activation of the DNA
damage repair pathway. JCI Insight (2019) 5. doi: 10.1172/jci.insight.127729

20. Ma J, UrbaWJ, Si L, Wang Y, Fox BA, Hu HM. Anti-tumor T cell response and
protective immunity in mice that received sublethal irradiation and immune
reconstitution. Eur J Immunol (2003) 33(8):2123–32. doi: 10.1002/eji.200324034

21. Cooper MA, Elliott JM, Keyel PA, Yang L, Carrero JA, Yokoyama WM.
Cytokine-induced memory-like natural killer cells. Proc Natl Acad Sci USA
(2009) 106(6):1915–9. doi: 10.1073/pnas.0813192106

22. Fionda C, Abruzzese MP, Zingoni A, Soriani A, Ricci B, Molfetta R, et al.
Nitric oxide donors increase PVR/CD155 DNAM-1 ligand expression in
multiple myeloma cells: role of DNA damage response activation. BMC
Cancer (2015) 15:17. doi: 10.1186/s12885-015-1023-5

23. Naparstek E, Hardan Y, Ben-Shahar M, Nagler A, Or R, Mumcuoglu M, et al.
Enhanced marrow recovery by short preincubation of marrow allografts with
human recombinant interleukin-3 and granulocyte-macrophage colony-
stimulating factor. Blood (1992) 80(7):1673–8. doi: 10.1182/blood.V80.7.
1673.bloodjournal8071673

24. Bertaina A, Roncarolo MG. Graft Engineering and Adoptive Immunotherapy:
New Approaches to Promote Immune Tolerance After Hematopoietic Stem
Cell Transplantation. Front Immunol (2019) 10:1342. doi: 10.3389/
fimmu.2019.01342

25. Schneidawind D, Pierini A, Alvarez M, Pan Y, Baker J, Buechele C, et al. CD4+
invariant natural killer T cells protect from murine GVHD lethality through
expansion of donor CD4+CD25+FoxP3+ regulatory T cells. Blood (2014) 124
(22):3320–8. doi: 10.1182/blood-2014-05-576017

26. Kellner JN, Delemarre EM, Yvon E, Nierkens S, Boelens JJ, McNiece I, et al.
Third party, umbilical cord blood derived regulatory T-cells for prevention of
graft versus host disease in allogeneic hematopoietic stem cell transplantation:
feasibility, safety and immune reconstitution. Oncotarget (2018) 9(86):35611–
22. doi: 10.18632/oncotarget.26242

27. Pierini A, Colonna L, AlvarezM, Schneidawind D, Nishikii H, Baker J, et al. Donor
Requirements for Regulatory T Cell Suppression of Murine Graft-versus-Host
Disease. J Immunol (2015) 195(1):347–55. doi: 10.4049/jimmunol.1402861
January 2021 | Volume 11 | Article 614250

https://smart.servier.com/
https://smart.servier.com/
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/
https://www.frontiersin.org/articles/10.3389/fimmu.2020.614250/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2020.614250/full#supplementary-material
https://doi.org/10.1155/2016/9025835
https://doi.org/10.1038/ni.3518
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1111/j.1600-065X.2008.00636.x
https://doi.org/10.1172/jci.insight.89278
https://doi.org/10.1182/blood-2016-06-723783
https://doi.org/10.1182/blood-2016-04-711275
https://doi.org/10.1056/NEJMoa1910607
https://doi.org/10.1182/blood-2010-10-311894
https://doi.org/10.1182/blood-2010-10-311894
https://doi.org/10.3389/fimmu.2017.00465
https://doi.org/10.1182/blood-2009-05-222190
https://doi.org/10.1182/blood-2009-05-222190
https://doi.org/10.1126/science.1068440
https://doi.org/10.1126/science.1068440
https://doi.org/10.1182/blood-2011-08-374314
https://doi.org/10.1182/blood-2011-08-374314
https://doi.org/10.1182/blood-2015-08-665570
https://doi.org/10.1038/nm915
https://doi.org/10.4049/jimmunol.1400034
https://doi.org/10.1038/ncomms15068
https://doi.org/10.1182/blood-2010-11-316653
https://doi.org/10.1172/jci.insight.127729
https://doi.org/10.1002/eji.200324034
https://doi.org/10.1073/pnas.0813192106
https://doi.org/10.1186/s12885-015-1023-5
https://doi.org/10.1182/blood.V80.7.1673.bloodjournal8071673
https://doi.org/10.1182/blood.V80.7.1673.bloodjournal8071673
https://doi.org/10.3389/fimmu.2019.01342
https://doi.org/10.3389/fimmu.2019.01342
https://doi.org/10.1182/blood-2014-05-576017
https://doi.org/10.18632/oncotarget.26242
https://doi.org/10.4049/jimmunol.1402861
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Alvarez et al. Host-Derived UnLicNK Improves NMAC-Allo-HCT Engraftment
28. Shao L, Pan S, Zhang QP, JamalM, RushworthGM, Xiong J, et al. Emerging Role
of Myeloid-derived Suppressor Cells in the Biology of Transplantation Tolerance.
Transplantation (2020) 104(3):467–75. doi: 10.1097/TP.0000000000002996

29. Baron F, Nagler A. Novel strategies for improving hematopoietic
reconstruction after allogeneic hematopoietic stem cell transplantation or
intensive chemotherapy. Expert Opin Biol Ther (2017) 17(2):163–74. doi:
10.1080/14712598.2017.1269167

30. Shi Y, Liu CH, Roberts AI, Das J, Xu G, Ren G, et al. Granulocyte-macrophage
colony-stimulating factor (GM-CSF) and T-cell responses: what we do and
don’t know. Cell Res (2006) 16(2):126–33. doi: 10.1038/sj.cr.7310017

31. Deng J, Li Y, Pennati A, Yuan S, Wu JH, Waller EK, et al. GM-CSF and IL-4
Fusion Cytokine Induces B Cell-Dependent Hematopoietic Regeneration.Mol
Ther (2017) 25(2):416–26. doi: 10.1016/j.ymthe.2016.11.013

32. Dekker A, Bulley S, Beyene J, Dupuis LL, Doyle JJ, Sung L. Meta-analysis of
randomized controlled trials of prophylactic granulocyte colony-stimulating
factor and granulocyte-macrophage colony-stimulating factor after
autologous and allogeneic stem cell transplantation. J Clin Oncol (2006) 24
(33):5207–15. doi: 10.1200/JCO.2006.06.1663

33. Alvarez M, Sungur CM, Ames E, Anderson SK, Pomeroy C, Murphy WJ.
Contrasting effects of anti-Ly49A due to MHC class I cis binding on NK cell-
mediated allogeneic bone marrow cell resistance. J Immunol (2013) 191
(2):688–98. doi: 10.4049/jimmunol.1300202

34. Lee SH, Kim KS, Fodil-Cornu N, Vidal SM, Biron CA. Activating receptors
promote NK cell expansion for maintenance, IL-10 production, and CD8 T
cell regulation during viral infection. J Exp Med (2009) 206(10):2235–51. doi:
10.1084/jem.20082387

35. Barao I, Hanash AM, Hallett W, Welniak LA, Sun K, Redelman D,
et al. Suppression of natural killer cell-mediated bone marrow cell rejection
by CD4+CD25+ regulatory T cells. Proc Natl Acad Sci USA (2006) 103
(14):5460–5. doi: 10.1073/pnas.0509249103

36. Jaiswal SR, Zaman S, Nedunchezhian M, Chakrabarti A, Bhakuni P, Ahmed M,
et al. CD56-enriched donor cell infusion after post-transplantation
cyclophosphamide for haploidentical transplantation of advanced myeloid
malignancies is associated with prompt reconstitution of mature natural killer
cells and regulatory T cells with reduced incidence of acute graft versus host
disease: A pilot study. Cytotherapy (2017) 19(4):531–42. doi: 10.1016/
j.jcyt.2016.12.006

37. Bergerson RJ, Williams R, Wang H, Shanley R, Colbenson G, Kerber A, et al.
Fewer Circulating Natural Killer Cells 28 Days After Double Cord Blood
Transplantation Predicts Inferior Survival and IL-15 Response. Blood Adv
(2016) 1(3):208–18. doi: 10.1182/bloodadvances.2016000158

38. Drylewicz J, Schellens IM, Gaiser R, Nanlohy NM, Quakkelaar ED, Otten H,
et al. Rapid reconstitution of CD4 T cells and NK cells protects against CMV-
reactivation after allogeneic stem cell transplantation. J Transl Med (2016) 14
(1):230. doi: 10.1186/s12967-016-0988-4

39. Hallett WH, Ames E, Alvarez M, Barao I, Taylor PA, Blazar BR, et al.
Combination therapy using IL-2 and anti-CD25 results in augmented natural
killer cell-mediated antitumor responses. Biol Blood Marrow Transpl (2008)
14(10):1088–99. doi: 10.1016/j.bbmt.2008.08.001

40. Alvarez M, Dunai C, Khuat LT, Aguilar EG, Barao I, Murphy WJ. IL-2 and
Anti-TGF-beta Promote NK Cell Reconstitution and Anti-tumor Effects after
Syngeneic Hematopoietic Stem Cell Transplantation. Cancers (Basel) (2020)
12(11):3189. doi: 10.3390/cancers12113189

41. Miller JS, Soignier Y, Panoskaltsis-Mortari A, McNearney SA, Yun GH,
Fautsch SK, et al. Successful adoptive transfer and in vivo expansion of
human haploidentical NK cells in patients with cancer. Blood (2005) 105
(8):3051–7. doi: 10.1182/blood-2004-07-2974

42. Quintarelli C, Sivori S, Caruso S, Carlomagno S, Falco M, Boffa I, et al. Efficacy
of third-party chimeric antigen receptor modified peripheral blood natural
Frontiers in Immunology | www.frontiersin.org 1243
killer cells for adoptive cell therapy of B-cell precursor acute lymphoblastic
leukemia. Leukemia (2020) 34(4):1102–15. doi: 10.1038/s41375-019-0613-7

43. Ravi D, Sarkar S, Purvey S, Passero F, Beheshti A, Chen Y, et al. Interaction
kinetics with transcriptomic and secretory responses of CD19-CAR natural
killer-cell therapy in CD20 resistant non-hodgkin lymphoma. Leukemia
(2020) 34(5):1291–304. doi: 10.1038/s41375-019-0663-x

44. Yu J, Venstrom JM, Liu XR, Pring J, Hasan RS, O’Reilly RJ, et al. Breaking
tolerance to self, circulating natural killer cells expressing inhibitory KIR for
non-self HLA exhibit effector function after T cell-depleted allogeneic
hematopoietic cell transplantation. Blood (2009) 113(16):3875–84. doi:
10.1182/blood-2008-09-177055

45. Venstrom JM, Zheng J, Noor N, Danis KE, Yeh AW, Cheung IY, et al. KIR
and HLA genotypes are associated with disease progression and survival
following autologous hematopoietic stem cell transplantation for high-risk
neuroblastoma. Clin Cancer Res (2009) 15(23):7330–4. doi: 10.1158/1078-
0432.CCR-09-1720

46. Tarek N, Le Luduec JB, Gallagher MM, Zheng J, Venstrom JM, Chamberlain E,
et al. Unlicensed NK cells target neuroblastoma following anti-GD2
antibody treatment. J Clin Invest (2012) 122(9):3260–70. doi: 10.1172/
JCI62749

47. Hongo D, Tang X, Baker J, Engleman EG, Strober S. Requirement for
interactions of natural killer T cells and myeloid-derived suppressor cells
for transplantation tolerance. Am J Transpl (2014) 14(11):2467–77. doi:
10.1111/ajt.12914

48. Schneidawind D, Baker J, Pierini A, Buechele C, Luong RH, Meyer EH, et al.
Third-party CD4+ invariant natural killer T cells protect from murine
GVHD lethality. Blood (2015) 125(22):3491–500. doi: 10.1182/blood-2014-
11-612762

49. Swift L, Zhang C, Trippett T, Narendran A, et al. Potent in vitro and xenograft
antitumor activity of a novel agent, PV-10, against relapsed and refractory
neuroblastoma. OncoTargets Ther (2019) 12:1293–307.

50. Guan Q, Blankstein AR, Anjos K, Synova O, Tulloch M, Giftakis A, et al.
Functional Myeloid-Derived Suppressor Cell Subsets Recover Rapidly after
Allogeneic Hematopoietic Stem/Progenitor Cell Transplantation. Biol Blood
Marrow Transpl (2015) 21(7):1205–14. doi: 10.1016/j.bbmt.2015.04.015

51. D’Aveni M, Notarantonio AB, Bertrand A, Boulange L, Pochon C, Rubio MT.
Myeloid-Derived Suppressor Cells in the Context of Allogeneic
Hematopoietic Stem Cell Transplantation. Front Immunol (2020) 11:989.
doi: 10.3389/fimmu.2020.00989

52. Del Papa B, Ruggeri L, Urbani E, Baldoni S, Cecchini D, Zei T, et al. Clinical-
Grade-Expanded Regulatory T Cells Prevent Graft-versus-Host Disease While
Allowing a Powerful T Cell-Dependent Graft-versus-Leukemia Effect in
Murine Models. Biol Blood Marrow Transpl (2017) 23(11):1847–51. doi:
10.1016/j.bbmt.2017.07.009

53. Hotta M, Yoshimura H, Satake A, Tsubokura Y, Ito T, Nomura S. GM-CSF
therapy inhibits chronic graft-versus-host disease via expansion of regulatory
T cells. Eur J Immunol (2019) 49(1):179–91. doi: 10.1002/eji.201847684

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Alvarez, Pierini, Simonetta, Baker, Maas-Bauer, Hirai and Negrin.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
January 2021 | Volume 11 | Article 614250

https://doi.org/10.1097/TP.0000000000002996
https://doi.org/10.1080/14712598.2017.1269167
https://doi.org/10.1038/sj.cr.7310017
https://doi.org/10.1016/j.ymthe.2016.11.013
https://doi.org/10.1200/JCO.2006.06.1663
https://doi.org/10.4049/jimmunol.1300202
https://doi.org/10.1084/jem.20082387
https://doi.org/10.1073/pnas.0509249103
https://doi.org/10.1016/j.jcyt.2016.12.006
https://doi.org/10.1016/j.jcyt.2016.12.006
https://doi.org/10.1182/bloodadvances.2016000158
https://doi.org/10.1186/s12967-016-0988-4
https://doi.org/10.1016/j.bbmt.2008.08.001
https://doi.org/10.3390/cancers12113189
https://doi.org/10.1182/blood-2004-07-2974
https://doi.org/10.1038/s41375-019-0613-7
https://doi.org/10.1038/s41375-019-0663-x
https://doi.org/10.1182/blood-2008-09-177055
https://doi.org/10.1158/1078-0432.CCR-09-1720
https://doi.org/10.1158/1078-0432.CCR-09-1720
https://doi.org/10.1172/JCI62749
https://doi.org/10.1172/JCI62749
https://doi.org/10.1111/ajt.12914
https://doi.org/10.1182/blood-2014-11-612762
https://doi.org/10.1182/blood-2014-11-612762
https://doi.org/10.1016/j.bbmt.2015.04.015
https://doi.org/10.3389/fimmu.2020.00989
https://doi.org/10.1016/j.bbmt.2017.07.009
https://doi.org/10.1002/eji.201847684
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Frontiers in Immunology | www.frontiersin.

Edited by:
Thomas Malek,

University of Miami, United States

Reviewed by:
Maria Cecilia G. Marcondes,

San Diego Biomedical Research
Institute, United States

Lloyd Kasper,
Dartmouth College, United States

*Correspondence:
Cory J. Berkland
berkland@ku.edu

Specialty section:
This article was submitted to

Immunological Tolerance
and Regulation,

a section of the journal
Frontiers in Immunology

Received: 04 September 2020
Accepted: 03 December 2020
Published: 18 January 2021

Citation:
Song JY, Griffin JD, Larson NR,

Christopher MA, Middaugh CR and
Berkland CJ (2021) Synthetic Cationic

Autoantigen Mimics Glatiramer
Acetate Persistence

at the Site of Injection and Is
Efficacious Against Experimental
Autoimmune Encephalomyelitis.

Front. Immunol. 11:603029.
doi: 10.3389/fimmu.2020.603029

ORIGINAL RESEARCH
published: 18 January 2021

doi: 10.3389/fimmu.2020.603029
Synthetic Cationic Autoantigen
Mimics Glatiramer Acetate
Persistence at the Site of Injection
and Is Efficacious Against
Experimental Autoimmune
Encephalomyelitis
Jimmy Y. Song1, J. Daniel Griffin1,2, Nicholas R. Larson1, Matthew A. Christopher1,
C. Russell Middaugh1 and Cory J. Berkland1,2,3*

1 Department of Pharmaceutical Chemistry, University of Kansas, Lawrence, KS, United States, 2 Department of
Bioengineering, University of Kansas, Lawrence, KS, United States, 3 Department of Chemical and Petroleum Engineering,
University of Kansas, Lawrence, KS, United States

A synthetic peptide, K-PLP, consisting of 11-unit poly-lysine (K11) linked via polyethylene
glycol (PEG) to proteolipid protein epitope (PLP) was synthesized, characterized, and
evaluated for efficacy in ameliorating experimental autoimmune encephalomyelitis (EAE)
induced by PLP. K-PLP was designed to mimic the cationic nature of the relapsing-
remitting multiple sclerosis treatment, glatiramer acetate (GA). With a pI of ~10, GA is able
to form visible aggregates at the site of injection via electrostatic interactions with the
anionic extracellular matrix. Aggregation further facilitates the retention of GA at the site of
injection and draining lymph nodes, which may contribute to its mechanism of action. K-
PLP with a pI of ~11, was found to form visible aggregates in the presence of
glycosaminoglycans and persist at the injection site and draining lymph nodes in vivo,
similar to GA. Additionally, EAE mice treated with K-PLP showed significant inhibition of
clinical symptoms compared to free poly-lysine and to PLP, which are the components of
K-PLP. The ability of the poly-lysine motif to retain PLP at the injection site, which
increased the local exposure of PLP to immune cells may be an important factor affecting
drug efficacy.

Keywords: EAE, poly-lysine, multiple sclerosis, Copaxone®, glatiramer acetate, SC injection simulation
INTRODUCTION

Glatiramer acetate (GA), the active ingredient in Copaxone®, is currently one of the most popular
treatments for relapsing-remitting multiple sclerosis (RRMS) due to its safety, ease of patient self-
administration, and its effectiveness in reducing the relapse rate of RRMS patients (1, 2). Despite
clinical and commercial success of GA, its full mechanism of action is yet to be completely
understood. In the last few decades, many studies have tried to elucidate the immunomodulatory
org January 2021 | Volume 11 | Article 603029144
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mechanism of GA, however, it has proven to be complicated and
no unifying explanation exists (3–14). Systemic exposure of GA
is near zero, suggesting a key part of the drug mechanism may be
local to the site of administration. It is unclear if certain
structural elements of GA may be extrapolated as a design
principle for other autoimmune interventions such as antigen-
specific immunotherapy.

GA consists of a broad population of peptides (average
MW 5–9 kDa) comprising four amino acids (AKEY). Lysine
is the predominant amino acid at ~34% of the molar mass,
which imbues a strong cationic character (pI ~10). As a
result, GA forms large, visible aggregates in the presence of
glycosaminoglycans such as hyaluronic acid (HA) almost
immediately upon contact (15). Approximately 30% of GA
remained aggregated after 3 days according to in vitro
subcutaneous (SC) injection simulation experiments. The large
aggregated particles were also observed in vivo when GA was
injected into the footpads of mice. Consequently, GA was able to
persist at the injection site for a prolonged period of time.
Considering the aggregation of GA likely occurs prior to all
other immunological events, the ability to form aggregates via
electrostatic interaction with glycosaminoglycans may be an
important property that contributes to the mechanism of GA.

Cationic peptides such as poly-lysine were able to form visible
aggregates in the presence of HA through electrostatic
interactions similar to GA (15). In addition, poly-lysine-based
polypeptides such as GEMSP have demonstrated to be a
potential effective treatment for multiple sclerosis (16). GEMSP
consists of a mixture of fatty acid linked poly-lysine (PLL),
antioxidants-PLL, free radical scavengers-PLL, and amino
acids-PLL. Even though the mechanism of action is not well
understood, GEMSP almost completely ameliorated the
symptoms of the animal model of multiple sclerosis called
experimental autoimmune encephalomyelitis (EAE) and
demonstrated the ability to preserve myelin integrity.
Furthermore, GEMSP had shown no toxicity in both animals
and humans. Based on these results, poly-lysine was chosen to be
an integral part of our GA-mimic construct.

We set out to determine if the tissue-retention properties of
GA could be combined with an antigen associated with RRMS.
The relapse remitting form of EAE used to model RRMS in mice
Frontiers in Immunology | www.frontiersin.org 245
was induced using a specific epitope derived from myelin sheath,
proteolipid protein 139–151 (PLP). To emulate GA properties,
PLP was combined with an 11-unit poly-lysine “tail” (K11) to
imbue an overall charge similar to GA (Figure 1). This custom-
designed peptide (K-PLP) was anticipated to exhibit the two key
features. First, aggregation with glycosaminoglycans was
expected to be driven by the K11 portion, resulting in
prolonged injection site retention and potential enrichment in
draining lymph nodes. Second, antigen-specific immune
responses driven by PLP localization were hypothesized to
suppress the severity of EAE symptoms.
MATERIAL AND METHODS

20 mg/ml solutions of Copaxone® (glatiramer acetate) 1 ml pre-
filled syringes from Teva Neuroscience, Inc. (Kansas City, MO)
were donated by the University of Kansas Medical Center. For
peptide synthesis, Fmoc-L-phenylalanine 4-alkoxybenzyl alcohol
resin (0.3–0.8 meq/g, 100–200 mesh) and all amino acids were
purchased from Chem-Impex International Inc. (Wood Dale,
IL). Fmoc-NH-(PEG)4-CH2COOH (5,8,11,14-Tetraoxa-2-
azahexadecanedioic acid) was purchased from PurePEG, LLC
(San Diego, CA). Myelin proteolipid protein (PLP) epitope
(HSLGKWLGHPDKF) and 9-unit poly-lysine were synthesized
and purchased from Biomatik USA, LLC (Wilmington, DE).
Scissor Cartridge packs containing HA based extracellular matrix
(ECM) were obtained from Pion Inc. (Billerica, MA). Sulfo-
Cyanine7 NHS ester was purchased from Lumiprobe (Hunt
Valley, MD). PEG amine (5kDa) was obtained from Creative
PEGworks (Chapel Hill, NC). All other analytical grade
chemicals and reagents were purchased from MilliporeSigma
(St. Louis, MO) and Fisher Scientific (Pittsburgh, PA) and were
used as received. All mice used for the study were maintained in
sterile housing under the veterinary supervision of the University
of Kansas Animal Care Unit. All procedures were approved by
the Institutional Animal Care and Use Committee.

Peptide Synthesis
K-PLP (NH2-KKKKKKKKKKK-PEG-PEG-PEG-PEG-
HSLGKWLGHPDKF-OH) was synthesized using CEM Liberty
A B

FIGURE 1 | (A) The design and molecular structure of K-PLP. (B) The HPLC chromatogram of the purified product. The main product peak elutes at around 9 min
on a Waters XBridge C4 column, 3.5 mm, 4.6 × 150 mm, linear gradient from 20% to 50% acetonitrile (+0.2% TFA) in water (+0.2% TFA) over 60 min, detection at
280 nm.
January 2021 | Volume 11 | Article 603029

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Song et al. Synthetic Cationic Autoantigen Mimics GA
Blue™ Automated Microwave Peptide Synthesizer at 0.10 mmol
scale using standard FMOC chemistry. Single coupling was
performed on all amino acids except for the 11-unit poly-
lysine tail, where double coupling was used to improve yield.
The peptides were cleaved using a solution of 92.5:2.5:2.5:2.5
TFA : TIPS:H2O:DODT and the crude peptides where purified
using preparative HPLC (Waters XBridge C4, 5 mm, 10 ×
250 mm, linear gradient from 20 to 50% MeCN (+0.05% TFA)
in H2O (+0.05% TFA) over 30 min, detection at 280 nm). The
purified product was characterized using a Waters Alliance
HPLC system (Waters XBridge C4, 3.5 mm, 4.6 × 150 mm,
linear gradient from 20% to 50% acetonitrile (+0.2% TFA) in
water (+0.2% TFA) over 60 min, detection at 280 nm) and
QTOF-Premier hybrid mass spectrometer (Micromass Ltd,
Manchester, UK) operated in MS mode and acquiring data
with the time of flight analyzer. The electrospray ionization
(ESI) spectra were acquired at 15,625 Hz pusher frequency
covering the mass range 300 to 5000 u and accumulating data
for 3 s per cycle. Time to mass calibration was made with CsI
cluster ions acquired under the same conditions. The resulting
suite of charge states in the ESI spectrum were subject to charge
state deconvolution to present a “+1” charge mass spectrum
using the MaxEnt3 routine in MassLynx software. This routine
removes the isotope cluster.

Far-UV Circular Dichroism Spectroscopy
Circular dichroism was performed using a Applied
Photophysical Chirascan (Applied Photophysics Ltd.,
Leatherhead,UK). One-millimeter pathlength quartz cuvettes
were filled with 250 ml of K-PLP at 0.1 mg/ml in 150 mM
citrate-phosphate buffer at pH 6. Cuvettes were placed in a six-
position Peltier temperature controller (Quantum Northwest,
Liberty Lake, WA). Samples and buffer were both measured at
room temperature in triplicate from 195 – 260 nm and buffer
subtraction was performed.

Raman Spectroscopy and Dynamic Light
Scattering
Raman and dynamic light scattering were performed with a
Malvern Helix (Malvern Instruments, Malvern, UK). 20 ml of K-
PLP at a concentration of 10 mg/ml in 150 mM citrate-
phosphate buffer at pH 6 was loaded into a custom steel
cuvette with quartz windows. Raman scattering from a 785 nm
laser was collected in a backscattering geometry. Samples were
measured in triplicate, each replicate consisted of 10 acquisitions
of 10 second exposure each. The Zetasizer Helix Analyze
software (Malvern Instruments) was used to buffer subtract,
normalize to the phenylalanine peak (1003 cm-1), then
baseline spectra for analysis. Dynamic light scattering
autocorrelation functions were measured with a 632 nm laser
with light collected in a 173° angle backscattering geometry.
Autocorrelation functions were fit using the method
of cumulants.

Fluorescence Spectroscopy
Intrinsic tryptophan fluorescence spectra were obtained using a
fluorescence plate reader as described by Wei et al (17). K-PLP
Frontiers in Immunology | www.frontiersin.org 346
was at a concentration of 10 mg/ml (same as Raman and DLS).
Triplicate samples in a 384-well plate had silicone oil added atop
to avoid sample evaporation during thermal ramps. The plate
was centrifuged at 2,200 × g for 1 min to remove air bubbles.
Samples were excited with 295 nm laser. Fluorescence emission
between 300 and 400 nm was collected for 100 ms. Temperature
was ramped from 10 to 90°C with an increment of 2.5°C per step
and an equilibration time of 2 min at each step. The first moment
(mean) of the fluorescence spectrum, lm, was calculated between
300 and 400 nm.

Subcutaneous Injection Simulation and
Release
The subcutaneous injection simulation was performed using the
method previously described (15). 1 ml of 20 mg/ml K-PLP in
40 mg/ml mannitol solution was injected into Scissor cartridge
containing 10 mg/ml 1.5–1.8 MDa hyaluronic acid (HA). Time
points were collected over 3 days and concentration of K-PLP
released into the chamber buffer was determined using a
bicinchoninic acid assay (Micro BCA protein assay kit,
Thermo Scientific, Waltham, MA) by constructing a
calibration curve with K-PLP concentrations of 2, 5, 10, 20, 30,
and 40 µg/ml. The concentration values were adjusted to account
for K-PLP that was taken out during sampling and then
converted to percentage of K-PLP released before plotted as a
function of time.

Fluorescent Labeling
GA, K-PLP, 5 kDa PEG amine, and PLP were fluorescently
labeled using sulfo-cyanine 7 NHS Ester (sodium 1-(6-((2,5-
dioxopyrrolidin-1-yl)oxy)-6-oxohexyl)-3,3-dimethyl-2-((E)-2-
((E)-3-(2-((E)-1,3,3-trimethyl-5-sulfonatoindolin-2-ylidene)
ethylidene)cyclohex-1-en-1-yl)vinyl)-3H-indol-1-ium-5-
sulfonate). For GA, 5kDa PEG amine, and K-PLP, 5 equivalents
(7000 Da used as MW of GA) of compound were reacted with 1
equivalent sulfo-cyanine 7 NHS Ester in 50 mM HEPES buffer
pH 7.5 with 20% DMSO. The reaction was performed at room
temperature for 4 h protected from light with stirring. To
separate labeled drug from excess dye, the reaction mixture
was placed into dialysis cassettes with 2 kDa MWCO and
dialyzed in water with buffer change every 12 h for 72 h.
To label PLP, equal molars of PLP and sulfo-cyanine 7 NHS
Ester were reacted in dry DMSO under nitrogen. N,N-
Diisopropylethylamine (41 equivalents) was added to PLP and
allowed to stir before adding the sulfo-cyanine 7 NHS Ester
dropwise. The reaction was performed at room temperature for
4 h protected from light with stirring. Purification was performed
using preparative HPLC (Waters XBridge C4, 5 mm, 10 ×
250 mm, linear gradient from 15 to 50% MeCN (+0.05% TFA)
in H2O (+0.05% TFA) over 30 min, detection at 280 nm). The
final purified products were all lyophilized. The number of dye
labeled onto each compound was determined by constructing a
calibration curve based on the fluorescence of Sulfo-Cyanine7
NHS ester (Ex:760 nm, Em: 782 nm) at various concentrations
and comparing the fluorescence of the labeled product to the
calibration curve. No significant deviations of the excitation and
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emission spectra between each of the compounds and free dye
were found. Herein, the labeled compounds will be referred to as
cy7-GA, cy7-K-PLP, cy7-PEG and cy7-PLP. The amount of dye
labeled onto each compound were reported as mmol of dye per g
of compound, and they were determined to be 48.1 ± 1.7 mmol/g
for Cy7-K-PLP; 733.4 ± 29.4 mmol/g for cy7-PLP; 39.8 ± 0.3
mmol/g for cy7-GA; 68.9 ± 11.9 mmol/g for cy7-PEG.

In Vivo Efficacy Study
In vivo efficacy of K-PLP was assessed using the EAE animal
model induced in female 4-6-week old SJL/J (H-2) mice (20–25 g,
Envigo, Indianapolis, IN). All protocols were approved through
the University’s Institutional Animal Care and Use Committee,
and all animals were housed in pathogen-free conditions. EAE
induction and treatment schedule were based on methods
previously described (18–20). An emulsion was prepared
containing 200 mg free PLP in PBS emulsified with Complete
Freund’s Adjuvant (CFA) containing 4 mg/ml heat killed M.
Tuberculosis strain H37RA. On day 0, this emulsion was
administered to mice via 50 ml SC injections above each
shoulder and hind flank resulting in a total emulsion injection
volume of 200 ml per mouse. Additionally, on day 0 each mouse
received a 100 ml intraperitoneal injection of pertussis toxin at
100 ng/ml. This administration of pertussis toxin was repeated
on day 2. Beginning on day 7, disease severity was monitored
daily through the use of a symptom scoring system as follows: 0,
no clinical disease symptoms; 1, weakness or limpness of the tail;
2, weakness or partial paralysis of one or two hind limbs
(paraparesis); 3, full paralysis of both hind limbs (paraplegia);
4, paraplegia plus weakness or paralysis of forelimbs; 5,
moribund (euthanasia necessary). Mouse weight was also
recorded daily throughout the study. In vivo treatment groups
consisted of 6 mice per group. Treatments were administered in
100 ml SC injections formulated in 40 mg/ml mannitol.
Injections were administered between the shoulder blades.
Copaxone and K-PLP were administered at 4.5 mg/ml while 9-
unit poly-lysine was administered at the molar equivalent to K-
PLP injections, resulting in a concentration of 1.7 mg/ml.
Treatment injections were performed on days 4, 7, and 10
following EAE induction. Mouse weights were recorded daily
beginning on day 0 and clinical scores were recorded daily
beginning on day 7. Statistical analysis was performed using
two-way analysis of variance (ANOVA) on the clinical scores
and weights, one-way ANOVA on the cumulative clinical scores,
followed by Turkey comparison tests for all. Statistical
significance for all analyses was set at p<0.05. All statistical
analyses were performed using GraphPad Software (GraphPad
Software Inc.).

In Vivo Migration Imaging
Similar imaging method as previously described was used (15).
Three female SJL/J mice (20-25 g, Envigo, Indianapolis, IN) were
used for imaging, one each for K-PLP, PLP, and GA. Unlabeled
K-PLP and unlabeled GA were mixed with cy7-K-PLP and cy7-
GA, respectively, to a final concentration of 20 mg/ml with the
amount of dye normalized to the equivalent of 25 mM of free
cyanine 7 dye. Similarly, unlabeled PLP was mixed with cy7-PLP
Frontiers in Immunology | www.frontiersin.org 447
to a concentration that is molar equivalent to 20 mg/ml of K-PLP
with the amount of dye normalized to the equivalent of 25 mM of
free cyanine 7 dye. Each mouse was injected with 10 ml of their
respective treatment at the center of the footpad every hour for
4 h in the following order: left forelimb at the 1-h time point,
right forelimb at the 2-h time point, left hindlimb at the 3-h time
point, and right hindlimb at the 4-h time point for K-PLP; right
forelimb at the 1-h time point, left forelimb at the 2-h time point,
right hindlimb at the 3-h time point, and left hindlimb at the 4-h
time point for both GA and PLP. Injecting at opposing limbs
allows direct comparison between K-PLP with GA/PLP at each
time point. fluorescent images were taken using a MaestroFlex
whole body imager (Cambridge Research and Instrumentation,
Woburn, MA) employing an excitation filter of 710–760 nm and
a longpass emission filter of 800 nm. The draining lymph nodes
near each site of injection was later resected and imaged to
determine whether the GA or PEG is draining toward this
lymph node.

Cell Internalization Assay
Splenocytes from mice induced with experimental autoimmune
encephalomyelitis (EAE) were harvested on day 14 post-
induction from the spleen. Nine replicates (per group) of
approximately one million cells were plated into each of the 96
wells in 100 ml cRPMI medium (RPMI medium with 10% FBS
and 1% penicillin streptomycin). Cy7-K-PLP, cy7-PLP, and cy7-
PEG were prepared in cRPMI to a concentration of 50 mM. To
each replicate of cells, 100 ml of the 50 mM compound solution
was added to a final concentration of 25 mM per well. The cells
were then incubated for 1 h at 37°C with 5% CO2. After
incubation, the 96 well plate was spun at 300 g for 10 min and
the supernatant was aspirated. To the resulting pellet, a fresh 200
ml of cRPMI medium was added and mixed to resuspend the
cells. To quantify fluorescence, each compound was serial diluted
with cRPMI from 25 mM to 0.01 mM (2 fold dilution each step)
and a fluorescence-concentration calibration curve was
constructed. The fluorescence experiments were performed
using Synergy™ H4 Microplate Reader (BioTek, Winooski,
VT) with excitation wavelength of 760 nm, emission of 782
nm (the excitation and emission max of sulfo-cyanine 7). The
resulting fluorescence intensity of the cells treated with
compounds were compared to their respective calibration curve.
RESULTS

Peptide Design, Synthesis, and
Characterization
K-PLP consists of an 11-unit poly-lysine and MS antigen PLP
139-151 bridged by a flexible region comprised of four units of PEG
(Figure 1A). The design of this peptide intends to mimic the
cationic properties of GA and additionally introduces antigen
specificity. Meanwhile, this clearly defined sequence allows K-
PLP to avoid many of the complexities associated with the
sequential randomness and broad MW distribution of GA. By
including an 11-unit poly-lysine region on K-PLP, the isoelectric
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point of K-PLP is modified to approximately 11.4 and the net
charge at pH 7 is approximately 12.2, which is similar to GA
(isoelectric point of 9.8, net charge at pH 7 of 12.0).

The peptide was synthesized on a microwave peptide
synthesizer using standard FMOC chemistry and purified
through RP-HPLC. The purified product was characterized
using analytical HPLC and QTOF mass spectrometer. The
HPLC chromatogram (Figure 1B) showed that the main peak
(~9 min) has a shoulder, suggesting the co-elusion of unresolved
compounds. This slight impurity was confirmed using mass
spectrometry where in addition to the expected monoisotopic
mass of 3,177.9, another peak at 3,306.0 was present and its
relative abundance is ~20% (relative abundance of 3,177.9 peak
at 100%). The difference in the mass of 128 indicated the
presence of an additional lysine. Taken together, the purified
K-PLP contained the expected product as well as another
product that has an additional lysine. Although the additional
lysine introduces another overall positive charge, being located in
the poly-lysine region would simply enhance the electrostatic
interaction between the peptide and the ECM and should not
significantly affect antigen (PLP) recognition.
Frontiers in Immunology | www.frontiersin.org 548
Structural Characterization of K-PLP
To determine whether K-PLP possess higher-ordered structures
in solution, multiple characterization techniques were employed
(15). The CD spectrum of K-PLP from 200 nm to 260 nm was
shown in Figure 2A. Although the spectrum was obtained from
195 nm, significant noise was present <200nm. The CD spectrum
showed a slight positive band near 218 nm, and even though no
distinctive negative band was present at 198 nm, the spectrum
resembled a random coil (21). Raman spectroscopy also
supported the lack of distinct secondary structure. The ratio of
Raman peaks of 1,645 cm-1 over 1,680 cm-1 (Figure 2B), which
represents a-helical and b-sheet structure respectively, remained
relatively constant over the temperature ranges of 10°C to 90°C.
This implied that the secondary structure of K-PLP was
not sensitive to changes in temperature over a broad range.
Tertiary structure was examined through both Raman (Trp, 840
cm-1) and intrinsic fluorescence (Trp lmax). The moment
(mean spectral center of mass)-temperature plot (Figures
2C, D) from both techniques demonstrated that a thermally
induced unfolding event was absent, which can be explained by
the absence of tertiary structure. Furthermore, the lmax at 25 °C
A B

D

E F

C

FIGURE 2 | (A) CD spectrum of 0.1 mg/ml K-PLP performed at room temperature and pH 6. Raman spectroscopy was performed on 10 mg/ml K-PLP at pH 6
over a temperature range of 20°C –90°C, (B) shows the amide I ratio of 1,645 over 1,680 cm-1, which represents the ratio of a-helix to b-sheet, and (C) is the
Raman tryptophan (840 cm-1) moment changes over temperature. (D) shows the moment change of tryptophan fluorescence lmax over a temperature range of 20°C –

90°C. (E) The plot of particle size versus change in temperature was obtained using DLS and its polydispersity is shown in (F).
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of Trp intrinsic fluorescence was 355 nm, which was indicative
that the Trp was fully solvent accessible (22). These results
holistically supported that K-PLP may be a random coil that
also lacked tertiary structure in solution.

DLS particle sizing results suggested that the mean size of K-
PLP was around 2 nm, and in general the polydispersity values
were less than 0.3 (Figures 2E, F). The average diameter
appeared to decrease as temperature increased. However, since
K-PLP was determined to lack higher-ordered structure, the
decrease in size was unlikely to be the result of a thermally
induced unfolding event. Rather, it was more likely caused by the
increased rate of diffusion at higher temperatures.

Subcutaneous Injection Simulation
The release of K-PLP was simulated using the Scissor (Pion Inc.)
subcutaneous injection site simulator system in a similar manner
as previously described (15). As with GA, visible aggregates were
formed immediately upon the injection of 20 mg/ml K-PLP into
10 mg/ml HA solution (1.5–1.8 MDa), which was used to mimic
the ECM found in the SC space (Figure 3A). The release profile
generated by monitoring drug release into the chamber showed
that approximately 20% of K-PLP was released steadily into the
chamber over the first 3 h and plateaued around 80% after 2 days
(Figure 3B). This suggested that about 20% of K-PLP still
remained in the cartridge at the end of the three-day
experiment, and indeed, visible aggregates were found at the
bottom of the cartridge. Compared to the release profile of GA,
K-PLP released at a similar rate as GA (15).

In Vivo Migration Imaging With
Fluorescently Labeled K-PLP, Glatiramer
Acetate, and Proteolipid Protein
In our previous study, GAwas able to remain at the site of injection
for a longer period of time compared to a similarly sizedPEG chain,
which was used as a control (15). In this study, K-PLP was
compared to GA as well as PLP (the antigen without poly-lysine
“tail”). To ensure comparability, the unlabeled compounds were
mixed with their labeled counterpart to obtain a final dye
concentration of 25 mM for all solutions. To each mouse, 10 ml of
Frontiers in Immunology | www.frontiersin.org 649
the corresponding compound was injected into a different footpad
every hour for 4 h. Examining the near-IR fluorescent images of the
footpads, the fluorescence intensity of K-PLP did not significantly
decrease over the course of 4 h (Figure 4A). Compared to K-PLP,
the fluorescence intensity of PLP decreased significantly after just
1 h and became barely visible by the end of 4 h. Fluorescence
intensity ofGA, as expected, also did not significantly decrease over
the course of the experiment and is comparable to K-PLP. These
images suggested that the poly-lysine “tail” of K-PLP did aid in the
retention of the drug at the site of injection and that retention is
comparable to that of GA.

The draining lymphnodesnear eachof the limbwere resected to
determine if drainage into the lymph had occurred. The fluorescent
images of the lymph nodes showed that drainage toward the lymph
for all three compounds did occur, as the lymph nodes at 1 h all had
fluorescence to somedegree (Figure4B).Thefluorescence intensity
of K-PLP lymph nodes however, remained relatively unchanged
over 4 h, and was the brightest compared to PLP and GA.
Contrarily, fluorescence of PLP lymph nodes became weakly
visible after 1 h. Fluorescence of GA lymph nodes were noticeable
at all time points but were significantly weaker than that of K-PLP.
These results provided evidence that K-PLPmay be able to retain in
the lymph nodes even better than GA.

Transport to lymph nodes was further supported by the
splenocyte internalization assay. Splenocytes were taken from
mice induced with EAE and were incubated with 25 mM of cy7-
K-PLP, cy7-PLP, and cy7-PEG for 1 h prior to centrifuging and
aspirating the supernatant. The resulting pellet was resuspended
and their fluoresce intensity wasmeasured to determine howmuch
of each labeled compound was retained by the cells. Cy7-PLP, the
same antigenused to induceEAE, and cy7-PEG, aneutrally charged
peptide that has approximately the same average molecular weight
as K-PLP, both served as controls for the study. The splenocytes
were able to retain (Figure 4C) 29.3 ± 8.4% of cy7-K-PLP
fluorescence, 3.1 ± 6.5% of cy7-PLP fluorescence, and less than
0.4% of both cy7-PEG and the vehicle (cRPMI media only)
fluorescence. The significant internalization of cy7-K-PLP by the
splenocytes implied that cy7-K-PLP was actively transported into
the lymph nodes, which was demonstrated in Figure 4B.
A B

FIGURE 3 | (A) Formation of aggregates was observed immediately upon injection of 1 mL of 20 mg/ml of K-PLP or 20 mg/ml of glatiramer acetate (GA) into 10
mg/ml hyaluronic acid (HA). (B) The percentage of K-PLP released into the in vitro model chamber over a period of 3 days compared to GA.
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In Vivo Efficacy
To determine if K-PLP could be efficacious in ameliorating
disease, K-PLP, GA, PLP139-151, and a 9-unit poly-lysine
(similar to the poly-lysine chain found on K-PLP) were used to
treat mice induced with EAE using PLP 139-151. Remarkably, mice
treated with K-PLP had the lowest clinical score (Figures 5A, B),
resulted in the least weight decrease (Figure 5C), and had the
highest percentage of disease-free mice (Figure 5D). Conversely,
mice treated with 9-unit poly-lysine, GA, and PLP followed a
similar disease progression as the control (mannitol), and any
deviations from the control were not statistically significant.
Based on the cumulative clinical scores (Figure 5B), K-PLP
showed significant improvement over 9-unit poly-lysine, but not
PLP. However, based on weight change data, K-PLP was more
efficacious than PLP; from day 13 to day 17, which covered the
span of peak disease, K-PLP treated mice experienced no
significant weight loss compared to both 9-unit poly-lysine
(p<0.0001) and PLP (p<0.01). Change in weight may be a
better parameter than clinical scores in determining the
effectiveness of K-PLP since this measure is not subjective like
clinical scoring. The efficacy study suggested that K-PLP is more
effective at ameliorating clinical symptoms of EAE than both of
its individual parts (poly-lysine and PLP).
DISCUSSION

Compared to GA, which was shown to contain alpha helical and
beta sheet structure in solution, K-PLP did not appear to have
Frontiers in Immunology | www.frontiersin.org 750
any form of ordered structure in solution (15). However, the
lack of ordered structure did not seem to hinder the ability of
K-PLP to form visible aggregates similar to GA (Figure 3A).
This further reinforces the idea that the formation of
aggregates is the result of electrostatic interaction between the
positively charged lysine residues and the negatively charged
glycosaminoglycan polymers. The native in-solution structure of
GA and K-PLP alike does not appear to play a significant role in
the phenomenon. K-PLP and GA have also demonstrated their
ability to retain at the site of injection for longer period of time
than PLP (Figure 4). Wu et al (23). performed a similar
experiment where they injected fluorescently-labeled proteins
of sizes ranging from 23 to 143 kDa into the footpads of mice.
They discovered a significant positive correlation between size of
protein and retention time at the site of injection. Therefore, it is
unsurprising that compounds such as K-PLP and GA, which
were able to form visible aggregates in the presence of
glycosaminoglycans, were retained longer than compounds like
PLP that did not form aggregates. The release profiles (Figure
3B) generated from SC release simulation using the Scissor
instrument further substantiates the dominant role of
aggregation caused by electrostatic interaction play in the
retention of compound at the site of injection. Even though on
average K-PLP is a smaller molecule than GA based on
molecular weight and DLS particle sizing (Figure 2E), the
release profile of the two were remarkably similar, suggesting
the in-solution molecular weight was no longer an important
factor that influenced drug diffusion once aggregates were
formed at the injection site.
A

B

C

FIGURE 4 | (A) Retention of fluorescently labeled cy7-K-PLP at the footpads compared to cy7-PLP alone or cy7-GA for 4 h. Noticeable longer retention is seen in
K-PLP compared to PLP, and similar retention is seen compared to glatiramer acetate (GA). (B) Resected Auxiliary lymph nodes from each limb at different time
points and different treatment. K-PLP appears to be more strongly retained in the lymph nodes compared to both GA and PLP. (C) Percentages of different
treatments internalized by the splenocytes. Significantly more cy7-K-PLP was up taken than cy7-PLP and controls. *P < 0.05.
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Even though K-PLP had shown that it behaved similarly to
GA at the site of injection, the more important question to
answer was whether K-PLP could be efficacious in ameliorating the
disease. In the past work, we observed that highly concentrated
depot retention of autoantigen is potent against EAE (24). In this
work, we demonstrated that the clinical outcomes of K-PLP treated
mice were significantly better than 9-unit poly-lysine or PLP alone.
This suggested that injection site aggregation (9-unit poly-lysine,
and GA) and having the antigen alone (PLP only) are decidedly
inferior to pieces together. This observation further suggested that
the induced aggregation and retention of disease-specific antigen is
a viable therapeuticmode of action. Falk et al (25). reported that 16-
mer oligomeric PLP constructs were able to significantly ameliorate
EAE and they suggested that multimers of the disease-peptide were
able to overstimulate the auto-reactive T-cells, which ultimately
resulted in their apoptotic elimination. Similarly, Wegmann et al
(26, 27). have shown that an 8-mer oligomeric-PLP attached to a
central poly-lysine core (K4-K2-K) were able to alleviate symptoms
of EAE. The purpose of the poly-lysine core is simply to increase
solubility, nevertheless, it may have resulted in injection site
retention through similar mechanisms as K-PLP. Although exact
mechanisms are unknown, these works have evidenced that
trafficking of peptide-specific encephalitogenic cells into the
central nervous system is diminished by the oligomeric-PLP
Frontiers in Immunology | www.frontiersin.org 851
peptides. The commonality between these studies is that the
larger multimer structures of PLP appear to be more therapeutic
than peptide chains of PLP alone. Even though K-PLP is a linear
chain with only one PLP epitope, the ability to form higher order
aggregates allows the peptide to build potentially even larger
multimers than the oligomers of PLP. These large aggregate
structures embedded with disease-antigen may be able to exhaust
the responses from both the innate and adaptive immunity, which
ultimately may have resulted in disease amelioration (24, 28).

In this study, GA did not significantly improve the clinical
outcomes of EAEmice compared to the control. This observation is
contrary to many of the previous studies on GA (3–6, 29–33),
though it is important to note differences in experimental
conditions. Teitelbaum et al (33). initially observed that GA
suppressed EAE in guinea pigs, however, other than using
different species, they also induced EAE using MBP instead of
PLP. GA was initially designed to mimic MBP and cross-reactivity
betweenGAandMBPhas been reported (6, 31).As a result,GAwas
logically more efficacious in such model. In a later paper,
Teitelbaum et al (32). demonstrated that GA was also able to
suppress EAE induced by PLP in mouse model, but only by co-
injecting GA with PLP during induction. In a more recent study,
Aharoni et al (30). have shown the neuroprotective effects of GA in
EAE mouse models induced with PLP, however, their dosage was
A B

DC

FIGURE 5 | (A) Average clinical score of each treatment group from day 0 to day 25. Disease symptom onset appears to be the around day 9, reaching peak
disease on day 14, and gradual remission thereafter. The scoring system is as follows: 0, no clinical disease symptoms; 1, weakness or limpness of the tail; 2,
weakness or partial paralysis of one or two hind limbs (paraparesis); 3, full paralysis of both hind limbs (paraplegia); 4, paraplegia plus weakness or paralysis of
forelimbs; 5, moribund (euthanasia necessary). (B) The average cumulative experimental autoimmune encephalomyelitis (EAE) clinical score from day 0 to day 25 for
each treatment group. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. (C) % weight change of each treatment group normalized to the weight on day 7,
when all mice are healthy. (D) The percentage of disease-free mice for all treatment groups compared.
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nearly 4 fold higher than our study and also with higher dosing
frequency. Thus, the lack of efficacy of GA in our model may have
resulted frommultiple factors such as dosage, timing of treatment,
and relevance to the encephalitogenic agent used to induce EAE.

Splenocytes were found to significantly uptake more K-PLP
than PLP or PEG. This observation may help in understanding
some of the underlying immunomodulatory mechanisms of K-
PLP. Cationic peptides like poly-lysine have been known to
facilitate the penetration through cell membranes, and they
have shown to be useful in drug delivery applications such as
gene delivery (34, 35). Likewise, the poly-lysine chain found on
K-PLP may have facilitated the internalization of K-PLP by
innate immune cells and subsequently transported to the
lymph nodes, where antigen-specific immunomodulation could
occur. Only when both poly-lysine chain (to facilitate
internalization and transport) and the antigen epitope (to
prime for the correct cell response signal) are present can a
therapeutic effect be seen.
CONCLUSION

In this study, we have successfully constructed, characterized,
and tested a model peptide consisting of 11-unit poly-lysine
connected to MS/EAE antigen PLP designed to mimic GA’s
behavior at the site of injection. The peptide was characterized
using biophysical techniques such as Raman spectroscopy, CD,
intrinsic fluorescence, and DLS; the results showed that unlike
GA, K-PLP lacked higher-ordered structure and is smaller in size
(~2nm) in solution. Regardless, K-PLP was able to form visible
aggregates in the presence of HA and its release profile generated
through SC injection simulation showed a similar trend to GA.
When K-PLP was injected into the footpads into mice, it was able
to persist at the site of injection longer than the antigen PLP
alone and at a similar rate to GA. In the efficacy study where EAE
mice were treated with different compounds, significant
improvements in clinical outcomes were observed in K-PLP-
treated mice compared to GA, PLP, and poly-lysine-treated
mice. Taken together, K-PLP demonstrated the importance of
antigen localization at the site of injection and ultimately
provided another piece of puzzle in the ever-evolving
understanding of the immunomodulatory mechanisms of the
glatiramoid class of drugs.
Frontiers in Immunology | www.frontiersin.org 952
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The development of autoimmunity results from a breakdown of immunoregulation and
involves cellularly complex immune responses against broad repertoires of epitope
specificities. As a result, selective targeting of specific effector autoreactive T- or B-cells
is not a realistic therapeutic option for most autoimmune diseases. Induction of
autoantigen-specific regulatory T-cells capable of effecting bystander (dominant), yet
tissue-specific, immunoregulation has thus emerged as a preferred therapeutic
alternative. We have shown that peptide-major histocompatibility complex (pMHC)-
based nanomedicines can re-program cognate autoantigen-experienced T-cells into
disease-suppressing regulatory T-cells, which in turn elicit the formation of complex
regulatory cell networks capable of comprehensively suppressing organ-specific
autoimmunity without impairing normal immunity. Here, we summarize the various
pMHC-based nanomedicines and disease models tested to date, the engineering
principles underpinning the pharmacodynamic and therapeutic potency of these
compounds, and the underlying mechanisms of action.

Keywords: peptide-major histocompatibility complex molecules, nanoparticles, autoimmune diseases, T-cell
re-programming, T-regulatory type 1 cells
INTRODUCTION

The development of autoimmune disease results from dysregulated immune responses to self that
are triggered by ill-defined environmental cues in genetically predisposed individuals. Such immune
responses lead to the activation and recruitment of effector autoreactive T-cells into specific tissues/
organs, the recruitment of additional inflammatory cell types to the site, chronic inflammation and,
eventually, tissue/organ dysfunction and/or destruction. Given the autoantigenic complexity of
most autoimmune disorders, targeting of effector autoreactive T-cell specificities is not a realistic
therapeutic option for the treatment of these diseases. An alternative includes promoting the
formation and/or expansion of regulatory autoreactive T-cell clonotypes capable of effecting
bystander immunoregulation (against the many non-cognate autoantigenic epitopes that are
targeted in the course of a specific disease). Several approaches that are potentially capable of
org January 2021 | Volume 11 | Article 621774154
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eliciting bystander immunoregulation have been described over
the last decade, but the mechanisms of action of some of these
remain unclear and their therapeutic efficacy has not been
thoroughly tested in non-contrived models of spontaneous,
polyclonal autoimmunity [reviewed in (1)].

We have shown that profound and sustained ligation of
antigen receptors on cognate effector autoreactive T-cells by
nanoparticles (NPs) displaying multiple copies of disease-
relevant peptide-MHC class I or class II complexes (pMHC-
NP) can trigger their differentiation into regulatory T-cells in
vivo. Upon pMHC-NP-induced expansion, these cognate, mono-
specific autoreactive T-cells elicit self-sustaining regulatory cell
networks that efficiently suppress polyclonal autoreactive T-cell
responses in several murine models of autoimmunity, without
compromising normal immunity. In this mini-review, we discuss
the key engineering principles behind the pharmacodynamic
activity of these compounds, the mechanisms underlying their
therapeutic activity, and the disease models in which we have
documented efficacy (Table 1).
pMHCI-NPs AS TRIGGERS OF
AUTOREGULATORY MEMORY-LIKE CD8+
T-CELL EXPANSION

Our initial attempts at developing an antigen-specific therapeutic
approach for type 1 diabetes (T1D) aimed at triggering the
deletion of a highly prevalent and diabetogenic CD8+ T-cell
population specific for residues 206–214 of the islet-specific
glucose-6-phosphatase catalytic subunit-related protein
(IGRP206–214). This T-cell specificity plays a significant role in
the progression of islet inflammation to beta cell destruction in
NOD mice (6). Certain IGRP206–214 mimotopes could blunt
disease progression in pre-diabetic mice by selectively
triggering the deletion of high-avidity IGRP206–214-reactive
clonotypes, while sparing their low-avidity counterparts (6).
Surprisingly, treatment of pre-diabetic mice with the natural
ligand or with super-agonistic mimotopes, which simultaneously
deleted both high- and low-avidity clonotypes, was devoid of
therapeutic activity (7). Subsequent experiments in T-cell
receptor (TCR)-transgenic NOD mice expressing either low or
high-affinity TCRs for IGRP206–214 demonstrated that the anti-
diabetogenic effect of protective mimotopes was mediated by the
low-avidity T-cell pool, which accumulated in the islets of
Langerhans and presumably shielded beta cells from beta cell
destruction by other autoreactive T-cell specificities (7, 8).

These observations exposed important limitations of
mimotope-based immunotherapies. Namely, that complete
deletion of individual mono-specific T-cell specificities is
insufficient to blunt the progression of antigenically complex
autoimmune disorders, and that the therapeutic success of
antigen/peptide therapy hinges on the identification of optimal
amino acid sequences, doses, and therapeutic regimens capable
of eliciting the type of bystander regulation described above (9).
Unfortunately, accurate prediction of the pharmacodynamic and
therapeutic effects of specific peptide ligands in vivo is not
Frontiers in Immunology | www.frontiersin.org 255
currently possible or straightforward, thus hindering the
translation of this approach for the treatment of human
autoimmune disorders.

In an attempt to overcome these challenges, we sought to
blunt the progression of T1D in NOD mice by simultaneously
deleting multiple epitope T-cell specificities at once. We reasoned
that, by virtue of their higher avidity for cognate T-cells and lack
of co-stimulatory potential, NPs coated with multiple copies of
disease-relevant pMHC class I (pMHCI) complexes, should be
able to efficiently deplete cognate CD8+ clonotypes over a broad
dose range. We further reasoned that, if this hypothesis were
true, combinations of pMHCI-NPs targeting different CD8+ T-
cell specificities should be able to substantially reduce the pool of
beta cell killing effectors. Surprisingly, although treatment of
NOD mice with the multi-specific pool of pMHCI-NPs had
therapeutic effects, so did NPs exclusively displaying the
IGRP206–214/K

d pMHCI (Table 1). Detailed examination of the
therapeutic effects and mechanistic underpinnings of mono-
specific pMHCI-NP therapy revealed that the therapeutic effect
of these compounds was mediated by expansion of cognate low-
avidity memory-like CD8+ T-cells with dominant regulatory
potential. These memory-like autoregulatory CD8+ T-cells
suppressed the activation of non-cognate autoreactive T-cell
specificities by both suppressing and killing autoantigen-loaded
professional antigen-presenting cells (APCs) in the pancreatic
islets and pancreas-draining lymph nodes in an antigen-specific
manner (2).
THERAPEUTIC PROPERTIES OF pMHCII-
NPs DISPLAYING TISSUE-SPECIFIC
EPITOPES

The allelic complexity MHC class I loci in humans limits the
translational significance of pMHCI-NPs for human
immunotherapy, as numerous compounds would need to be
developed to treat a significant fraction of the patient population
for any given autoimmune disease.

Our work with pMHCI-NPs suggested that treatment with these
compounds harnesses a naturally-occurring negative feedback
regulatory loop that might have arisen during natural evolution to
oppose the progression of autoimmune inflammation. In turn, this
idea suggested that such negative feedback regulatory loops might
also exist in the autoreactive CD4+ T-cell compartment. This
hypothesis predicted that treatment of autoimmune disease-
affected mice with pMHCII-NPs would elicit the formation and/
or expansion of autoantigen-specific regulatory CD4+ T-cells. Since
there are strong associations between human autoimmune diseases
and certain HLA class II types, and CD4+ T-cells play a central role
in the initiation, progression and maintenance of most, if not all
autoimmune diseases, we reasoned that these pMHCII-based
compounds would have superior translational significance than
their pMHCI-based counterparts.

We demonstrated that various murine T1D-relevant
pMHCII-NPs (displaying BDC2.5mi/IAg7, IGRP128–145/IA

g7 or
IGRP4–22/IA

g7) could stably restore normoglycemia in
January 2021 | Volume 11 | Article 621774
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TABLE 1 | pMHC-based nanomedicines and models.

pMHC-nanomedicines Disease target Animal model Disease tested PD activity Ther. activity Reference

NRP-V7-Kd-NP T1D NOD TID + + (2)
B10.H2g7 None − − (2)
NOD.G6pc2K209A-F213A T1D − − (2)

IGRP206–214-K
d-NP TID NOD TID + + (2)

MimA2(DMK138–146)-D
b-NP TID NOD TID + + (2)

TUM-Kd-NP None NOD TID − − (2)
hIGRP265–273-A2K

b-NP TID NOD.HHD TID + + (2)
INS10–18-A2K

b-NP TID NOD.HHD TID + + (2)
Flu-MP58-66-A2K

b-NP None NOD.HHD TID − − (2)
BDC2.5mi/IAg7-NP TID NOD TID + + (3)

NOD G6pc2−/− TID + + (3)
NOD.c3c4 PBC − − (4)

IGRP4-22/IA
g7-NP TID NOD TID + + (3)

NOD G6pc2−/− TID − − (3)
IGRP128-145/IA

g7-NP TID NOD TID + + (3)
HEL14-22/IA

g7-NP None NOD TID − − (3)
GAD65555(557I)–567/DR4-NP TID hPBMC-NSG TID + N/A (3)
PPI76–90(88S)/DR4-NP TID hPBMC-NSG TID + N/A (3)
IGRP13–25/DR3-NP TID hPBMC-NSG TID + N/A (3)
pMOG38–49/IA

b-NP EAE EAE in C57BL/6 EAE (pMOG35–55) + + (3)
hPLP175–192/DR4-IE-NP EAE C57BL/6 IAbnull HLA-DR4-IE EAE (hPLP175–192) + + (3)
hMOG97–108/DR4-IE-NP EAE C57BL/6 IAbnull HLA-DR4-IE EAE (hMOG97–108) + + (3)

C57BL/6 IAbnull HLA-DR4-IE EAE (hPLP175–192) + + (3)
C57BL/10.M HLA-DR4-IE CIA − − (3)

mCII259–273/DR4-IE-NP CIA C57BL/10.M HLA-DR4-IE CIA + + (3)
CIA C57BL/6 IAbnull HLA-DR4-IE EAE (hPLP175–192) − – (3)

MOG36–50/IA
g7-NPs EAE EAE in NOD EAE (MOG35-55) + + (4)

PDC166–181-IA
g7-NPs PBC NOD.c3c4 PBC + + (4)

(NODxB6.Ifng-ARE-Del−/−) F1 PBC + + (4)
Ad-FTCD-AIH in NOD AIH + + (4)
Abcb4-KO (MDR3−/−) PSC + + (4)
EAE in NOD EAE (MOG35-55) + + (4)

PDC82–96-IA
g7-NPs PBC NOD.c3c4 PBC + + (4)

FTCD58–72/IA
g7-NPs AIH Ad-FTCD-AIH in NOD AIH + + (4)

CYPD398–412/IA
g7-NPs AIH Ad-FTCD-AIH in NOD AIH + + (4)

NOD.c3c4 PBC + + (4)
Abcb4-KO (MDR3−/−) PSC + + (4)
EAE in NOD EAE (MOG35-55) + + (4)

hPDC-E2122–135/DRB4-NPs PBC hPBMC-NSG PBC + N/A (4)
hPDC-E2249–262/DRB4*0101-NPs PBC hPBMC-NSG PBC + N/A (4)
BDC2.5mi/IAg7-NP T1D NOD T1D + N/A (5)

NOD.RIP-hDTR + DT T1D + N/A (5)
EAE in NOD EAE (MOG35-55) + − (5)
Ad-FTCD-AIH in NOD AIH + − (5)
EAE+PBC in NOD.c3c4 EAE (MOG35-55) and PBC − − (PBC)

− (EAE)
(5)

PDC166–181-IA
g7-NPs PBC NOD T1D − N/A (5)

NOD.RIP-hDTR + DT T1D + N/A (5)
EAE in NOD EAE (MOG35-55) + + (5)
EAE+PBC in NOD.c3c4 EAE (MOG35-55) and PBC + + (PBC)

− (EAE)
(5)

CYPD398–412/IA
g7-NPs AIH NOD T1D − N/A (5)

NOD.RIP-hDTR + DT T1D + N/A (5)
EAE in NOD EAE (MOG35-55) + + (5)
EAE+PBC in NOD.c3c4 EAE (MOG35-55) and PBC + + (PBC)

− (EAE)
(5)

MOG36–50/IA
g7-NPs EAE NOD.RIP-hDTR + DT T1D − N/A (5)

EAE in NOD EAE (MOG35-55) + + (5)
EAE+ PBC in NOD.c3c4 EAE (MOG35-55) and PBC + − (PBC)

− (EAE)
(5)

pMOG38–49/IA
b-NP EAE EAE in C57BL/6 EAE (pMOG35–55) + + (5)

EAE EAE+Ad-CYPD-AIH in C57BL/6 EAE (pMOG35–55) and AIH + + (EAE)
− (AIH)

(5)

(Continued)
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spontaneously diabetic NOD mice (Table 1). A similar outcome
was obtained in wild-type C57BL/6 and HLA-DR4-transgenic
C57BL/6 mice with experimental autoimmune encephalomyelitis
(EAE, amurinemodel ofmultiple sclerosis). NPs displayingmyelin
oligodendrocyte glycoprotein (MOG)38−49/IA

b or human
proteolipid protein (hPLP)175–192/DR4 complexes were able to
reverse limb paralysis in these animals when administered at the
peak of disease severity. Similar therapeutic effects were seen when
using hMOG97–108/DR4-IE-NPs to treat hPLP175–192-induced EAE
in HLA-DR4-transgenic C57BL/6 mice, demonstrating that the
pMHCII displayed by these compounds need not have to target
disease-initiatingT-cells (Table 1). Likewise,NPs displayingmouse
collagen II (mCII)259–273/DR4 could reverse both joint swelling and
destruction inHLA-DR4-transgenicC57BL/10.Mmice immunized
with bovine collagen (3) (Table 1). These therapeutic effects were
disease-specific because mCII259–273/DR4-NPs and hPLP175–192/
DR4-NPs lacked therapeutic activity against EAE or collagen-
induced arthritis, respectively, in HLA-DR4-transgenic mice (3)
(Table 1). Furthermore, they did not compromise the ability of the
host to clear a systemic viral infection or to mount antibody
responses against an experimental vaccine (3).
PHARMACODYNAMIC ACTIVITY: pMHCII-
NPs AS TRIGGERS OF T-REGULATORY
TYPE 1 CELL FORMATION AND
EXPANSION

These therapeutic effects were invariably associated with
systemic expansions of cognate CD4+ T-cells displaying a T-
regulatory type 1 (Tr1)-like phenotype and transcriptional
profile, as compared to murine Tr1-like cells described
elsewhere (10). Experiments in diabetic NOD mice lacking
expression of the antigenic epitope displayed on the pMHC-
NP complex (hence lacking cognate epitope-experienced T-cells)
demonstrated that the pharmacodynamic and therapeutic effects
of both pMHCI- and pMHCII-NPs required the presence of
autoantigen-experienced T-cells (2, 3) (Table 1). Clearly, these
compounds target both naive and antigen-activated cognate
Frontiers in Immunology | www.frontiersin.org 457
CD4+ T-cells, but do so with divergent consequences. Thus,
whereas pMHC-NPs induce activation-induced cell death of
naive T-cells, they trigger the expansion of memory-like low
avidity autoregulatory CD8+ cells (pMHCI-NP) or the
differentiation of autoantigen-experienced effectors into Tr1
cells instead (pMHCII-NP). The lack of co-stimulatory signals
on pMHCII-NPs, the absolute need for co-stimulation in the
survival of naïve (albeit not memory) T-cells (11), coupled to the
ability of repetitive antigen-specific stimulation of the TCR to
elicit Tr1-like phenotypic features (12, 13) likely play a significant
role in this outcome. Nevertheless, in vitro experiments have
suggested that repetitive engagement of cognate TCRs by
pMHCII-NPs, albeit necessary, is not sufficient to fully induce
the differentiation of autoantigen-experienced cells into Tr1 cell
progeny. It remains unclear if pMHCII-NPs can induce Tr1 cell
formation from any cognate autoantigen-experienced CD4+ T-
cell subset regardless of cell differentiation status, or only from a
specific Tr1-poised precursor cell type. Ongoing transcriptional
and epigenetic studies will shed light into the mechanistic
underpinnings of this differentiation process.
KEY pMHC-NP ENGINEERING DESIGN
PRINCIPLES

The above observations prompted us to define what were the key
pMHC-NP engineering design variables, to guide the development
of next generation nanomedicines suitable for drug development
and clinical translation. Extensive experimentation with various
inorganic NP types (largely iron oxide-based) demonstrated that
the biological activity of pMHC-NPs produced with NPs of a given
size is a function of pMHC valency (number of pMHCmonomers
per NP) (14). In vitro studies using NPs of different sizes further
indicated that the “optimal” pMHC valency values increased with
NP size, indicating that pMHC density (number of pMHCs/
surface area), rather than pMHC valency (absolute number of
pMHCs/NP, regardless of NP size), is the most critical parameter
(14). That is, it is not the absolute number of pMHC monomers
per NP that determines potency, but rather the density of these
TABLE 1 | Continued

pMHC-nanomedicines Disease target Animal model Disease tested PD activity Ther. activity Reference

EAE PDC94–108-IA
b-NP-treated Ad-CYPD-

AIH followed by EAE in C57BL/6
EAE (pMOG35–55) and AIH + + (EAE)

− (AIH)
(5)

Fla462–472/IA
b-NPs IBD EAE+Ad-CYPD-AIH in C57BL/6 EAE (pMOG35–55) and AIH − − (EAE)

− (AIH)
(5)

PDC94–108-IA
b-NPs PBC EAE in C57BL/6 EAE (MOG35-55) + + (5)

EAE+Ad-CYPD-AIH in C57BL/6 EAE (pMOG35–55) and AIH + − (EAE)
+ (AIH)

(5)

EAE PDC94–108-IA
b-NP-treated Ad-CYPD-

AIH followed by EAE in C57BL/6
EAE (pMOG35–55) and AIH + + (EAE)

+ (AIH)
(5)

CYPD353–367-IA
b-NPs AIH EAE in C57BL/6 EAE (MOG35-55) + + (5)

EAE+Ad-CYPD-AIH in C57BL/6 EAE (pMOG35–55) and AIH + − (EAE)
+ (AIH)

(5)
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pMHCs on the NP surface, such that NPs of different sizes
carrying identical numbers of pMHCs will have different
potencies. When tested on reporter Jurkat cells expressing
cognate TCRs, these compounds lacked significant TCR
triggering activity below a certain pMHC valency/density
threshold. The TCR signaling potency of these compounds
increased exponentially in response to relatively small increases
in pMHC valency/density, starting at the pMHC valency/density
threshold and ending at a “minimal optimal” pMHC valency/
density value, at which the TCR signaling intensity plateaued.
Substantial increases in pMHC valency/density above this
minimal optimal valency did not result in significantly higher
potency (14). These observations suggested that NPs displaying
threshold and supra-threshold pMHC densities somehow
promote cooperative TCR signaling.

In vitro, compounds displaying threshold and supra-
threshold pMHC valencies/densities elicited very rapid (within
2h), vigorous and sustained (>24h) TCR signals, as compared to
optimal concentrations of an agonistic CD3ϵ mAb or PMA/
ionomycin, which triggered much slower responses that peaked
at 14h and progressively decreased afterwards. Furthermore,
imaging of pMHC-NP/T-cell interactions via transmission
electron microscopy, super-resolution microscopy and
scanning electron microscopy revealed that pMHC-NPs bind
cognate T-cells as clusters of several NPs spanning ~100–150 nm
that progressively grew to ~400 nm, culminating in
internalization of the NPs in intracellular vesicles, starting ~3 h
after binding. Importantly, cluster formation was only observed
when using NPs coated at threshold and supra-threshold pMHC
valencies/densities. Thus, pMHC-NPs function as sustained TCR
nanocluster-binding and microcluster-triggering devices (Figure
1A). Collectively, these observations indicated that small NPs
coated at the highest possible pMHC densities, allowing a near-
perfect alignment of pMHCs on the NP and cognate TCRs on
target T-cells, represent the most optimal design (14)
(Figure 1A).

Subsequent in vivo experimentation with pMHCII-NPs
suggested that whereas pMHC density regulates the efficiency
of Tr1 cell formation, pMHC dose controls the magnitude of Tr1
cell expansion, indicating that pMHC density and pMHC dose
have separate roles (14).

In terms of translation, the chemistry employed in the
manufacture of iron oxide-based NPs is scalable. It is worth
noting that, when used as MRI contrast agents in humans, these
NP compounds are immunologically inert, biocompatible and
safe. With regards to their pMHC-coated iron oxide NP
counterparts, we have shown that such compounds have no
off-target toxicity in zebrafish embryos, and do not cause
hematological, biochemical or histological abnormalities in
mice (14).

Our first generation pMHC compounds involved the
expression of recombinant pMHC molecules in E. coli or
Drosophila S2 cells followed by purification using 6xHis and/or
streptag affinity chromatography. Low yields and the need to
incorporate artificial affinity purification tags into the pMHC
design represented significant obstacles for clinical translation.
Frontiers in Immunology | www.frontiersin.org 558
Expression in Chinese Hamster Ovary (CHO) cells and re-
engineering of pMHC heterodimers as knob-into-hole-based
Fc fusions addressed these limitations; KIH-based pMHC
molecules are expressed at much higher yields than pMHCIIs
heterodimerized using leucine zippers and can be purified to the
desired levels of purity using protein A chromatography and
additional polishing steps routinely used in the purification of
biologics (15).
BYSTANDER IMMUNOREGULATION
MEDIATED BY REGULATORY CELL
NETWORKS ARISING DOWNSTREAM OF
TR1 CELL FORMATION

Studies in T1D (and later confirmed in other disease models)
showed that pMHCII-NP-induced/expanded Tr1 cells
suppressed the pro-inflammatory and antigen presentation
capacities of local and proximal (i.e. in pancreas-draining
lymph nodes) autoantigen-loaded dendritic cells (DCs) and
myeloid APCs in an Interleukin-10 (IL-10)- and Tumor
Growth Factor beta (TGFb)-dependent manner. Furthermore,
recruitment of these antigen-specific Tr1 cells into the pancreas-
draining lymph nodes of the treated mice promoted the
formation/recruitment of interleukin-10 (IL-10)-producing
CD1dhigh/CD5+ B-cells (Figure 1B). Transfer of cognate
peptide-pulsed B-cells from donors expressing an IL-10
reporter transgene into treated recipients elicited de novo IL-10
expression in the donor B-cells, indicating that Breg cell
formation in the pancreatic lymph nodes of these mice was
induced by cognate Tr1-B-cell interactions. Antibody-mediated
cytokine blockade demonstrated that, unlike APC suppression,
Tr1-driven Breg cell formation was IL-21-dependent but IL-10
and TGFb-independent. Both, BDC2.5mi/IAg7 tetramer+ T-cells
and pancreatic lymph node-derived B-cells from treated donors
could blunt the transfer of T1D to NOD.scidmice by splenocytes
from untreated NOD mice, demonstrating the independent
immunoregulatory activity of both cell types. Simultaneous
transfer of both cell types had maximal (synergistic)
therapeutic activity. Thus, pMHCII-NP therapy elicits the
formation of disease-specific regulatory cell networks capable
of restoring immune homeostasis.
pMHCII-NPs DISPLAYING EPITOPES
FROM LIVER AUTOIMMUNE DISEASE-
RELEVANT UBIQUITOUS AUTOANTIGENS

Autoimmunity in the liver manifests itself through various diseases,
including primary biliary cholangitis (PBC), primary sclerosing
cholangitis (PSC) and autoimmune hepatitis (AIH). In these
diseases, unlike those discussed above, the autoimmune response
recognizes ubiquitously expressed autoantigens, such as the
mitochondrial pyruvate dehydrogenase complex-E2 component
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(PDC-E2) in PBC; or nuclear, cytoplasmic, or Golgi-enriched
proteins, such as F-actin, formimidoyltransferase cyclodeaminase
(FTCD), or cytochrome P450 (CYPD2D6) in AIH; or tropomyosin
isoform 5 (hTM5) in PSC, among others. In addition, there is a
significant subgroup of patients in which liver autoimmunity has
features of both, cholestasis and autoimmune hepatitis, suggesting
that autoimmune responses against certain autoantigenic targets in
a given liver autoimmune disease (e.g. cholangitis) can spread to
anatomic liver structures that are preferentially targeted in other
liver autoimmune diseases (e.g. hepatitis). These observations
begged the question of whether autoimmune liver disease-relevant
pMHCII-NP compounds would be disease-specific (e.g. against
PBC) or pan-liver autoimmune disease-specific (e.g. capable of
blunting different liver autoimmune diseases).

Systemic delivery of two different PBC-relevant compounds
(PDC-E2166–181/IA

g7- and PDC-E282–96/IA
g7-NPs) blunted the

progression of liver autoimmunity in NOD.c3c4 mice and
(NODxB6.Ifng ARE-Del−/−) F1 mice, which spontaneously
Frontiers in Immunology | www.frontiersin.org 659
develop a form of liver autoimmunity that closely resembles
human PBC (4) (Table 1). These compounds also blunted the
progression of spontaneous PSC in Abcb4 knockout mice and the
progression of experimental AIH in NODmice (induced by infection
with an adenovirus encoding the human AIH-relevant autoantigen
FTCD) (4) (Table 1). Likewise, both CYPD398-412/IA

g7-NPs and
PDC-E2166-181/IA

g7-NPs (AIH and PBC-relevant nanomedicines,
respectively) blunted Ad-hFTCD-induced AIH in NOD mice as
efficiently as mFTCD58-72/IA

g7-NPs. CYPD398-412/IA
g7-NPs could

also blunt the progression of PSC in NOD.Abcb4−/− mice (4)
(Table 1). In these models, the various pMHCII-NPs suppressed
disease by eliciting the formation and expansion of cognate Tr1-like
CD4+ T-cells, the suppression of pro-inflammatory and antigen-
presenting capacities of local and proximal APCs, and the formation/
recruitment of Breg cells (4) (Figure 1C). Importantly, therapy with
these compounds suppressed liver autoimmunity without impairing
immunity against Influenza, Vaccinia, or L. monocytogenes infections
or against allogeneic metastatic liver tumors (4).
A

B C

FIGURE 1 | pMHCII-NPs: engineering and mechanisms. (A) pMHC-based nanomedicines function as antigen-receptor microclustering devices. Left, NP coated
with a high-density array of mono-specific pMHC monomers elicits the simultaneous activation of multiple contiguous T-cell receptors, resulting in powerful
signal amplification, cytoskeletal rearrangements, and TCR cluster formation. In turn, this increases the avidity of the target T-cell for additional incoming pMHC-
NPs, further amplifying TCR signaling. Collectively, this profound, sustained and repetitive pMHC-NP engagement triggers T-cell re-programming through as yet
unclear mechanisms. (B) pMHCII-based nanomedicines displaying epitopes from tissue-specific autoantigens [e.g. the central nervous system (CNS) in this
cartoon] trigger the formation and subsequent expansion of CNS-specific T-regulatory type 1 (Tr1)-like cells. These cells biodistributed systemically, but
exclusively undergo productive activation upon recognition of cognate pMHCII on professional APCs capable of delivering co-stimulatory signals (i.e.
autoantigen-loaded DCs in the CNS or the CNS-draining lymph nodes). This elicits the local production of regulatory cytokines capable of suppressing
autoantigen presentation to other autoreactive T-cell specificities. In addition, these cytokines recruit and locally re-program other immune cell types (e.g. B-cells)
into cells with regulatory properties (Breg cells in this case). Collectively, these regulatory cell networks suppress local inflammatory processes, blunt disease
progression and promote tissue repair. When these pMHCII-NP-induced CNS-specific Tr1 cells encounter APCs in other tissues/organs (e.g. kidney) lacking the
Tr1 cells´ cognate autoantigen, they fail to engage the APC, hence to undergo productive activation. (C) pMHCII-based nanomedicines displaying epitopes from
ubiquitous autoantigens (e.g. liver autoimmune disease-relevant) trigger the formation and subsequent expansion of Tr1-like cells that have the potential to
suppress autoimmune responses in more than one tissue/organ.
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Collectively, the above observations support the view that the
tissue damage arising in response to a liver autoimmune disease
initiated by autoreactive T-cells recognizing specific disease-
relevant autoantigen(s) (e.g. PDC-E2 in PBC) results in the
priming and recruitment of T-cell specificities targeting other
autoantigens. Our work indicates that these secondary T-cell
specificities can also be harnessed by pMHCII-NPs to blunt
disease progression, as we had previously documented in EAE
(Table 1). Thus, pMHCII-NPs need not have to target disease-
initiating or prevalent autoreactive T-cell specificities to elicit
therapeutic activity in a given autoimmune disease.
TREATMENT OF EXTRA-HEPATIC
AUTOIMMUNITY BY pMHCII-NPs
DISPLAYING UBIQUITOUS
AUTOANTIGENIC EPITOPES

The above observations suggested that pMHCII-NPs displaying
ubiquitously expressed epitopes might also have therapeutic
activity against extra-hepatic autoimmune diseases. For these
compounds to work, the epitopes derived from the ubiquitous
protein would at least have to participate in the autoimmune
response without necessarily playing a significant role in tissue
destruction. Furthermore, the corresponding antigenic epitopes
would have to be presented by professional APCs in amounts
sufficient to trigger the activation of cognate CD4+ T-cells, to
render them capable of responding to cognate pMHCII-
NP treatment.

We sought to first investigate these assumptions by treating
NOD mice with PDC-E2166-181/IA

g7-NPs (PBC-relevant) and
CYPD398-412/IA

g7-NPs (AIH-relevant). Neither of these two
compounds triggered the expansion of cognate Tr1-like CD4+ T-
cells, suggesting that pancreatic beta cells either did not shed the
corresponding antigenic epitopes, or did so in amounts insufficient
to generate epitope-experienced CD4+ T-cells (Table 1). Diphtheria
toxin (DT)-induced killing of ~50% beta cells of NOD mice
expressing an X-chromosome-linked rat-insulin promoter-driven
human diphtheria toxin receptor (hDTR) transgene rendered these
mice responsive to PDC-E2166–181/IA

g7-NPs, CYPD398–412/IA
g7-

NPs (PBC/AIH-relevant) and BDC2.5/IAg7-NPs (T1D-specific),
but not MOG36-50/IA

g7-NPs (EAE-specific, not expressed in
pancreatic beta cells) (Table 1). The cognate pMHCII-NP-
induced Tr1 cells that accumulated in the liver and pancreas-
draining lymph nodes of these mice suppressed the activation of
non-cognate beta-cell-autoreactive T-cells by local APCs, thus
demonstrating that (1) pMHCII-NP-induced Tr1 cell formation
requires autoantigen-experienced T-cells (2) that NODmice harbor
T-cells targeting ubiquitously-expressed antigens, and (3) that the
priming of such cells requires antigen shedding (5) (Figures 1B, C).

We then compared the ability of PDC-E2166–181/IA
g7-NPs and

CYPD398–412/IA
g7-NPs (vs. BDC2.5/IAg7-NPs and MOG36–50/

IAg7-NPs as negative and positive controls, respectively), or PDC-
E294–108/IA

b-NPs and CYPD353–367/IA
b-NPs to blunt MOG36–55-

induced EAE in NOD and C57BL/6 mice, respectively. These
experiments indicated that, upon oligodendrocyte damage, both
Frontiers in Immunology | www.frontiersin.org 760
PDC-E2 and CYPD2D6 (but not BDC2.5, which is not expressed
in the CNS) are delivered to proximal APCs for autoreactive CD4+
T-cell priming, enabling Tr1 cell generation by cognate pMHCII-
NPs, their recruitment to the CLNs, and suppression of EAE
(Table 1).

Subsequent experiments using MOG38–49/IA
b-, PDC-E294–108/

IAb-, CYPD353–367/IA
b- and Fla462–472/IA

b-NPs (as a negative
control) in B6 mice having Ad-hFTCD-induced AIH and/or
EAE revealed that Tr1 cell recruitment and therapeutic effects
require local autoantigen expression (Figure 1B). Interestingly,
liver inflammation in mice simultaneously having both EAE and
AIH sequestered the ubiquitous antigen-specific Tr1 cells away
from the CNS, abrogating their ability to blunt CNS autoimmunity
(Table 1). Resolution of liver inflammation released these cells for
recruitment to the CLNs, enabling them to blunt EAE (5) (Table
1) (Figure 1C). When we superimposed EAE onto the more
aggressive, chronic form of liver autoimmunity that develops in
NOD.c3c4 mice, the three pMHCII-NPs tested (PDC-E2166–181/
IAg7-, CYPD398–412/IA

g7- and MOG36–50/IA
g7-NPs) had

pharmacodynamic activity but lacked therapeutic activity; liver
inflammation in these mice retained antigen-specific Tr1 cells
non-specifically (5) (Table 1).

To better understand how pMHCII-NP-expanded Tr1 cells
traffic to multiple sites of inflammation (in co-morbid mice), we
developed a mathematical model composed of a system of nonlinear
ordinary differential equations (16). We compartmentalized the
model into separate cell pools, each representing the organs under
consideration, and evaluated the validity of the above experimental
observations to understand the interplay between Tr1-cell allocation
and pMHCII-NP therapeutic efficacy. In agreement with the
experimental data, this model suggested that cognate autoantigen
expression and local Tr1-cell retention are key determinants of
effective regulatory-cell function downstream of pMHCII-NP
therapy. Tissues competing for the same Tr1 resource (i.e. in co-
morbid mice) may give rise to competitive autoimmunity where
neither tissue will recruit a sufficient number of Tr1 cells beyond the
suppression threshold (due to either impaired recruitment/retention
or inefficient Tr1 suppressive potential) (16).

Collectively, these data indicated that (1) autoreactive T-cells
targeting ubiquitous antigens can be awakened by antigen
shedding from different cells/tissues (Figure 1C); (2) local
autoantigen expression is required for the regulatory activity of
antigen-specific Tr1-like cells (Figures 1B, C): (3) liver
inflammation has the potential to non-specifically draw T-
regulatory cells away from sites of cognate autoantigen
expression and autoimmune inflammation.
PHARMACODYNAMIC ACTIVITY
OF HUMAN AUTOIMMUNE DISEASE-
RELEVANT pMHCII-NPs
IN HUMANIZED MICE

The pharmacodynamic activity of murine pMHCII-NPs in mice
could be replicated in NOD.scid/Il2rg−/− (NSG) mice engrafted
with peripheral blood mononuclear cells (PBMCs) from patients.
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Treatment of NSG mice humanized with PBMCs from
DRB1*0301+ and/or DRB1*0401+ T1D patients with NPs
displaying human IGRP13–25-DRB1*0301 or human pre-
proinsulin (PPI)76-90/DRB1*0401 complexes resulted in the
expansion of cognate IL-10-producing CD4+ T-cells co-
expressing the Tr1 cell markers CD49b and LAG-3 (Table 1).
Similar observations were made in NSG hosts reconstituted with
PBMCs from DRB4*0101+ or DRB1*0801+ PBC patients in
response to treatment with PDC-E2122-135/DRB4*0101-, PDC-
E2249-262/DRB4*0101-, and PDC-E2629–643/DRB1*0801-NPs
(Table 1). These observations support the translational
potential of these compounds for the treatment of human
autoimmunity, and introduce a preclinical validation tool for
human pMHCII-NP candidates. Further refinement of this
model, including the use of mice with a more developed
humanized peripheral immune system, will further facilitate
the pre-clinical evaluation of clinical candidates.
CONCLUDING REMARKS

The therapeutic activity of NPs coated with disease-relevant pMHC
molecules was an accident of curiosity-driven research that
suggested that these compounds, initially designed for T-cell
deletional therapy, could elicit bystander immunoregulation.
Studies on a significant number of spontaneous and experimental
autoimmune disease models using numerous pMHC-NP
compounds have established the therapeutic potential of this
approach to treat a whole host of autoimmune disorders in a
disease-specific manner without compromising normal immunity.
We have defined the key NP and pMHC engineering principles that
are responsible for pharmacodynamic activity and have dissected
mechanisms underlying therapeutic activity, namely Tr1 cell
formation from an antigen-experienced precursor type, followed
by systemic expansion, recruitment to the target tissue and
formation of regulatory cell networks responsible for sustained
and comprehensive therapeutic activity. The composition of these
regulatory cell networks and themolecular cues responsible for their
assembly and homeostasis likely vary as a function of disease type
and organ. In liver autoimmunity, for example, the antigen-specific
Tr1 cells and Breg cells that arise in response to pMHC-NP therapy
cooperatively induce the recruitment and re-programming of
neutrophils into a regulatory cell subset that resembles
granulocyte myeloid-derived suppressor cells (MDSCs). The
nature of the autoantigen-experienced T-cell type that gives rise
to cognate Tr1 cells in response to pMHCII-NP therapy remains
unclear, and so do the mechanisms via which sustained TCR
signaling re-programs this precursor cell type into a Tr1 cell type.

The ability of these compounds to suppress autoantigen-loading
APCs may explain why they spare normal immune responses to
pathogens. The short half-life of dendritic cells in vivo implies that
de novo suppression of newly recruited (non-autoantigen-loaded)
APCs is required for sustained immunoregulation. On the other
hand, this allows new, non-immunosuppressed APCs to process
and present pathogen-derived antigens to pathogen-specific T-cell
specificities. In addition, during a local infection, antigens derived
Frontiers in Immunology | www.frontiersin.org 861
from local pathogens likely overwhelm the APCs’ antigen
presentation machinery, diluting expression of the Tr1’s cognate
pMHC below the threshold required for Tr1 cell-induced APC
immunoregulation. Upon clearance of the infection, new incoming
APCs would then regain the ability to present the Tr1’s cognate
pMHC, allowing these Tr1 cells to resume their anti-
inflammatory activity.

At the translational level, we have made significant progress in
candidate pMHCII identification and selection for specific
autoimmune diseases. Our experimental work in mice has
suggested that most, if not all, CD4+ T-cell specificities
recognizing autoantigenic epitopes expressed by the target tissue
of a given autoimmune disease can be re-programmed into Tr1 cells
in vivo via pMHCII-NP therapy. Ideal clinical candidates are those
displaying epitopes from prevalent tissue-specific autoantigens in
the context of allelic MHCII types expressed by a significant fraction
of the patient population. For autoimmune diseases with strong
HLA class II associations, such as T1D or Celiac Disease, the choice
of HLA type is straightforward. For diseases in which there is not a
strong HLA class II allelic bias, the use of MHCII molecules
encoded in oligomorphic HLA class II loci, such as DRB3, DRB4
and DRB5 loci is desirable. Up to three different pMHC-NP
compounds would be sufficient to treat >80% of the patient
population for any given autoimmune disorder. Notwithstanding
the progress to date, candidate pMHCII selection remains a
bottleneck that would benefit from the availability of improved,
higher throughput methods capable of enumerating the frequency
of defined pHLAII specificities (as opposed to peptide specificities
regardless of HLA restriction) in patients’ peripheral blood samples.
Although we have provided compelling evidence supporting
translational potential, we do not yet know whether these
compounds will be effective in clinical trials.

Lastly, the work done to date begs the question of whether T-cell
types other than CD8+ and CD4+ T-cells, such as invariant Natural
Killer T-cells or Mucosal Associated Invariant T-cells, can also be
re-programmed into autoimmune disease-suppressing cell types
using MHC-based nanomedicines. The next few years should
provide answers to these outstanding questions.
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Induction of immune tolerance is the Holy Grail in transplantation medicine and
autoimmunity. Currently, patients are required to use immunosuppressive drugs for the
rest of their lives, resulting in unwanted side effects and complication from global
suppression of the immune response. It is well established that regulatory T cells
(Tregs) are critical for the maintenance of immune tolerance towards self-antigens by
several mechanisms of immune regulation, in parallel with intrathymic deletion of self-
reactive T cells during ontogeny. Therefore, approaches for increasing Treg numbers or
function in vivo could provide an all-purpose solution for tolerance induction. Currently,
most state-of-the-art therapeutics for treating autoimmune diseases or preventing
allograft rejection work either by general immunosuppression or blocking inflammatory
reactions and are non-specific. Hence, these approaches cannot provide satisfactory
long-term results, let alone a cure. However, in animal models the therapeutic potential of
Treg expansion for inducing effective tolerance has now been demonstrated in various
models of autoimmunity and allogeneic transplantation. Here, we focus on therapies for
increasing the size of the Treg pool by expanding endogenous Treg numbers in vivo or by
adoptive transfer of Tregs. In particular, we discuss IL-2 based approaches (low dose
IL-2, IL-2 complexes) for inducing Treg expansion in vivo as well as cell-based approaches
(polyclonal, antigen specific, or cell engineered) for adoptive Treg therapy. We also
mention new questions arising from the first clinical studies on Treg therapy in the fields
of transplantation and autoimmunity.

Keywords: regulatory T cells, tolerance, IL-2 complexes, cell therapy, immunotherapy, autoimmunity, transplantation
INTRODUCTION

Foxp3+ CD4+ regulatory T cells (Tregs) are the key players in the maintenance of peripheral self-
tolerance (1, 2). Here, the discovery of FoxP3 as a master regulator for Treg development and
function was critical for characterization of these cells and in-depth analysis of Treg biology. A key
finding was that mutations in the FoxP3 gene lead to the development of dysfunctional Treg cells,
resulting in severe autoimmunity with early onset of uncontrolled lymphoproliferation in both mice
(scurfy mutant) and man (IPEX syndrome). Furthermore, Treg cells have since been demonstrated
to be impaired in a variety of autoimmune settings as manifested by a reduction in Treg cell
numbers, function, or survival (3).
org January 2021 | Volume 11 | Article 622810163

https://www.frontiersin.org/articles/10.3389/fimmu.2020.622810/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.622810/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:j.sprent@garvan.org.au
https://doi.org/10.3389/fimmu.2020.622810
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.622810
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.622810&domain=pdf&date_stamp=2021-01-28


Pilat and Sprent Treg Therapies
In healthy individuals, most immature self-reactive T cells are
purged during their development in the thymus via negative selection
(4). However, especially for tissue-specific antigens, not all self-
antigens are displayed in the thymus, with the result that small
numbers of self-reactive T cell clones escape into the periphery.
Under normal conditions, autoreactivity of these tissue-specific T cells
is suppressed by the activity of Tregs. In addition, by multiple
mechanisms including synthesis of inhibitory cytokines and
reducing the expression of costimulatory molecules on dendritic
cells, Tregs play an important role in limiting the intensity of all
immune responses, both to self and foreign antigens, thereby
preventing immunopathology (5–8). For this reason, amplifying the
suppressive function of Tregs is an attractive method for inducing
transplantation tolerance. Here, both for autoimmune disease and
organ transplantation, several approaches have been described for
increasing the Treg : Teff cell ratio to favor tolerance, both in
preclinical models and clinical trials (Figure 1).
ADOPTIVE TREG THERAPY

The simplest method for increasing the Treg/Teff ratio in vivo is
to infuse purified populations of Tregs (9). Indeed, pre-clinical
studies as well as initial clinical trials have shown that adoptive
Treg therapy is a promising therapeutic tool in the treatment of
autoimmune diseases and in the induction of tolerance in the
field of organ transplantation. However, for routine clinical
application of adoptive Treg therapy, two key questions arise:
Frontiers in Immunology | www.frontiersin.org 264
What is the best source of Tregs for infusion? In most clinical
studies, Tregs prepared from peripheral blood mononuclear cells
(PBMCs) are used as the starting population for ex vivo Treg cell
expansion; for prevention of graft-versus-host disease (GvHD)
after haematopoietic stem cell engraftment (HSCT), Tregs have
also been prepared from umbilical cord blood (10). For HSCT,
donor-derived Tregs are most effective in preventing GvHD,
whereas for autoimmunity and organ transplantation, recipient-
derived Tregs seem to be superior (11).

Do transferred Tregs need to be antigen specific? Although
Tregs have to be activated to express their suppressor function,
once activated their function is largely non-specific (12). For
treatment of autoimmune disease, preclinical data suggest that
antigen specific Tregs are superior to polyclonal Tregs in terms
of their efficacy and lower risk of pan-immunosuppression (13,
14). However, in preclinical models of autoimmunity, the target
antigens vary in their potency to prevent an unwanted immune
response (15). Moreover, in human autoimmune diseases, Tregs
seem to lack auto-antigen specificity and suppressive phenotype
is limited (16). For transplantation tolerance, suppression by
polyclonal Tregs can be effective, although Tregs with indirect
specificity toward alloantigens have been shown to be
preferable (17).

Several reports suggest, that the superiority of antigen specific
Tregs is due to specific homing and activation in lymph nodes
(15). However, polyclonal Tregs have been shown to prevent
effector T cell homing to the graft by modulation of effector T cell
trafficking (18). On this point, recent studies suggest that
FIGURE 1 | Different approaches for Treg therapy in transplantation and autoimmunity. (PBMC, peripheral blood mononuclear cell; APC, antigen-presenting cell;
created with BioRender.com).
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tailoring Treg homing efficiency might be the key to superior
suppressor function (19).

The current methods for preparing polyclonal and antigen
specific Tregs are considered below.

Polyclonally-Expanded Tregs
The potency of polyclonal Tregs for tolerance induction by
adoptive cell therapy was shown many years ago by Sakaguchi
and co-workers who showed that injections of sorted
CD4+CD25+ T cells could rescue mice from organ-specific
autoimmune diseases and GvHD-like wasting disease (20).
These findings paved the way for comparable studies on Treg
therapy for pre-clinical models of GvHD, autoimmune diseases
and organ transplantation. For human studies, the first clinical
trial of adoptive Treg therapy used purified fresh Tregs taken
directly ex vivo for the treatment of GvHD after allogeneic HSCT
(21). Thereafter, however, most clinical trials have used ex-vivo
expanded Tregs; such expansion increases not only Treg cell
numbers, but also their potency (22). In our hands, in vitro
expanded polyclonal Tregs are superior to freshly isolated Tregs
for induction of chimerism and tolerance in a murine mixed
chimerism model (unpublished data of NP).

Polyclonal expansion of Tregs is generally induced by
culturing purified CD4+ CD25+ cells with cross-linked anti-
CD3/CD28 antibodies and IL-2 in vitro for 1–6 weeks, with
most protocols using rapamycin to prevent Teff proliferation
[The ONE study (23, 24)]. For efficient suppression of
autoimmune disease and allograft survival, the expanded
polyclonal Tregs must be injected in large numbers. Here, the
main side effect is that increasing the total size of the Treg pool
can lead to generalized immunosuppression (25). However, this
effect is generally quite minor and substantial “off-target”
immunosuppressive effects have not been reported so far.

Antigen-Specific Tregs
Because of the risk of non-specific immunosuppression, there is
increasing interest in the use of antigen-specific Tregs for tolerance
induction, especially for solid organ transplantation. Hence, the
transplant community is currently placing a lot of effort in the
development of efficient approaches for expansion of alloantigen-
reactive Tregs (26–29). Various cell culture protocols differing in
the type and concentration of stimulator cells (donor derived
PBMCs, CD40L activated donor B cells, B cell lines or DCs), the
growth factors used and the duration of culture are under intensive
investigation. Comparing these methods is difficult, however,
because quantitating antigen-specific Tregs is still imprecise and
to date has been shown only for freshly isolated Tregs (30).

Importantly, antigen-specific Tregs have been shown to play a
major role in HLA-mediated susceptibility and protection of
autoimmune diseases (31).

Engineered Treg Cells: TCR-Transduced
Tregs, CAR Tregs
Despite the therapeutic potential of selectively expanding
antigen-specific Tregs, cell culture protocols are complex, and
the low frequency of the precursor cells tend to limit enthusiasm
for this approach. Hence, there is parallel interest in developing
Frontiers in Immunology | www.frontiersin.org 365
methods for engineering Tregs to express antigen-specific TCRs
or chimeric antigen receptors (CARs) (32).

TCR-transduced Tregs can be rapidly generated from
polyclonal Tregs in large numbers. This is clearly an advantage
over expanding Tregs from rare antigen-specific precursor cells,
which can take up to 6 weeks of tissue culture. Moreover,
TCR-transduced Tregs have been shown to migrate to the
target tissue where they exert both antigen-specific and non-
specific suppressive effects (33). As mentioned earlier, indirect
bystander suppression by Tregs can be highly efficient at
promoting allograft survival (17).

With their capacity to recognize native antigen while retaining
typical T cytolytic activity, CAR T cells are an invaluable tool for
treating hematologic malignancies (34). With further engineering,
CAR T cells have been modified to suppress rather than kill target
tissues by generating (non-MHC restricted) antigen-specific CAR
Tregs from sorted natural Tregs (32, 35). Such CAR Tregs have
been shown to prevent xenogeneic GvHD in a humanized murine
HSCT model (35). The efficacy and suppressive stability of CAR
Tregs has been demonstrated in colitis and skin transplantation
models (36); several mechanisms of CAR Treg-mediated
suppression have been suggested.

It should be noted that, for both TCR-transduced and CAR
Tregs, their production requires retroviral transduction
techniques. Hence, their safety for therapy is receiving scrutiny.
TREG EXPANSION IN VIVO

As an alternative to adoptive Treg therapy, Tregs can be selectively
expanded in vivo by various methods. This approach increases the
Treg : Teff cell ratio and allows polyclonally-expanded Tregs to
mediate non-specific immunosuppression. This method is simpler
and less expensive than adoptive Treg therapy. For organ
transplantation, both methods are generally limited to situations
where the organ concerned is taken from a living donor.

Several strategies for the in vivo induction of Tregs have been
described and date back to initial studies on the capacity of anti-
CD3 antibody to prolong allograft survival. Thus, treatment with
anti-CD3 antibody is now known to induce Treg cell expansion
while selectively depleting T effector cells, both in pre-clinical
murine (37) and clinical studies (38, 39).

Another approach for Treg induction is to inhibit mTOR
function in vivo. Thus, it has been shown that injection of
rapamycin, an mTOR antagonist, selectively increases
endogenous Treg frequency, in parallel with promoting TCR-
induced anergy of conventional T cells (40, 41). Moreover,
rapamycin has been shown to stabilize the suppressor function
and gene expression profile of Tregs, both for endogenous and
adoptively-transferred Tregs (42). Although failing as
monotherapy, rapamycin was shown to promote long-term
persistence of adoptively-transferred Tregs in combination
with therapeutic IL-2 in a non-human primate model (43).

As for conventional T cells, Treg expansion and survival
depend critically on contact with IL-2 (44). Moreover,
manipulating how IL-2 is presented under in vivo conditions
can be used to either reduce or augment the Treg : Teff ratio, and
January 2021 | Volume 11 | Article 622810
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thereby either augment immunity or induce tolerance. For the
latter, below we discuss several approaches that utilize IL-2 for
Treg induction in vivo.

Low-Dose IL-2
IL-2 therapy was originally developed for cancer immunotherapy
because of its potency to enhance the growth of CD8+ T cell and
NK cells (45). Despite conspicuous success in some patients,
however, therapy with unmodified IL-2 has fallen into disfavor
because of severe problems with toxicity. When given in low
doses, IL-2 is much less toxic but loses its capacity to stimulate
typical cytotoxic cells. Nevertheless, low-dose IL-2 does retain
the capacity to stimulate Tregs, reflecting the fact that these cells,
unlike CD8 T cells and NK cells, express CD25, the a-chain of
the IL-2R. Thus, constitutive expression of the high-affinity IL-
2Rabg makes Tregs more sensitive to IL-2 than conventional T
cells, most of which express low-affinity IL-2Rbg. For this reason,
low-dose IL-2 therapy has emerged as a convenient method for
inducing selective expansion of Tregs in vivo (46). Tolerance
induction by low-dose IL-2 therapy is used mainly for treatment
of autoimmunity (47) but is also showing promise for organ
transplantation (48) and treatment of GvHD (49).

The major limitation of low-dose IL-2 therapy is that being
small, IL-2 is rapidly excreted in the urine and so has a relatively
short half-life (<30 min). As discussed below, this problem can be
avoided by using IL-2/antibody complexes or IL-2 fusion proteins.

Another problemwith IL-2 therapy is that CD25 expression is not
unique to Tregs and is also expressed at a lower level on activated T
cells. Hence, even in low doses, IL-2 based therapies may cause some
level of effector T cell stimulation in addition to Treg expansion.

IL-2/Anti-IL-2 Complexes
Studies on the effects of anti-IL-2 monoclonal antibodies (mabs) in
vivo showed that injecting mice with IL-2 bound to particular IL-2
mabs, notably JES6-1, led to selective expansion of Tregs and the
onset of immunosuppression (50). The capacity of IL-2/mab
complexes to enhance allograft survival was demonstrated in a
murine model of islet transplantation (51). Thus, short-term IL-2/
mab complex treatment led to indefinite survival of >80% of islet
allografts without any immunosuppression. When combined with
rapamycin, these complexes were also potent at preventing
induction of experimental autoimmune encephalomyelitis (EAE)
and other autoimmune diseases (51, 52).

Despite prolonging the survival of islet allografts, IL-2 mab
complexes failed to augment the survival of skin allografts as
monotherapy (53). However, later experiments showed that
modification of the treatment protocol led to prolonged skin
allograft survival. Thus, when IL-2/mab complexes were
supplemented with rapamycin and injected for 30 days,
accompanied initially with short-term anti-inflammatory
treatment with anti-IL-6 mab, survival of fully-mismatched
murine skin allografts was improved from 15 days to 85 days
(53). Treg levels returned to near-normal levels in the lymphoid
tissues soon after the injections were stopped; however, intragraft
Treg levels remained elevated for several weeks (53). Notably,
although the grafts were eventually rejected, donor antibody
formation was minimal. This and other findings suggested that
Frontiers in Immunology | www.frontiersin.org 466
prolonged graft survival was largely a reflection of Treg-
meditated immunological ignorance. With regard to clinical
relevance, the efficacy of IL-2/mab therapy is currently being
investigated in a murine model of cardiac transplantation; in
preliminary experiments, the results have shown long-term
allograft survival and prevention of chronic allograft
vasculopathy (unpublished data of NP).

IL-2 Fusion Proteins and Muteins
As with pegylation and binding to albumin, fusing IL-2 with the
Fc portion of IgG (IL-2-Fc) retards excretion and thereby
considerably increases the half-life of IL-2. For low-dose IL-2
therapy, IL-2 fused to non-FcRg binding human IgG1 has been
shown to be superior to unmodified IL-2 for the induction of
Tregs in a non-human primate model (54).

Based on the binding interaction of IL-2 with IL-2 mabs, IL-2 can
be mutated to selectively stimulate either CD8 T cells and NK cells or
Tregs (45). For Treg stimulation, IL-2 is mutated to bind poorly to IL-
2R g or b chains with retention of normal or above-normal binding to
the a chain (55). These IL-2 muteins thus resemble IL-2/JES6-1 mab
complexes in preferentially stimulating Tregs. When prepared as IL-
2-Fc fusion proteins to increase half-life, these IL-2 muteins were
superior to wild-type IL-2-Fc in the treatment of type I diabetes
(T1D) in a pre-clinical mouse model (56).
CLINICAL STUDIES

It is now more than a decade since the first clinical trial using
adoptive Treg therapy for the treatment of GvHD after allogeneic
HSCT (21), which was followed by several early-phase trials
focusing on safety, feasibility and tolerability of Treg infusions.
Most of these phase I or phase I/II trials used polyclonally expanded
Tregs from PBMCs and have been conducted in the setting of
GvHD, new-onset T1D and solid organ transplantation (36).

Results of published and ongoing clinical trials in the setting
of autoimmunity are summarized elsewhere (57). Notably, the
first published trials using Treg therapy for T1D have reported
cessation of disease progression or even remission of disease in
some patients, promising not only safety and feasibility but also
efficacy. Ongoing clinical trials suggest that effective tolerance
protocols via Treg therapy will soon be available for several types
of autoimmune disease. Data on long-term results are still very
limited, however, and many questions remain open, including
which cell product/expansion strategy is optimal in terms of cell
yield/specificity/potency, and the number and frequency of Treg
cell injections required for efficient tolerance induction.
Hopefully, the ongoing clinical trials will resolve these questions.

For solid organ transplantation, a large number of clinical
trials using Treg therapy for tolerance induction are ongoing.
These trials are summarized in Table 1 and involve both
polyclonal and antigen-specific Treg infusion.

In these studies, Treg isolation under GMP conditions was
carried out with the “CliniMACS” system (CliniMACS TM
Instruments, Miltenyi Biotec) which involves clinical-scale
magnetic enrichment of cells (CD8 depletion followed by CD25
enrichment) in a closed and sterile system, or, outside European
January 2021 | Volume 11 | Article 622810
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TABLE 1 | Ongoing clinical trials adopting Tregs for tolerance induction in transplantation (search date Oct 1st 2020, listed in clinicaltrials.gov; LUP, last update posted).

Study ID Phase Ages
eligible

Product Dose Status
(LUP)

Actual
enrollment
(estimated)

Title Location

Renal Transplant—adoptive cell therapy
NCT02088931 I 18-50

(adult)
Autologous polyclonally
expanded CD4
+CD127lo/-CD25+
Tregs

3.2 x 108 Active, not
recruiting
(Oct 2016)

3 Treg Adoptive Therapy for
Subclinical Inflammation in Kidney
Transplantation (TASK)

University of
California, San
Francisco, US

NCT02091232 I >18
(adult,
older
adult)

Recipient Tregs
stimulated with donor
PBMCs and belatacept

4–9 x 108 Completed
(Aug 2020)

5 (8) Infusion of T-Regulatory Cells in
Kidney Transplant Recipients (The
ONE Study)

Massachusetts
General Hospital,
Boston, US

NCT03943238 I Autologous polyclonally
expanded Tregs

25 x 106 starting
dose (dose
escalation)

Recruiting
(March
2020)

n/a (22) TLI, ATG & Hematopoietic Stem
Cell Transplantation and Recipient
T Regs Therapy in Living Donor
Kidney Transplantation

Stanford University,
Palo Alto;
Northwestern
University, Chicago,
US

NCT03284242 n/a 18-65
(adult,
older
adult)

Autologous polyclonally
expanded Tregs

n/a Recruiting
(Feb 2020)

n/a (12) A Pilot Study Using Autologous
Regulatory T Cell Infusion Zortress
(Everolimus) in Renal Transplant
Recipients

University of
Kentucky, Lexington,
US

NCT02711826 I/II >18
(adult,
older
adult)

Autologous polyclonal
Tregs

1 x 106—1 x 107 Recruiting
(May 2020)

n/a (30) Treg Therapy in Subclinical
Inflammation in Kidney
Transplantation (TASK)

University of
California, San
Francisco, US
And others (8
centers)

NCT02145325 I 18-65
(adult,
older
adult)

Autologous polyclonally
expanded CD4+CD25+
nTregs

0.5–5 x 109 Completed
(Oct 2019)

10 (12) Trial of adoptive Immunotherapy
with TRACT to prevent rejection in
living donor kidney transplant
patients

Northwestern
University
Comprehensive
Transplant Center,
Chicago, US

NCT03867617 I/II >18
(adult,
older
adult)

Autologous polyclonally
expanded CD4
+CD127lo/-CD25
+CD45RA Tregs

0.3–1.5 x 107 Recruiting
(Sept 2020)

(12) Cell Therapy for
Immunomodulation in Kidney
Transplantation

Medical University of
Vienna, Vienna,
Austria

NCT
01446484

I/II 1-18
(child)

Autologous polyclonally
expanded CD4+CD25
+CD127lowFoxP3+
Tregs

2 x 108 Unknown
(Nov 2011)

(30) Treatment of Children With Kidney
Transplants by Injection of CD4
+CD25+FoxP3+ T Cells to Prevent
Organ Rejection

Russian state
Medical University,
Moscow, Russian
Fed

NCT
02371434

I/II 18-65
(adult,
older
adult)

autologous polyclonally
expanded CD4+CD25
+FoxP3+ nTregs

0.5–3 x 106 Completed
(Feb 2020)

17 The ONE Study nTreg Trial
(ONEnTreg13)

Charite University
Medicine, Berlin,
Germany

NCT02244801 I 18-70
(adult,
older
adult)

Donor alloantigen
reactive Tregs (darTregs)

3 x 108; 9 x 108 Completed
(Oct 2018)

6 Donor-Alloantigen-Reactive
Regulatory T Cell (darTreg) Therapy
in Renal Transplantation (The ONE
Study)

University of
California, San
Francisco, US

NCT02129881 I/II 18+
(adult,
older
adult)

Autologous polyclonally
expanded Tregs

1–10 x 106/kg Completed
(Jan 2019)

15 The ONE Study UK Treg Trial
(ONETreg1)

Kings College
Hospital
London, United
Kingdom

Renal Transplant—endogenous Treg expansion
NCT02417870 I/II 18-75

(adult,
older
adult)

Low-dose recombinant
IL-2 (proleukin)

Unknown
(Jul 2017)

(5) Ultra-low Dose Subcutaneous IL-2
in Renal Transplantation

Brigham and
Women´s Hospital,
New Boston, US

Liver Transplant—adoptive cell therapy
NCT01624077 I 10-60

(child,
adult)

autologous polyclonally
TGFb induced CD4
+CD25+CD127- Tregs

1 x 106/kg Unknown
(Feb 2015)

1 Safety Study of Using Regulatory T
Cells Induce Liver Transplantation
Tolerance

Nanjing Medical
University
Nanjing, china

NCT03654040 I/II 18-70
(adult,
older
adult)

Autologous expanded
alloantigen reactive
Tregs (arTregs)

0.3–5 x 108 Not yet
recruiting
(Jul 2020)

(9) Liver Transplantation With Tregs at
UCSF (LITTMUS-UCFS)

University of
California, San
Francisco, US

(Continued)
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Union countries, by flow sorting of cells for expression of CD4,
CD25, and CD127 (yielding populations of >99% purity). For
preparation of antigen specific Tregs, magnetic bead isolation
may be superior to flow-sorting of Tregs because contamination
with residual antibodies impairs Treg expansion (26), perhaps by
interfering with Treg : APC contact during culture (58).

The results of these trials will clearly be awaited with great
interest. The results are not easy to predict because, in contrast to
mice, inducing tolerance in humans is proving to be especially
difficult. This issue is discussed below.
LESSONS LEARNED: THE COMPLEXITY
OF TRANSPLANTATION TOLERANCE
IN HUMANS

For autoimmune diseases, Treg based therapies are promising
and have shown initial success for treatment of T1D, SLE and
Frontiers in Immunology | www.frontiersin.org 668
inflammatory bowel disease [(59, 60) and reviewed in (61)]. For
solid organ transplantation, however, the results are less clear,
perhaps reflecting that the precursor frequency of T cells
recognizing allo-MHC is very high (up to 10%) (62, 63). For
this reason, employing Treg therapy alone to induce allograft
tolerance may be a challenging task. Moreover, as discussed
below, there is the additional problem that effective models for
tolerance inductions in mice are not necessarily applicable to
clinical transplantation. Thus, it has to be borne in mind that
typical mouse studies are generally based entirely on a single
inbred strain housed in a “clean” environment; also, memory T
cells, which are more difficult to regulate than naïve cells, are less
common in clean mice than humans (64).

Despite the importance of Tregs, long-term tolerance to all
antigens, including alloantigens, requires efficient elimination of
reactive T cells in the thymus during ontogeny (65). In pre-clinical
models, efficient tolerance to organ allografts generally requires
hematopoietic chimerism, which is induced by transfer of donor
TABLE 1 | Continued

Study ID Phase Ages
eligible

Product Dose Status
(LUP)

Actual
enrollment
(estimated)

Title Location

NCT03577431 I/II 18-70
(adult,
older
adult)

Autologous expanded
donor alloantigen
specific CD4+CD25
+CD127- Tregs
(arTregs)

(1) 2.5–500 x
106

Recruiting
(Oct 2019)

(9) Liver Transplantation With Tregs at
MGH (LITTMUS-MGH)

Massachusetts
General Hospital,
Boston, US

NCT02474199 I/II 18-70
(adult,
older
adult)

Autologous donor
alloantigen reactive
Tregs (darTregs)

3–5 x 108 Completed
(Jan 2020)

14 (18) Donor Alloantigen Reactive Tregs
(darTregs) for Calcineurin Inhibitor
(CNI) Reduction (ARTEMIS)

University of
California, San
Francisco, US
Northwestern
University
Comprehensive
Transplant Center,
Chicago, US
Mayo Clinic in
Rochester
Rochester, US

NCT02188719 I 21-70
(adult,
older
adult)

Autologous donor
alloantigen reactive
Tregs (darTregs)

2.5–6 x 107 Terminated
(Aug 2020)
– has
results

15 Donor-Alloantigen-Reactive
Regulatory T Cell (darTregs) in Liver
Transplantation (deLTa)

University of
California, San
Francisco, US
Northwestern
University
Comprehensive
Transplant Center,
Chicago, US
Mayo Clinic in
Rochester
Rochester, US

NCT02166177 I/II 18-70
(adult,
older
adult)

Autologous polyclonally
expanded Tregs

0.5–1; 3–4.5 ×
106/kg

Completed
(Jan 2019)

9 Safety and Efficacy Study of
Regulatory T Cell Therapy in Liver
Transplant Patients (ThRIL)

Kings College
Hospital
London, United
Kingdom

Liver Transplant—endogenous Treg expansion
NCT02739412 II 18-65

(adult,
older
adult)

Low-dose recombinant
IL-2 (proleukin)

0.30 MIU per
meter squared
body surface
area for 4 weeks

Active, not
recruiting
(Jan 2020)

7 Efficacy of Low Dose, SubQ
Interleukin-2 (IL-2) to Expand
Endogenous Regulatory T-Cells in
Liver Transplant Recipients

Beth Israel
Deaconess Medical
Center, Boston, US

NCT02949492 IV 18-50
(adult)

Low-dose recombinant
IL-2 (proleukin)

Terminated
(Aug 2019)

6 Low-dose IL-2 for Treg Expansion
and Tolerance (LITE)

Kings College
Hospital
London, United
Kingdom
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stem cells after myelosuppressive treatment of the host to remove
donor-reactive mature T cells (66). Although the mixed chimerism
approach is also successful in a clinical setting (67), the side effects
of this procedure are considerable (68). For this reason, there is
much interest in developing mixed-chimerism approaches that
avoid heavy immunosuppression of the host (69). For the protocol
for HLA-disparate renal allografts developed by investigators at
Massachusetts General Hospital (MGH), the transplant hosts are
conditioned with non-myeloablative immunosuppression
followed by combined kidney and HSCT. The results of this
approach are promising and have shown long-term graft
acceptance in a proportion of patients, with no evidence of
GvHD. These findings are surprising because donor cell
chimerism is only transient, implying that long-term graft
survival involves some form of immunoregulation. Indeed,
ongoing studies have shown that persistence of tolerance when
chimerism wanes depends crucially on continuous contact with
the donor kidney (70), such contact causing progressive
elimination of graft-reactive effector T cells in parallel with
expansion of graft-specific Tregs (71, 72).

These clinical data are intriguing and are in line with comparable
studies in various preclinical models (73, 74). Overall, the results
highlight the view that induction and maintenance of tolerance is
remarkably complex and involves the combined effects of clonal
deletion (affecting both immature and mature T cells) and specific
suppression as well as bystander immunoregulation by Tregs. In
addition, it is important to bear in mind that, for organ
transplantation, tolerance protocols designed for particular organs
may not be successful for other transplants. Thus, it was mentioned
earlier that polyclonal Treg expansion in mice is much more
tolerogenic for islet than skin allografts. Similarly, non-human
primate studies have shown that the MGH mixed-chimerism
protocol for renal allografts is much less successful for
transplantation of other organs (70). There is also the enigma that
tolerance induction to allografts is intrinsically difficult for some
organs such as skin or intestines but relatively easy for certain other
organs, notably the liver (75, 76). Whether this difference is simply
related to organ size or has other explanations is still unclear (77).

OUTLOOK

Despite several decades of research in tolerance induction and Treg
therapy in animal models, clinical trials with these models are still
uncommon. For autoimmune disease, there is reason for optimism
because early trials with Treg therapy are encouraging in terms of
both safety and efficacy; moreover, new methods of genetic
engineering to prepare antigen-specific Tregs and modify IL-2 to
promote their survival in vivo show considerable promise (61, 78).
However, many questions remain, including the range of
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autoimmune diseases suitable for Treg therapy. Thus, therapies that
work well for one disease, e.g. multiple sclerosis, might work poorly
for other diseases, e.g. systemic lupus erythematodes (SLE). In
addition, there is the problem that many patients with
autoimmune disease are routinely treated with immunosuppressive
drugs, making it challenging to evaluate the effect of Treg cell therapy
in the presence of these drugs. For these reasons, progress in
employing tolerance protocols to treat autoimmune disease is likely
to be slow and involve studies on multiple types of disease, both in
animal models and clinical trials.

In the field of organ transplantation, using tolerance protocols to
prevent rejection is still largely experimental because the current
approach of continuous maintenance on calcineurin inhibitors and/
or other immunosuppressants is remarkably successful.
Nevertheless, the increased incidence of malignancy with this
treatment as well as uncontrollable chronic rejection continues to
elicit interest in devising methods for long-term tolerance induction
without immunosuppression, especially in younger patients.
Considering the success of permanent tolerance induction via
mixed chimerism in animal models, it is clearly disappointing
that achieving permanent chimerism without the risk of GvHD in
a clinical setting is still not possible. However, the finding that even
transient chimerism can be followed by prolonged graft survival and
operational tolerance with renal allografts is clearly encouraging.
Here, we envisage that, although Treg therapy alone might be
insufficient to allow long-term allograft survival, combining Treg
therapy with other forms of alloimmune response suppression will
significantly boost tolerance induction, especially with antigen-
specific Tregs and the use of IL-2 muteins to maintain their
survival. Clearly much more research is needed in this area.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding author.
AUTHOR CONTRIBUTIONS

NP and JS designed the concept and wrote the manuscript. All
authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by the Austrian Science Fund (P31186-
B28 to NP) and grants from the National Health and Medical
Research Council of Australia to JS.
REFERENCES

1. Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell development by
the transcription factor Foxp3. Science (New York NY) (2003) 299
(5609):1057–61. doi: 10.1126/science.1079490
2. Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the development
and function of CD4+CD25+ regulatory T cells. Nat Immunol (2003) 4
(4):330–6. doi: 10.1038/ni904

3. Miyara M, Gorochov G, Ehrenstein M, Musset L, Sakaguchi S, Amoura Z.
Human FoxP3+ regulatory T cells in systemic autoimmune diseases.
Autoimmun Rev (2011) 10(12):744–55. doi: 10.1016/j.autrev.2011.05.004
January 2021 | Volume 11 | Article 622810

https://doi.org/10.1126/science.1079490
https://doi.org/10.1038/ni904
https://doi.org/10.1016/j.autrev.2011.05.004
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Pilat and Sprent Treg Therapies
4. Klein L, Kyewski B, Allen PM, Hogquist KA. Positive and negative selection of
the T cell repertoire: what thymocytes see (and don’t see). Nat Rev Immunol
(2014) 14(6):377–91. doi: 10.1038/nri3667

5. Yi J, Kawabe T, Sprent J. New insights on T-cell self-tolerance. Curr Opin
Immunol (2020) 63:14–20. doi: 10.1016/j.coi.2019.10.002

6. Sakaguchi S, Ono M, Setoguchi R, Yagi H, Hori S, Fehervari Z, et al. Foxp3+
CD25+ CD4+ natural regulatory T cells in dominant self-tolerance and
autoimmune disease. Immunol Rev (2006) 212:8–27. doi: 10.1111/j.0105-
2896.2006.00427.x

7. Sakaguchi S. Naturally arising CD4+ regulatory t cells for immunologic self-
tolerance and negative control of immune responses. Annu Rev Immunol
(2004) 22:531–62. doi: 10.1146/annurev.immunol.21.120601.141122

8. Ramsdell F, Rudensky AY. Foxp3: a genetic foundation for regulatory T cell
differentiation and function. Nat Immunol (2020) 21(7):708–9. doi: 10.1038/
s41590-020-0694-5

9. Riley JL, June CH, Blazar BR. Human T regulatory cell therapy: Take a billion
or so and call me in the morning. Immunity (2009) 30(5):656–65.
doi: 10.1016/j.immuni.2009.04.006

10. Brunstein CG, Miller JS, Cao Q, McKenna DH, Hippen KL, Curtsinger J, et al.
Infusion of ex vivo expanded T regulatory cells in adults transplanted with
umbilical cord blood: safety profile and detection kinetics. Blood (2011) 117
(3):1061–70. doi: 10.1182/blood-2010-07-293795

11. Pilat N, Klaus C, Hock K, Baranyi U, Unger L, Mahr B, et al. Polyclonal
Recipient nTregs Are Superior to Donor or Third-Party Tregs in the
Induction of Transplantation Tolerance. J Immunol Res (2015)
2015:562935. doi: 10.1155/2015/562935

12. Tang Q, Henriksen KJ, Bi M, Finger EB, Szot G, Ye J, et al. In vitro-expanded
antigen-specific regulatory T cells suppress autoimmune diabetes. J Exp Med
(2004) 199(11):1455–65. doi: 10.1084/jem.20040139

13. Daly A, McAfee S, Dey B, Colby C, Schulte L, Yeap B, et al. Nonmyeloablative
bone marrow transplantation: Infectious complications in 65 recipients of
HLA-identical and mismatched transplants. Biol Blood Marrow Transplant
(2003) 9(6):373–82. doi: 10.1016/S1083-8791(03)00100-9

14. Masteller EL, Warner MR, Tang Q, Tarbell KV, McDevitt H, Bluestone JA.
Expansion of functional endogenous antigen-specific CD4+CD25+ regulatory
T cells from nonobese diabetic mice. J Immunol (2005) 175(5):3053–9.
doi: 10.4049/jimmunol.175.5.3053

15. Jaeckel E, von Boehmer H, Manns MP. Antigen-specific FoxP3-transduced T-
cells can control established type 1 diabetes. Diabetes (2005) 54(2):306–10.
doi: 10.2337/diabetes.54.2.306

16. Long SA, Buckner JH. CD4+FOXP3+ T regulatory cells in human
autoimmunity: more than a numbers game. J Immunol (2011) 187(5):2061–
6. doi: 10.4049/jimmunol.1003224

17. Tsang JY, Tanriver Y, Jiang S, Xue SA, Ratnasothy K, Chen D, et al.
Conferring indirect allospecificity on CD4+CD25+ Tregs by TCR gene
transfer favors transplantation tolerance in mice. J Clin Invest (2008) 118
(11):3619–28. doi: 10.1172/JCI33185

18. Davidson TS, Shevach EM. Polyclonal Treg cells modulate T effector cell
trafficking. Eur J Immunol (2011) 41(10):2862–70. doi: 10.1002/eji.201141503

19. Hoeppli RE, MacDonald KN, Leclair P, Fung VCW, Mojibian M, Gillies J,
et al. Tailoring the homing capacity of human Tregs for directed migration to
sites of Th1-inflammation or intestinal regions. Am J Transplant (2019) 19
(1):62–76. doi: 10.1111/ajt.14936

20. Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M. Immunologic self-
tolerance maintained by activated T cells expressing IL-2 receptor alpha-
chains (CD25). Breakdown of a single mechanism of self-tolerance causes
various autoimmune diseases. J Immunol (1995) 155(3):1151–64.

21. Trzonkowski P, BieniaszewskaM, Juscinska J, Dobyszuk A, KrzystyniakA,Marek
N, et al. First-in-man clinical results of the treatment of patients with graft versus
hostdiseasewithhumanexvivo expandedCD4+CD25+CD127-T regulatory cells.
Clin Immunol (2009) 133(1):22–6. doi: 10.1016/j.clim.2009.06.001

22. Chai JG, Coe D, Chen D, Simpson E, Dyson J, Scott D. In vitro expansion
improves in vivo regulation by CD4+CD25+ regulatory T cells. J Immunol
(2008) 180(2):858–69. doi: 10.4049/jimmunol.180.2.858

23. Fraser H, Safinia N, Grageda N, Thirkell S, Lowe K, Fry LJ, et al. A
Rapamycin-Based GMP-Compatible Process for the Isolation and
Expansion of Regulatory T Cells for Clinical Trials. Mol Ther Methods Clin
Dev (2018) 8:198–209. doi: 10.1016/j.omtm.2018.01.006
Frontiers in Immunology | www.frontiersin.org 870
24. Sawitzki B, Harden PN, Reinke P, Moreau A, Hutchinson JA, Game DS, et al.
Regulatory cell therapy inkidney transplantation (TheONEStudy): a harmonised
design and analysis of seven non-randomised, single-arm, phase 1/2A trials.
Lancet (2020) 395(10237):1627–39. doi: 10.1016/S0140-6736(20)30167-7

25. Alzhrani A, Bottomley M, Wood K, Hester J, Issa F. Identification, selection,
and expansion of non-gene modified alloantigen-reactive Tregs for clinical
therapeutic use. Cell Immunol (2020) 357:104214. doi: 10.1016/
j.cellimm.2020.104214

26. Peters JH, Hilbrands LB, Koenen HJ, Joosten I. Ex vivo generation of human
alloantigen-specific regulatory T cells from CD4(pos)CD25(high) T cells for
immunotherapy. PLoS One (2008) 3(5):e2233. doi: 10.1371/journal.pone.0002233

27. Putnam AL, Safinia N, Medvec A, Laszkowska M, Wray M, Mintz MA, et al.
Clinical grade manufacturing of human alloantigen-reactive regulatory T cells
for use in transplantation. Am J Transplant (2013) 13(11):3010–20.
doi: 10.1111/ajt.12433

28. Sagoo P, Ali N, Garg G, Nestle FO, Lechler RI, Lombardi G. Human
regulatory T cells with alloantigen specificity are more potent inhibitors of
alloimmune skin graft damage than polyclonal regulatory T cells. Sci Trans
Med (2011) 3(83):3002076. doi: 10.1126/scitranslmed.3002076

29. Landwehr-Kenzel S, Issa F, Luu SH, Schmuck M, Lei H, Zobel A, et al. Novel
GMP-compatible protocol employing an allogeneic B cell bank for clonal
expansion of allospecific natural regulatory T cells. Am J Transplant (2014) 14
(3):594–606. doi: 10.1111/ajt.12629

30. Lalfer M, Chappert P, Carpentier M, Urbain D, Davoust JM, Gross D-A.
Foxp3(+) Regulatory and Conventional CD4(+) T Cells Display Similarly
High Frequencies of Alloantigen-Reactive Cells. Front Immunol (2019)
10:521–. doi: 10.3389/fimmu.2019.00521

31. Ooi JD, Petersen J, Tan YH, Huynh M, Willett ZJ, Ramarathinam SH, et al.
Dominant protection from HLA-linked autoimmunity by antigen-specific
regulatory T cells. Nature (2017) 545(7653):243–7. doi: 10.1038/nature22329

32. Zhang Q, Lu W, Liang CL, Chen Y, Liu H, Qiu F, et al. Chimeric Antigen
Receptor (CAR) Treg: A Promising Approach to Inducing Immunological
Tolerance. Front Immunol (2018) 9:2359. doi: 10.3389/fimmu.2018.02359

33. Stephens LA, Malpass KH, Anderton SM. Curing CNS autoimmune disease
with myelin-reactive Foxp3+ Treg. Eur J Immunol (2009) 39(4):1108–17.
doi: 10.1002/eji.200839073

34. Sommermeyer D, Hudecek M, Kosasih PL, Gogishvili T, Maloney DG, Turtle
CJ, et al. Chimeric antigen receptor-modified T cells derived from defined
CD8+ and CD4+ subsets confer superior antitumor reactivity in vivo.
Leukemia (2016) 30(2):492–500. doi: 10.1038/leu.2015.247

35. MacDonald KG, Hoeppli RE, Huang Q, Gillies J, Luciani DS, Orban PC, et al.
Alloantigen-specific regulatory T cells generated with a chimeric antigen
receptor. J Clin Invest (2016) 126(4):1413–24. doi: 10.1172/JCI82771

36. Rana J, Biswas M. Regulatory T cell therapy: Current and future design
perspectives.Cell Immunol (2020) 356:104193. doi: 10.1016/j.cellimm.2020.104193

37. Belghith M, Bluestone JA, Barriot S, Megret J, Bach JF, Chatenoud L. TGF-
beta-dependent mechanisms mediate restoration of self-tolerance induced by
antibodies to CD3 in overt autoimmune diabetes. Nat Med (2003) 9(9):1202–
8. doi: 10.1038/nm924

38. Keymeulen B, Vandemeulebroucke E, Ziegler AG, Mathieu C, Kaufman L,
Hale G, et al. Insulin needs after CD3-antibody therapy in new-onset type 1
diabetes. N Engl J Med (2005) 352(25):2598–608. doi: 10.1056/NEJMoa043980

39. Herold KC, Bundy BN, Long SA, Bluestone JA, DiMeglio LA, Dufort MJ, et al.
An Anti-CD3 Antibody, Teplizumab, in Relatives at Risk for Type 1 Diabetes.
N Engl J Med (2019) 381(7):603–13. doi: 10.1056/NEJMoa1902226

40. Powell JD, Lerner CG, Schwartz RH. Inhibition of cell cycle progression by
rapamycin induces T cell clonal anergy even in the presence of costimulation.
J Immunol (1999) 162(5):2775–84.

41. Battaglia M, Stabilini A, Roncarolo MG. Rapamycin selectively expands CD4
+CD25+FoxP3+ regulatory T cells. Blood (2005) 105(12):4743–8.
doi: 10.1182/blood-2004-10-3932

42. SinghK,StemporaL,HarveyRD,KirkAD,LarsenCP,BlazarBR, et al. Superiority
of rapamycin over tacrolimus in preserving nonhuman primateTreg half-life and
phenotype after adoptive transfer. Am J Transplant Off J Am Soc Transplant Am
Soc Transplant Surgeons (2014) 14(12):2691–703. doi: 10.1111/ajt.12934

43. Furlan SN, Singh K, Lopez C, Tkachev V, Hunt DJ, Hibbard J, et al. IL-2 enhances
ex vivo-expanded regulatory T-cell persistence after adoptive transfer. Blood Adv
(2020) 4(8):1594–605. doi: 10.1182/bloodadvances.2019001248
January 2021 | Volume 11 | Article 622810

https://doi.org/10.1038/nri3667
https://doi.org/10.1016/j.coi.2019.10.002
https://doi.org/10.1111/j.0105-2896.2006.00427.x
https://doi.org/10.1111/j.0105-2896.2006.00427.x
https://doi.org/10.1146/annurev.immunol.21.120601.141122
https://doi.org/10.1038/s41590-020-0694-5
https://doi.org/10.1038/s41590-020-0694-5
https://doi.org/10.1016/j.immuni.2009.04.006
https://doi.org/10.1182/blood-2010-07-293795
https://doi.org/10.1155/2015/562935
https://doi.org/10.1084/jem.20040139
https://doi.org/10.1016/S1083-8791(03)00100-9
https://doi.org/10.4049/jimmunol.175.5.3053
https://doi.org/10.2337/diabetes.54.2.306
https://doi.org/10.4049/jimmunol.1003224
https://doi.org/10.1172/JCI33185
https://doi.org/10.1002/eji.201141503
https://doi.org/10.1111/ajt.14936
https://doi.org/10.1016/j.clim.2009.06.001
https://doi.org/10.4049/jimmunol.180.2.858
https://doi.org/10.1016/j.omtm.2018.01.006
https://doi.org/10.1016/S0140-6736(20)30167-7
https://doi.org/10.1016/j.cellimm.2020.104214
https://doi.org/10.1016/j.cellimm.2020.104214
https://doi.org/10.1371/journal.pone.0002233
https://doi.org/10.1111/ajt.12433
https://doi.org/10.1126/scitranslmed.3002076
https://doi.org/10.1111/ajt.12629
https://doi.org/10.3389/fimmu.2019.00521
https://doi.org/10.1038/nature22329
https://doi.org/10.3389/fimmu.2018.02359
https://doi.org/10.1002/eji.200839073
https://doi.org/10.1038/leu.2015.247
https://doi.org/10.1172/JCI82771
https://doi.org/10.1016/j.cellimm.2020.104193
https://doi.org/10.1038/nm924
https://doi.org/10.1056/NEJMoa043980
https://doi.org/10.1056/NEJMoa1902226
https://doi.org/10.1182/blood-2004-10-3932
https://doi.org/10.1111/ajt.12934
https://doi.org/10.1182/bloodadvances.2019001248
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Pilat and Sprent Treg Therapies
44. Boyman O, Sprent J. The role of interleukin-2 during homeostasis and
activation of the immune system. Nat Rev Immunol (2012) 12(3):180–90.
doi: 10.1038/nri3156

45. Liao W, Lin JX, Leonard WJ. Interleukin-2 at the crossroads of effector
responses, tolerance, and immunotherapy. Immunity (2013) 38(1):13–25.
doi: 10.1016/j.immuni.2013.01.004

46. Klatzmann D, Abbas AK. The promise of low-dose interleukin-2 therapy for
autoimmune and inflammatory diseases. Nat Rev Immunol (2015) 15(5):283–
94. doi: 10.1038/nri3823

47. Rosenzwajg M, Churlaud G, Mallone R, Six A, Derian N, Chaara W, et al.
Low-dose interleukin-2 fosters a dose-dependent regulatory T cell tuned
milieu in T1D patients. J Autoimmun (2015) 58:48–58. doi: 10.1016/
j.jaut.2015.01.001

48. Pilon CB, Petillon S, Naserian S, Martin GH, Badoual C, Lang P, et al.
Administration of low doses of IL-2 combined to rapamycin promotes
allogeneic skin graft survival in mice. Am J Transplant (2014) 14(12):2874–
82. doi: 10.1111/ajt.12944

49. Matsuoka K, Koreth J, Kim HT, Bascug G, McDonough S, Kawano Y, et al.
Low-dose interleukin-2 therapy restores regulatory T cell homeostasis in
patients with chronic graft-versus-host disease. Sci Trans Med (2013) 5
(179):179ra43. doi: 10.1126/scitranslmed.3005265

50. Boyman O, Kovar M, Rubinstein MP, Surh CD, Sprent J. Selective stimulation
of T cell subsets with antibody-cytokine immune complexes. Science (New
York NY (2006) 311(5769):1924–7. doi: 10.1126/science.1122927

51. Webster KE, Walters S, Kohler RE, Mrkvan T, BoymanO, Surh CD, et al. In vivo
expansion of T reg cells with IL-2-mAb complexes: induction of resistance to EAE
and long-term acceptance of islet allografts without immunosuppression. J Exp
Med (2009) 206(4):751–60. doi: 10.1084/jem.20082824

52. Yokoyama Y, Iwasaki T, Kitano S, Satake A, Nomura S, Furukawa T, et al. IL-
2-Anti-IL-2 Monoclonal Antibody Immune Complexes Inhibit Collagen-
Induced Arthritis by Augmenting Regulatory T Cell Functions. J Immunol
(2018) 201(7):1899–906. doi: 10.4049/jimmunol.1701502

53. Pilat N, Wiletel M, Weijler AM, Steiner R, Mahr B, Warren J, et al. Treg-
mediated prolonged survival of skin allografts without immunosuppression.
Proc Natl Acad Sci U S A (2019) 116(27):13508–16. doi: 10.1073/
pnas.1903165116

54. Bell CJ, Sun Y, Nowak UM, Clark J, Howlett S, Pekalski ML, et al. Sustained in
vivo signaling by long-lived IL-2 induces prolonged increases of regulatory T
cells. J Autoimmun (2015) 56:66–80. doi: 10.1016/j.jaut.2014.10.002

55. Peterson LB, Bell CJM, Howlett SK, Pekalski ML, Brady K, Hinton H, et al. A
long-lived IL-2 mutein that selectively activates and expands regulatory T cells
as a therapy for autoimmune disease. J Autoimmun (2018) 95:1–14.
doi: 10.1016/j.jaut.2018.10.017

56. Khoryati L, Pham MN, Sherve M, Kumari S, Cook K, Pearson J, et al. An IL-2
mutein engineered to promote expansion of regulatory T cells arrests ongoing
autoimmunity in mice. Sci Immunol (2020) 5(50):eaba5264. doi: 10.1126/
sciimmunol.aba5264

57. Romano M, Fanelli G, Albany CJ, Giganti G, Lombardi G. Past, Present, and
Future of Regulatory T Cell Therapy in Transplantation and Autoimmunity.
Front Immunol (2019) 10:43. doi: 10.3389/fimmu.2019.00043

58. Cherai M, Hamel Y, Baillou C, Touil S, Guillot-Delost M, Charlotte F, et al.
Generation of Human Alloantigen-Specific Regulatory T Cells Under Good
Manufacturing Practice-Compliant Conditions for Cell Therapy. Cell
Transplant (2015) 24(12):2527–40. doi: 10.3727/096368914X683566
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It is estimated that more than 339 million people worldwide suffer from asthma. The

leading cause of asthma development is the breakdown of immune tolerance to inhaled

allergens, prompting the immune system’s aberrant activation. During the early phase,

also known as the sensitization phase, allergen-specific T cells are activated and become

central players in orchestrating the subsequent development of allergic asthma following

secondary exposure to the same allergens. It is well-established that allergen-specific

T helper 2 (Th2) cells play central roles in developing allergic asthma. As such, 80%

of children and 60% of adult asthma cases are linked to an unwarranted Th2 cell

response against respiratory allergens. Thus, targeting essential components of Th2-type

inflammation using neutralizing antibodies against key Th2 modulators has recently

become an attractive option for asthmatic patients with moderate to severe symptoms.

In addition to directly targeting Th2 mediators, allergen immunotherapy, also known as

desensitization, is focused on redirecting the allergen-specific T cells response from a

Th2-type profile to a tolerogenic one. This review highlights the current understanding

of the heterogeneity of the Th2 cell compartment, their contribution to allergen-induced

airway inflammation, and the therapies targeting the Th2 cell pathway in asthma. Further,

we discuss available new leads for successful targeting pulmonary Th2 cell responses

for future therapeutics.

Keywords: Th2 airway inflammation, Tfh cell, asthma, cytokines, T cell

INTRODUCTION

Asthma is a chronic lung disease characterized by breathing problems and obstructed airflow when
airways swell and narrow and produce excess mucus (1). Allergic asthma is the most common form
of asthma and is caused by the inhalation of allergens, which trigger the overreaction of the immune
system in allergic people (1). The most common airborne allergens are pollen, fungal spores,
house dust mites (HDM), and animal allergens. The characteristic pattern of inflammation in the
airways of patients with allergic asthma includes the production of T helper 2 (Th2)-associated
cytokines, such as interleukin- (IL-) 4, IL-13, and IL-5 by Th2 cells and type 2 innate lymphoid cells
(ILC2s), the activation of mast cells, the infiltration and activation of eosinophils, and the increased
production of immunoglobulin E (IgE) by B cells (2). Clinical and preclinical studies demonstrate a
strong cause and effect relationship between the aberrant expansion of allergen-specific Th2 CD4+

T cells and the development of asthma pathogenesis, thus leading to the idea that Th2 cells play a
central role in allergic asthma (1, 2).
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The development of allergic asthma occurs in two phases
(1, 3). Phase one requires an initial exposure to allergen or
“sensitization” that does not necessarily cause symptoms or
pathology. Phase two is characterized by pathology development
following secondary or subsequent allergen exposures or
“challenges.” Initial sensitization to airborne allergens occurs
typically in early childhood, and it is characterized by the
initial priming of allergen-specific CD4+ T cells with a Th2-like
cytokine profile. These T cells persist after the initial priming and
can be subsequently reactivated upon re-exposure with the same
inhaled allergen, which caused their migration to the airways,
where they locally produce Th2 cytokines. The accumulation of
effector Th2 cells in the lungs ultimately stimulates the hallmark
features of asthma, such as mucus hypersecretion and bronchial
hyperresponsiveness (1).

Most patients with asthma achieve good disease control with
the principal use of inhaled corticosteroids and bronchodilators
(4, 5). However, a large proportion of patients with asthma
remain poorly controlled (6). The failure of conventional
therapies in these corticosteroid-resistant patients justifies
looking for new approaches to treat allergic asthma. In this
regard, the central role of Th2 cells in regulating airway
inflammation has aroused great interest in the therapeutic
potential of “anti-Th2 approaches.” As such, new biological
asthma medications based on monoclonal antibodies against key
Th2 mediators have been recently approved, and more are being
under investigation (7). Furthermore, allergen immunotherapy,
a long-term treatment that inhibits Th2-cell-mediated responses,
decreases symptoms for many people with allergy disease (8),
thereby evidencing the central pathogenic role of Th2 cells in the
pathophysiology of allergy.

Here, we will review the available treatments for allergic
asthma and discuss the potential immunological mechanisms
underlying the clinical benefits of these therapies. Finally, recent
studies provide evidence of a critical function of T follicular
helper (Tfh) cells, a subset of CD4+ T cells that help GC B
cell responses, in the allergic asthma pathogenesis. Therefore,
we will discuss potential therapeutic approaches to target Tfh
cells and suppress IgE responses and Th2 cell-mediated allergic
inflammation in asthmatic patients.

PATHOGENIC ROLES OF Th2 CYTOKINES
IN ALLERGIC ASTHMA

Eighty percentage of children and 60% of adults with asthma
have type 2/Th2 asthma (9), which is driven by allergen-induced
production of IgE and Th2 cytokines, including IL-5, IL-13, and
IL-4 (Figure 1). Studies in mice, initially using OVA adjuvant and
adjuvant-free sensitization protocols and most recently, using
natural allergens such as HDM, cockroaches, sensitizing fungi,
and protease allergens, have demarcated our knowledge on Th2
cytokines in asthma. For example, IL-4 produced by T cells
drives IgE class switching (10–15) and, in conjunction with IL-
13, is required to produce high-affinity IgE (16). IgE mediates
mast cell and basophil degranulation by FcεRI crosslinking
upon allergen recognition (17–19). Activation of FcεRI results

in the immediate release of preformed granular substances
(e.g., histamine, heparin, and proteases) and the production of
inflammatory mediators, such as cytokines and arachidonic acid
metabolites. This activation drives edema, mucus hypersecretion,
and bronchial hyperresponsiveness, all accompanied by a drop
in airflow in the airways. In some cases, activation of FcεRI
can develop into a life-threatening systemic reaction called
anaphylaxis (20).

In addition to regulating IgE production, IL-13 and IL-
4 are implicated in cardinal features of asthma, such as
extravasation and trafficking of eosinophils into the tissue (21–
27), goblet cell maturation, mucus secretion (28), bronchial
hyperresponsiveness (28, 29), and tissue remodeling (30).

IL-5 is responsible for the maturation of eosinophils in
the bone marrow and their release into the blood (31). As
such, IL-5 production in the airways favors the production,
accumulation, and activation of eosinophils in the lung (32), and
ultimately, the release of a large number of mediators capable of
inducing bronchial hyperresponsiveness, mucus hypersecretion
via enhanced differentiation of goblet cells (33–36) and, airway
remodeling (37, 38).

Although ILC2s and other cells can also contribute to Th2
cytokines production, IL-4, IL-13, and IL-5 are principally
produced by Th2 cells during ongoing chronic asthmatic
responses. Given the pathogenic role of Th2 cells and Th2
cytokines, treatments for patients with type 2/Th2 asthma are
directed to globally suppress Th2-mediated inflammation or to
specifically target the most pathogenic effector functions of the
various Th2 cytokines or the IgE response.

CONVENTIONAL TREATMENTS THAT
TARGET Th2-TYPE INFLAMMATION IN
ASTHMA

Inhaled corticosteroids (ICS) are the most effective and
commonly used long-term control drugs for asthma (4, 5).
They locally suppress many aspects of Th2 cell-mediated
inflammation, including Th2 cytokines (IL-4, IL-13, IL-5)
epithelium-derived cytokines (TSLP, IL-33), chemotactic
chemokines (IL-8, RANTES, MIP-1α, eotaxin, CCR2), and
adhesion molecules (ICAM-1, VCAM-1) (4, 5, 39–41). Globally,
ICS reduce the recruitment and maintenance of inflammatory
cells into the airways of asthmatic patients, including dendritic
cells, Th2 cells, eosinophils, and mast cells. Mechanistically, ICS
suppress the production of chemotactic mediators, prevent the
expression of adhesion molecules, and inhibit the survival of
inflammatory cells in the airways (4, 5).

ICS mediate their effects through the glucocorticoid receptor
(GR), an intracellular receptor and transcription factor belonging
to the nuclear receptor family (39). In the absence of the ligands,
GR is maintained in the cytoplasm by chaperone proteins.
Upon ligand binding, GR becomes active and translocates
into the nucleus to bind glucocorticoid response elements
(GREs), thereby regulating the transcription of GR target genes.
GR dimers and monomers can induce either transcriptional
gene induction or gene repression (39, 42–44). Besides, GR
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FIGURE 1 | Pathogenic roles of Th2 cytokines in allergic asthma. Th2 cytokines play critical roles in asthma pathogenesis. IL-5 promotes eosinophil egress from the

BM and help survival in the lungs. IL-4 and IL-13 induce eosinophil extravasation from the blood into the tissue and promote IgE class-switching. IL-13 favors globet

cell maturation, mucus secretion, and airway hyperresponsiveness. TSLP helps Th2 differentiation and DC function. Altogether, these effects lead to edema, mucus

hypersecretion, bronchial hyperresponsiveness and remodeling, and ultimately drop in air-flow and asthma. Novel biological therapeutics target these pathways for the

treatment of asthma.

can indirectly induce gene repression by GR interaction with
DNA-bound transcription factors such as NF-κB and activator
protein-1 (AP-1), resulting in the repression of the respective
inflammatory signaling cascades (39, 45, 46).

The wide range of anti-inflammatory effects of ICS probably
accounts for their clinical effectiveness in managing type 2/Th2-
asthma. Regular treatment with ICS (alone or in combination
with bronchodilators, such as long-acting β2 agonists (LABAs)
or Theophylline) can effectively control chronic symptoms and
prevent asthma attacks in most of the patients (4, 5). However,
in patients with moderate to severe asthma, ICS are less
effective. Hence, unacceptably high doses of ICS or even oral
corticosteroids may be required to achieve optimal control.

Several mechanisms can contribute to the reduced
responsiveness to ICS in moderate/severe asthma [for a
review, see (6)]. For example, cytokines such as IL-1, TNFα,
nitric oxide (NO), IL-13, and IL-4, which are overexpressed in
the airways of patients with corticosteroid-resistant asthma, have
been shown to reduce GR nuclear translocation and function.
Ultimately, people with severe asthma are refractory to ICS
treatment and experience poor symptom control. Additionally,
these patients can have frequent asthma exacerbations, in which
symptoms flare-up and get progressively worse, leading to
respiratory failure. Therefore, new treatments have emerged for
selected patients with moderate to severe type 2/Th2 asthma
disease and inadequate responsiveness to ICS. These new
therapeutic avenues are aimed to target cytokines and mediators
that promote type 2/Th2 immunity.

Biologic Drugs That Target Th2-Type
Inflammation in Asthma
The clinical characteristics of moderate/severe asthma disease
are frequent asthma exacerbations (>2 episodes in 12 months
period), high blood counts of eosinophils and sputum
eosinophils, and poor response to high dosage ICS/ LABAs
(47). These uncontrolled symptoms place patients at high risk
for hospitalization and reduced health-related quality of life.
Therefore, additional therapeutics are needed for those patients
whose severe asthma does not respond well to conventional
anti-inflammatory treatment. Several biologics designed to target
specific mediators of Th2-type cell immunity have been proved
to be effective as add-on treatments for severe asthma patients
(Figure 1).

Anti-IgE Therapy in Severe Asthma: Omalizumab
Omalizumab is a humanized IgG1 monoclonal antibody that
specifically binds to free IgE and prevents it from binding to the
high-affinity IgE receptor (FcεRI) on basophils and mast cells. As
Omalizumab depletes free IgE, it further promotes FcεRI down-
regulation in basophils and mast cells, rendering those cells
much less sensitive to stimulation by allergens and consequent
degranulation (48–50).

Omalizumab is given by subcutaneous injection every 2–4
weeks. It is FDA-approved to treat moderate-to-severe asthma
in patients over 6 years of age that have sensitivity to perennial
aeroallergens (e.g., dust mites, pet dander, cockroach debris).
The appropriate doses are determined on a combination of age,
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IgE levels, and body weight. In clinical trials and observational
studies with moderate to severe persistent asthma patients,
Omalizumab has been shown to decrease the incidence of asthma
exacerbations and emergency visits by 38 and 47%, respectively,
compared with controls (50).

Some potential adverse reactions have been described related
to long-term effects on cardiovascular and cerebrovascular
events. However, the available studies limit the ability to quantify
the magnitude of the risk (50, 51). Omalizumab has also been
associated with life-threatening systemic allergic anaphylactic
reactions; thus, anyone who gets an injection of this drug should
be monitored closely by health professionals (50).

Anti-IL-5 Therapy in Severe Asthma: Mepolizumab,

Reslizumab, and Benralizumab
Three different biologic drugs targeting IL-5 signaling are
available, and FDA-approved. All three treatments have been
consistently shown to reduce blood eosinophil counts and
sputum eosinophils (47, 52, 53). Mepolizumab is a humanized
IgG1 monoclonal antibody that recognizes and blocks IL-5
and prevents its binding to IL-5 receptor alpha subunit (IL-
5Rα or CD125) on the surface of eosinophils. Reslizumab is a
humanized IgG4 monoclonal antibody against IL-5 that likewise
prevents IL-5 function in eosinophils. Finally, Benralizumab

also targets IL-5-mediated effects on eosinophils, but in this
case, it is via a humanized IgG1 monoclonal antibody directed
against IL-5Rα/CD125. Besides, blocking IL-5/IL-5R signaling,
Benralizumab induces antibody-mediated eosinophil depletion
(54) and as such, very rapid eosinophil reduction in sputum, bone
marrow and blood (53).

Targeting the biological activity of IL-5 with Mepolizumab,
Reslizumab and Benralizumab reduces asthma exacerbations and
life-threatening emergencies in corticosteroid-resistant severe
eosinophilic asthma, as well as help minimize corticosteroid use
(55–69). However, no consistent benefits have been shown to
improve daily asthma symptoms and quality-of-life, pertaining to
the use of short-acting bronchodilators, nigh awakenings, or the
limitation of activities (55–57, 62, 66, 67, 70). Likewise, targeting
IL-5 does not improve asthma control in patients with mild-to-
moderate eosinophilia (59, 71–73). Hence, while these findings
highlight the importance of eosinophils in the pathogenesis of
asthma exacerbations, they also suggest that the inflammatory
cues driving the day-to-day symptoms are different from the
eosinophil-driven mechanisms responsible for asthma attacks.
Therefore, the primary target population for these medications is
limited, at best, to patients with moderate-to-severe eosinophilia
and a history of frequent exacerbations.

The three current FDA-approved anti-IL-5 therapies have
different administration routes and schedules. Mepolizumab
is given as an at-home monthly subcutaneous injection and
approved as an add-on treatment for patients 6 and older.
Reslizumab is a personalized, weight-based intravenous injection
given every 4 weeks and approved for use with other asthma
medicines in patients aged 18 and older. Due to the risk of
an anaphylactic reaction, patients should be observed after
drug administration. Benralizumab is an add-on maintenance
treatment for patients 12 and older and is administered once

every 4–8 weeks by subcutaneous injection. A healthcare
professional should oversee Benralizumab administration due to
the risk of anaphylaxis.

Anti-IL-13/4 Therapy in Severe Asthma
Due to the central role of IL-13 and IL-4 in controlling critical
aspects of asthma pathophysiology, several biologic drugs have
been designed to block either IL-13 alone or IL-13 and IL-4
simultaneously. IL-13 signals primarily through the Type-2 IL-4
receptor, which is composed of two chains, IL-13Rα and IL-4Rα

IL-4 can signal through both, the Type-2 IL-4 receptor and the
Type 1 IL-4 receptor (consisting of IL-4Rα and common γ chain).

IL-13 alone blocking drugs include monoclonal antibodies
against IL-13 such as Lebrikizumab (humanized IgG4),
Tralokinumab (human IgG4), GSK679586 (humanized IgG1),
Anrukinzumab (IMA-638; humanized IgG1) and IMA-026

(humanized IgG1). Simultaneous targeting of IL-4 and IL-13
signaling has been achieved by using a human IL-4 mutein
that competes with IL-13 and IL-4 for binding to the IL-4Rα

(Pitrakinra), and by usingmonoclonal antibodies against IL-4Rα

(AMG-317, human IgG2 andDupilumab, human IgG4).
IL-13 blocking agents show evidence of IL-13 pathway

inhibition, such as a reduction in biomarkers of Th2/eosinophilic
airway inflammation and serum IgE concentration. However,
they do not consistently show clinically meaningful
improvements in asthma control, pulmonary function, or
exacerbations in severe asthma patients (74–83), most likely
due to the inability of IL-13 blocking agents to reduce airway
eosinophilia in humans significantly (79, 83). Collectively, these
results do not support the use of Lebrikizumab, Tralokinumab,
GSK679586, Anrukinzumab, and IMA-026 for the treatment of
severe asthma.

The biologic activities of IL-14 and IL-13 significantly overlap.
Thus, the relatively low efficacy of IL-13 blocking agents is likely
due to the capacity of IL-4 and other inflammatory mediators to
compensate for the lack of IL-13. Therefore, dual targeting of IL-
13 and IL-4 has been suggested as a superior approach to reduce
airway eosinophilia and other activities associated with airway
inflammation, fibrosis, andmucus production (84). In agreement
with this idea, local (inhaled) treatment with Pitrakinra, an IL-
4 mutein that simultaneously blocks IL-13 and IL-4 signaling,
has shown clinical efficacy in reducing asthma symptoms in a
phase 2a study in patients with mild asthma (85). In a later larger
study, inhaled Pitrakinra showed significant clinical efficacy in
reducing the rate of exacerbations in patients with moderate-to-
severe eosinophilic asthma (86). Despite these promising data,
further development of Pitrakinra for asthma has ceased.

Additionally, two monoclonal antibodies to IL-4Rα have
been developed for the dual inhibition of IL-4/13 signaling
(AMG-317 and Dupilumab). AMG-317 displayed relatively poor
pharmacokinetics and did not demonstrate clinical efficacy
in a clinical trial with moderate-to-severe asthma patients
(87). Dupilumab, however, has shown clinical improvements
in reducing asthma exacerbations and asthma symptoms and
control, as well as lung function in patients with persistent,
moderate-to-severe asthma and elevated eosinophil levels (88–
91). Besides, Dupilumab appears to have a more significant
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effect in improving bronchial hyperreactivity than inhibitors
of IL-5 and significantly reduce levels of Th2-associated
inflammatory indicators, including markers of eosinophilic
airway inflammation and IgE levels (88, 89). IL-4 and IL-
13 are essential factors promoting Th2 cell differentiation and
class switching into IgE in B cells (1), but at the same time,
precluding the differentiation of regulatory T cells (Tregs) (92–
95). Therefore, the blockade of the actions of IL-4 and IL-13 with
Dupilumab could potentially alter the course of adaptive immune
responses to allergens and thus cause a long-term tolerogenic
effect. If this is confirmed, Dupilumab could be considered not
only a Th2-targeted therapy but an immunomodulatory therapy
as well.

Up until now, Dupilumab is the only FDA-approved dual
inhibitor of IL-4 and IL-13. It is currently used as an
add-on maintenance treatment in patients with moderate-to-
severe asthma aged 12 years and older with an eosinophilic
phenotype or oral corticosteroid-dependent asthma. It is also
approved for inadequately controlled chronic rhinosinusitis with
nasal polyposis and atopic dermatitis (96–98). The drug is
administered once every 2 weeks by subcutaneous injection and
is administered at home or in office.

Interestingly, though Dupilumab decreases bronchial
hyperreactivity, serum IgE, and pulmonary eosinophilia,
eosinophil counts in blood are elevated (88, 89). This observation
is not entirely surprising since, rather than inhibiting eosinophil
differentiation, the likely mechanism by which IL-4/IL-
13 blockade prevents airway eosinophilia is by precluding
eosinophils recruitment from the blood into the tissues (21–27).
Notably, IL-5 stimulates eosinophil development, maturation,
and egress from bone marrow (31). As a result, anti-IL-5-based
therapies significantly reduce eosinophil numbers in both blood
and sputum (47, 52, 53). Therefore, combined blockade of
multiple Th2-associated cytokines (IL-13, IL-4, and IL-5) may
be a better approach to overcome cytokine redundancy and gain
full control of asthma symptoms, including exacerbations, lung
function, and quality of life, by simultaneous optimization of
airway hyper-reactivity, eosinophil, and IgE targeting (99).

Promising New Therapy in Severe Asthma Targeting

the Epithelial-Cytokine TSLP: Tezepelumab
The epithelial cell-derived cytokine thymic stromal
lymphopoietin (TSLP) has been described as a central regulator
of Th2 cell-mediated inflammation in asthma (100–104). Several
studies have shown that the airways of asthmatic patients
have increased TSLP expression, which correlates with higher
Th2 cell response and disease severity (100–103, 105). In vitro
approaches and in vivo animal models have demonstrated that
TSLP is released by the barrier epithelium in response to external
insults, particularly to allergens with proteolytic activity, such
as HDM, cockroaches, ragweed, Alternaria, Aspergillus, and
papain (106–113). Additional preclinical studies demonstrate
that the lack of TSLP signaling results in reduced Th2 cell-
mediated airway inflammation (106, 114, 115). On the contrary,
TSLP overexpression leads to spontaneous Th2 cell-mediated
airway inflammation and an asthma phenotype (115, 116).
Mechanistically, TSLP can directly stimulate naïve CD4+ T cells

to commit to the Th2 cell lineage (106, 114, 117) and directly
stimulate dendritic cells (103, 106, 113, 115, 118, 119) and ILC2
(106, 113, 120–122) for priming Th2 cell responses.

Based on the central role of TSLP in the initiation and
maintenance of Th2-cell-mediated inflammation, including not
only asthma but also atopic dermatitis and food allergy
(123), a human IgG2 monoclonal antibody with the ability
to neutralize TSLP (Tezepelumab) was developed (124) and
have shown promising results in severe, uncontrolled asthma
(125–127). Tezepelumab was given as an add-on therapy to
patients whose asthma was uncontrolled despite the use of
ICS. It was found to reduce asthma exacerbations, allergen-
induced bronchoconstriction, and airway inflammation indexes,
including decreased levels of blood and sputum eosinophils.
These findings are being further explored in an ongoing phase
2/3 trial that will produce data by early 2021. Current trials are
testing Tezepelumab when given subcutaneously every 4 weeks.
Additionally, an inhaled anti-TSLP antibody will be studied in
a 652-patient Phase II study (NCT04410523) that has yet to
start recruiting.

ALLERGEN IMMUNOTHERAPY OR
ALLERGEN DESENSITIZATION

Allergen immunotherapy, also known as desensitization, is
a long-term medical treatment that decreases symptoms and
prevents the development of allergic asthma in patients
with environmental allergies (128–131). Contrary to ICS, oral
corticoids, LABAs, and biologic drugs, which require continuous
utilization to keep asthma symptoms under control, allergen
immunotherapy is a disease-modifying approach. In these
therapies, patients are exposed to gradually increasing doses
of environmental allergies to divert their pathogenic Th2 cell
responses from pathogenic to tolerogenic. The treatment requires
a significant commitment since it usually takes 3–5 years to
achieve clinical benefits. However, it often leads to long-lasting
relief of allergy symptoms and severity of asthma, with an
observed efficacy duration of 7–12 years after treatment is
stopped (129–135). Allergen Immunotherapy may also decrease
the development of new sensitizations to other allergens in both
pediatric and adult patients (8, 131).

Despite proven efficacy, the mechanisms of allergen
immunotherapy remain not entirely understood. Multiple
overlapping mechanisms, mediators, and cell types are likely
responsible for re-directing the established Th2/IgE-dominant
response and the restoration of the immune tolerance to the
aeroallergens. Desensitization of FcεRI-bearing mast cells and
basophils, accompanied by decreased activity for degranulation
and anaphylactic reactions, is observed early after treatment. This
effect could be mediated by the up-regulation of the histamine
type 2 receptor, which has a suppressive effect on the activation
of mast cells and basophils (136). As the therapy progresses,
IgG-dependent inhibition of mast cell/basophil activation might
contribute to sustaining inhibition of mast cell/basophil activity.
In this regard, it has been shown that specific-IgE levels in blood
progressively decrease during allergen immunotherapy. On the
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contrary, the titters of allergen-specific IgG4 antibodies increases
over time (137–142). This change in balance is thought to be
the consequence of increased IL-10 production (140), which can
drive allergen-specific B cells to produce IgG4 at the expense of
IgE secretion (143). Although the exact clinical consequences
of these changes remain unclear, it has been suggested that
IgG4 can sequester antigen, thereby limiting its availability
for cross-linking of receptor-bound IgE. Alternatively, IgG4
can co-stimulate the inhibitory IgG receptor FcγRIIb, which
negatively regulates FcεRI signaling and cell activation (144).

Phenotypic and functional changes in the allergen-specific
T cell response have been observed in the peripheral blood
and nasal mucosa of treated patients. These changes included
diminished production of Th2 cytokines (IL-4, IL-13, IL-5)
by allergen-specific T cells (142–148) and elevated numbers
of allergen-induced Foxp3+CD25+ Tregs expressing IL-10
and TGF-beta (139, 142, 146, 149–152). Whereas, the exact
mechanisms through which allergen immunotherapy drives
inhibition, deletion, exhaustion, replacement, or reprogramming
of T cells remain elusive, changes in the cytokine milieu
could partially account for these changes. For example, allergen
immunotherapy triggers IL-10 induction by multiple cell types
(138, 140, 153, 154). In turn, IL-10 can control Th2 cell-mediated
allergic inflammation by both direct and indirect mechanisms.
On the one hand, intrinsic IL-10 signaling may limit Th2 cell
responses by directly inducing Th2 cell death (155). On the
other hand, IL-10 might prevent Th2 cell expansion by down-
regulating antigen presentation by reducing MHCII class II
expression (156, 157) or via IgG4-mediated inhibition of IgE-
facilitated allergen presentation (140, 158–160). The subsequent
reduction in the production of Th2 cytokines, most crucially
in IL-4, could favor the differentiation of allergen-specific, IL-
10-producing inducible Tregs by allowing TGF-beta-dependent
up-regulation of FOXP3 in responding T cells (92–95). Thus,
initiating a positive feedback loop of IL-10 signaling and Treg-
mediated immunosuppression that ultimately suppresses the
differentiation and function of newly formed allergen-specific
Th2 cells (149, 161).

In current clinical practice in the United States,
immunotherapy is delivered either subcutaneously or
sublingually. Additionally, other methods of allergen delivery are
being tested for improving outcome.

Subcutaneous Immunotherapy (SCIT)
Subcutaneous immunotherapy (SCIT), also known as allergy
shots involves receiving subcutaneous injections of a particular
aeroallergen that has been identified to cause the allergic reaction.
Allergen identification is based on the presence of IgE antibodies
specific to that allergen (162). Injectable allergen extracts
are available to treat allergies triggered by common airborne
allergens such as pollen, mold, dust mites, and animal dander.

SCIT treatment consists of two phases: During the Build-up
phase, the antigen is given frequently (one to two times per week)
in gradually increasing doses until achieving an effective targeted
dose (that reduce disease severity from natural exposure). This
phase usually lasts 3–6 months. During the maintenance phase,
the targeted dose of allergen is injected every 3–4 weeks for

at least 3–5 years. Allergy shots are recommended for people
with allergy symptoms who do not respond well to usual
mediations, have significant side effects from their mediation,
want to reduce the long-term use of allergy medication, or
for whom allergies might become life-threatening (8). Although
allergen immunotherapy is generally safe, it can have adverse
reactions, including anaphylaxis (163, 164). For that reason, each
injection is administered in a setting with trained professionals
and equipment to treat anaphylaxis (8). Further, it is essential to
identify any patient characteristics (such as severe uncontrolled
asthma) that may increase the risk of a severe reaction (165).

Sublingual Immunotherapy (SLIT)
SLIT involves administering the allergens in a tablet form under
the tongue, generally on a daily basis. Sublingual tablets are
intended for the treatment of allergic rhinitis and allergic asthma.
This therapeutic approach is available for different species of
grass pollen and dust mites. SLIT can achieve a significant
clinical improvement but shows less efficacy than SCIT, which
offers earlier and robust clinical effects and induces systemic
changes (166–169). SLIT only provides local changes in the oral
mucosa and regional lymph nodes (170, 171). The significant
advantage of SLIT over SCIT is its safety profile, which allows
for administering this treatment outside of the medical setting
after the first dose (131, 172). Still, as for the possibility of
severe allergic reactions from SLIT, an epinephrine auto-injector
is usually prescribed to treat potential severe reactions at home.

Future Approaches in Allergen
Immunotherapy
Although SCIT and SLIT are efficacious in that both offer
significant clinical improvements in allergic and asthma
symptoms, the adherence with the current regimens is low.
Most likely because of the frequency of administrations and the
long duration of the therapeutic courses. Thus, there is a need
for more effective allergen immunotherapy strategies, especially
for patients with refractory allergic disease or those who suffer
adverse drug reactions.

One of the novel approaches includes using adjuvants such
as Toll-like receptor (TLR) agonists. Lipopolysaccharide (LPS),
also known as endotoxin, is a major component of Gram-
negative bacteria that activates the innate immune response
through TLR4. Exposure to airborne allergens containing
endotoxin protects against asthma by suppressing the Th2 cell
differentiation program in allergen-specific T cells (173–175). In
this regard, monophosphoryl Lipid A (MPL), which is a TLR4
agonist, being a derivate of Lipid A from LPS that triggers a
moderate inflammatory reaction (176, 177), have been evaluated
in allergen immunotherapy. Compared to conventional allergen
desensitization strategies, MPL immunotherapy show lasting
clinical benefits even when administered in shorter courses
(178–186). These results are certainly promising and encourage
further controlled studies to evaluate clinical and immunological
measurements and long-term efficacy.

Outside of TLR4, other agonists targeting alternative TLRs
are being investigated in the context of allergen immunotherapy,
with components targeting TLR9, TLR8, and TLR7. TLR9
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agonists have been shown to reduce allergic symptoms and
modulate the immune response to allergens when administered
as an adjuvant in allergen immunotherapy (187–189). Despite
promising data, clinical trials have not yet progressed beyond
initial studies. TLR7 agonists are currently being evaluated
for their safety in the context of allergen immunotherapy
(190–193). Future studies will determine whether those are
promising adjuvants.

Finally, other routes of allergen administration have been
tested. Intralymphatic immunotherapy has shown favorable
results in shorten treatment duration. Hence, it might offer
an alternative approach to improving allergen immunotherapy
adherence and success (194). Intralymphatic immunotherapy
involves the application of the allergen directly into the lymph
nodes. The whole treatment consists of three ultrasound-
guided injections into the inguinal lymph nodes 1 month apart.
Although the clinical results are favorable, more extensive studies
are needed to support long-term effectiveness.

FUTURE THERAPEUTIC TARGETS: Tfh
CELLS IN ASTHMA

Experimental mouse models of allergic asthma have been
instrumental in investigating the mechanisms underlying

the initiation and maintenance of allergen-specific Th2 cell
responses. Using these preclinical models, it has been shown
that the development of allergic Th2 cell responses is more
complex than initially expected. During the initial sensitization
through the intranasal (i.n.) route, lung-migratory dendritic cells
traffic into the lung-draining lymph nodes to prime allergen-
specific CD4+ T cells (3, 195). Importantly, however, this initial
exposure does not typically result in the accumulation of effector
allergen-specific Th2 cells in the airways (1, 3). Instead, allergen
sensitization triggers a strongly biased Tfh cell response that is
restricted to the lung-draining lymph nodes (1, 3, 196).

Tfh cell development depends on the expression of the
transcription factor Bcl6, which functions as a transcriptional
repressor that prevents the acquisition of T effector programs,
thereby facilitating Tfh cell differentiation (197–199). However,
the capacity of Bcl6 to repress alternative T effector fates is not
absolute. As such, whereas Tfh cells were initially characterized
as IL-21-producing cells (198, 199), they are more plastic than
expected and can initiate secondary differentiation programs and
secrete Th1 (200–202), Th2 (3, 203), and Th17 (204) effector-
like cytokines when developing in high polarizing environments.
Correspondingly, work by us (3, 205), and others (10–12, 16,
206–208), show that Tfh cells can produce large amounts of Th2
cytokines, including IL-4 and IL-13, in response to allergens and
helminths. Notably, while early studies considered that Th2 cells

FIGURE 2 | Tfh cells are critical mediators in the pathogenesis of allergic asthma. During the sensitization phase, lung-migratory DC primed allergen-specific “Type 2”

Tfh cell responses in the lung-draining lymph node. Through the interaction with B cells, Type-2 Tfh cells promote IgE secretion. Following re-challenge, Tfh cells

differentiate into conventional effector Th2 cells that subsequently migrate to the lung and promote allergic airway inflammation. Treatment with rIL-2 has the potential

to prevent Tfh cells differentiation and maintenance, thereby reducing asthma pathogenesis.
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were the primary source of type 2 cytokines, it is increasingly
accepted that Tfh cells, and not effector Th2 cells, are the main
providers of IL-4 and IL-13 during the sensitization phase (3,
16). Furthermore, more recent data demonstrate that allergen-
specific Tfh cells are critical mediators in the pathogenesis of
allergic asthma (Figure 2). For example, IL-4/IL-13 producing
Tfh cells are critical for the sustained production of high-affinity,
allergen-specific IgE (1, 10, 16), which, as aforementioned, plays
a crucial role in asthma pathogenesis. In addition, using an
HDM sensitization and challenge model of asthma, we have
recently found that type-2 Tfh cells survive in the lymph
nodes for extended periods as memory cells and have the
unique ability to give rise to effector Th2 cells upon allergen
rechallenge (3). Combining fate-mapping and adoptive transfer
experiments, we demonstrated that allergen-specific Tfh cells
generated during the sensitization phase were the precursors of
effector Th2 cells found in the lung after secondary challenge.
Supporting the role of Tfh cells as progenitors of Th2 cells,
depletion of Tfh cells during the sensitization phase prevented
the accumulation of effector Th2 cells in the airways after
challenge, thereby inhibiting asthma pathogenesis. Thus, our
work establishes the lineage flexibility of Tfh cells in allergic
disease and identifies these cells as a crucial long-term reservoir
of Th2 cell progenitors.

All these studies collectively show a critical function of Tfh
cells in allergic asthma pathogenesis, thus highlighting Tfh cells
as an attractive target for the suppression of IgE responses
and Th2 cell-mediated allergic inflammation. Unfortunately,
there are currently no therapies to selectively target Tfh cells
in vivo. Thus, a better understanding of the cellular and
molecular mechanisms that control allergen-specific Tfh cell
development and function will be critical for designing new
therapeutic approaches to prevent Tfh-cell-mediated pathology
in asthmatic patients. Interestingly, a large body of evidence

indicates that IL-2 is a potent inhibitor of Tfh cells (3, 209–
214). IL-2/STAT5 signaling prevents Tfh cell differentiation

by repressing the expression of Bcl6, the master regulator of
Tfh cells. As a consequence of the inhibitory effect of IL-
2, Tfh cells fail to differentiate and are efficiently depleted
after exogenous recombinant IL-2 treatment (3, 212, 214–
217). Importantly, subcutaneous administration of low-dose
recombinant human IL-2 r-IL2, (Aldesleukin/Proleukin) has
potent immunosuppressive effects in patients with autoimmune
disorders and can be safely administered to humans (217–220).
In agreement with the role of IL-2 as an “anti-Tfh” agent,
treatment of active Systemic Lupus Erythematosus (SLE) patients
with low-dose rIL-2 resulted in reduced frequencies of Tfh cells
in a recent clinical study by Jing He and colleagues (217),
hence evidencing the therapeutic potential of IL-2 to prevent
unwanted Tfh cell responses (Figure 2). Given the efficacy and
safety of the low-dose IL-2- treatments and the putative role of
Tfh cells in asthma pathogenesis, IL-2-based therapies, alone or
in combination with other strategies, could represent a promising
therapeutic approach to deplete allergen-specific Tfh cells and
prevent allergic asthma pathogenesis.
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In recent years, the success of immunotherapy targeting immunoregulatory receptors
(immune checkpoints) in cancer have generated enthusiastic support to target these
receptors in a wide range of other immune related diseases. While the overwhelming focus
has been on blockade of these inhibitory pathways to augment immunity, agonistic
triggering via these receptors offers the promise of dampening pathogenic inflammatory
responses. V-domain Ig suppressor of T cell activation (VISTA) has emerged as an
immunoregulatory receptor with constitutive expression on both the T cell and myeloid
compartments, and whose agonistic targeting has proven a unique avenue relative to
other checkpoint pathways to suppress pathologies mediated by the innate arm of the
immune system. VISTA agonistic targeting profoundly changes the phenotype of human
monocytes towards an anti-inflammatory cell state, as highlighted by striking suppression
of the canonical markers CD14 and Fcgr3a (CD16), and the almost complete suppression
of both the interferon I (IFN-I) and antigen presentation pathways. The insights from these
very recent studies highlight the impact of VISTA agonistic targeting of myeloid cells, and
its potential therapeutic implications in the settings of hyperinflammatory responses such
as cytokine storms, driven by dysregulated immune responses to viral infections (with a
focus on COVID-19) and autoimmune diseases. Collectively, these findings suggest that
the VISTA pathway plays a conserved, non-redundant role in myeloid cell function.

Keywords: vista, cytokine storm, myeloid, immune checkpoint, agonistic antibodies, immunosuppression,
monocyte reprogramming
INTRODUCTION

The immunoglobulin superfamily (IgSF) includes over 750 members (1, 2); at least 300 of which
play an immunoregulatory inhibitory role in immune cell activation and function (3, 4). These
inhibitory receptor checkpoints have proven crucial for the maintenance of balanced immune
responses and managing the threshold for tolerance and prevention of immunopathology (5).
Immunoregulatory receptors can be broadly categorized into either receptors that (1) control
immune cell homeostasis and negatively regulate activation, or (2) receptors mediating negative
org February 2021 | Volume 11 | Article 595950186
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feedback regulation of activation. The most dominant examples
of immune checkpoints are CTLA-4 and PD-1 whose roles in
immune tolerance and immunotherapeutic benefits have been
extensively investigated. However, this class of inhibitory
receptors along with every other immune checkpoint in clinical
development (LAG-3, TIGIT, TIM-3 and others) all belong to
the second class of immunoregulators; those that serve a negative
feedback mechanism to inhibit dysregulated immune responses
and normalize immunity. VISTA is an immunoregulatory
receptor belonging to the first class of threshold homeostatic
receptors, wherein it is expressed at steady state on both T cells
and myeloid cells and whose expression remains high and is
downregulated depending on the activation stimulus. This is in
contrast to the negative feedback immune checkpoints (CTLA-4
and others) which are expressed after immune cell activation and
mediate different inhibitory mechanisms to restrain further
activation or responses. Of equal importance, the majority of
immunoregulatory receptors of promising therapeutic relevance
are expressed on T cells, and therefore set to negatively
regulate T cell responses. However, a significant contribution to
immunopathology is mediated bymyeloid cell hyperinflammatory
responses. Particularly, in the setting of cytokine storms which
occur in viral infections, inflammatory diseases and allogeneic
responses, monocytes and macrophages are the major producers
of inflammatory cytokines that contribute to tissue damage and
lethality (6–8). Therefore, there is an unmet need for the
development of immunoregulatory targeting strategies that
selectively inhibit innate immune responses at various stages of
activation. VISTA emerges as an advantageous target here given its
high constitutive expressiononmyeloid cells [primarilymonocytes,
macrophages and neutrophils] as well as its intrinsic inhibitory role
on these cell types. Of equal value is the ability to target VISTAwith
agonistic antibodies to drive negative regulation and to inhibit
inflammation andaugment tolerance. Therefore,VISTArepresents
a major target on both T cells and myeloid cells with agonistic
antibodies. Other reviews and studies have detailed the current
knowledgeonVISTAbiologyonTcells, aswell as thepotential of its
blockade in the settings of cancer (9, 10). This reviewwill primarily
focus on very recentmechanistic insights and findings fromhuman
and mouse systems elucidating a potential role for VISTA in
management of innate inflammation. This focus is particularly
relevant given the recent series of reports on the pathogenic impact
of heightened innate inflammation in COVID-19.
METHODS

Single Cell RNA Sequencing and
Normalization
Droplet-based 5′ end single-cell RNA sequencing (scRNAseq) was
performed using 10x Genomics platform. The libraries were
prepared using the Chromium Single Cell 5’ Reagent kit
according to the manufacturer’s protocol (10x Genomics,
CA, USA).

Barcode processing and transcript counts were conducted
using The Cell Ranger Single-Cell Software Suite (10x Genomics)
Frontiers in Immunology | www.frontiersin.org 287
after alignment to the human GRCh38 reference genome with
default parameters. Then, the Seurat R package was applied to
filter out low-quality cells, normalize gene expression profiles
and cluster cells. Cells expressing >10% mitochondrial gene
counts or expressing less than 500 genes were discarded using
FilterCells function. NormalizeData function was applied to
normalize and log transform raw counts for each cell based on
its library size.

Single Cell Unsupervised Clustering
The normalized expression matrices of CD14+ human
monocytes were processed by filtering the non-expressed genes
separately. The unsupervised clustering was applied in each
dataset as follows: 1. Top 2,000 variant genes were selected and
used as the input for Principal Component Analysis (PCA) to
reflect the major biological variation in the data. 2. Top 15 PCs
were chosen for UMAP dimension reduction by RunUMAP
function and unsupervised clustering. In specific, FindClusters
function was used to cluster the cells. 3. After the cell clusters
were determined, marker genes for each cluster were identified
by the FindAllMarkers function with the default parameter. The
biological annotation of each cluster was further described by the
markers genes function reported in the literature.

Pathway Enrichment Analysis
The differentially expressed genes between Anti-VISTA (803)
and hIgG treated CD14+ human monocytes were ranked based
on the average log2-fold change. To annotate the pathways that
were involved in the differentially expressed genes, pathway gene
sets were downloaded from the C2 category of the Molecular
Signatures Database (MSigDB v6.2) database (11). The
preranked Gene set enrichment analysis (GSEA) software was
used to calculate the enrichment of each pathway in the genes
that are most informative in each gene list.

RNA-Seq Alignment for Anti-VISTA (803)
and hIgG Treated CD14+ Human
Monocytes Total RNA-Seq
Sequencingwas performedonaNextSeq500 (Illumina) instrument
to obtain an average of raw 100bp single end reads per sample.
Raw.bcl files were demultiplexed using the Illumina bcl2fastq2
pipeline. The quality of the fastq files was examined with the
FastQC software (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc). Raw fastq files were trimmed using the software
Trimmomatic by setting the parameter “SLIDINGWINDOW: 4:15
LEADING: 3 TRAILING: 3MINLEN: 36”. The trimmed fastq files
were than aligned to the human GRCh38 reference genome and
normalized to obtain Transcripts Per Kilobase Million (TPM) for
each RNA-seq sample using the software Salmon with the
parameter “-l A” (12). DEseq2 package (13) was used to identify
the differential expressed genes between Anti-VISTA (803) and
hIgG treated CD14+ humanmonocytes based on the raw counts of
the gene expression.

Monocyte Isolation and Treatments
CD14+ monocytes were isolated using human CD14 microbeads
(Miltenyi Biotec, 130-050-201) and purity was confirmed by flow
February 2021 | Volume 11 | Article 595950
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cytometry. The cells were then incubated in complete RPMI-
1640 media at a density of 1 x 106 cells/ml in 6-well plates and
treated with either anti-VISTA agonist (clone 803) or hIgG2
isotype control antibody at 10 ug/ml for 24 h. Multiplex analysis
was performed to determine CXCL10 levels.

Flow Cytometry
Twenty four hours after treatment, monocytes were stained with
CD14 (Biolegend, clone M5E2) and CD16 antibodies (Biolegend,
3G8). For all staining, cells are incubated in FACS buffer (PBS
with 0.5% BSA and 0.1% sodium azide) on ice for 20 min
followed by two washes in PBS and samples were run on
a MACSQuant.
TARGETING VISTA WITH AGONISTS
SUPPRESSES MULTIPLE
INFLAMMATORY DISEASES AND
AUTOIMMUNE PATHOLOGIES

There is accumulating evidence that targeting VISTA with
agonis t i c ant ibodies can exer t profound negat ive
immunomodulatory effects with several very recent studies
shedding light on novel insights from multiple inflammatory
models in mice. Early work demonstrated the negative regulatory
role of VISTA by the fact that aged VISTA-deficient mice (8 to 9-
months of age) showed signs of chronic inflammation,
highlighted by splenomegaly, enhanced cell activation markers,
accumulation of inflammatory chemokines and cytokines as well
as enhanced immune cell infiltration in nonlymphoid tissues
(14). Heightened susceptibility to autoimmunity, was evident
upon interbreeding of VISTA-/- onto the Sle1.Sle3 background
with strikingly enhanced lupus nephritis (15). Similarly, anti-
VISTA antagonist phenocopied the impact of VISTA deficiency
in exacerbating murine lupus (16). However, unlike the anti-
VISTA antagonists, VISTA agonists suppressed disease in the
Faslpr model of cutaneous and systemic lupus, psoriasis and other
inflammatory disorders (10, 17, 18).

Most of the interest in VISTA function has focused on its
immunoregulatory role on CD4+ T cells since targeting VISTA
on T cells elicits several immunoregulatory phenotypes. One of
the most striking effects of VISTA on T cell biology is evidenced
by the immunosuppressive impact of anti-VISTA agonists in
acute Graft-versus-Host-disease (GVHD). These studies
demonstrate VISTA agonistic targeting at the time of donor T
cell transfer completely prevents disease (10, 19, 20). In this
setting, we showed that selective targeting by VISTA agonists
[but not antagonists] to donor T cells inhibited GVHD via
specific peripheral deletion of donor alloreactive T cells, and
this mechanism was T-cell intrinsic (10). These studies suggested
that strong signaling through TCR and VISTA resulted in T cell
apoptosis, and offer provocative strategies to induce antigen-
specific T cell tolerance. Additional insights into the role of
VISTA in T cell fate comes from studies on the conditional
deletion of VISTA on naïve T cells which leads to the
accumulation of CD44hi memory-phenotype CD4+ T cells with
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a T-bethi profile, suggesting a potential role of VISTA in
suppressing Th1 and memory-phenotype T cell differentiation
(10). We also generated an immune signature from VISTA-
deficient naïve T cells which showed that peripheral T cells from
systemic lupus erythematosus (SLE) and from rheumatoid
arthritis (RA) patients presented a higher VISTA-loss immune
signature compared to healthy T cells (10). Collectively, these
findings support a central regulatory role for VISTA in
controlling T cell survival and suppression of pathogenic T cell
self-reactivity. They also infer that VISTA may be a potential
diagnostic biomarker in these inflammatory diseases. More
recent insights reveal a global upregulation of the interferon-I
pathway in VISTA-/- T cells which is known to upregulate T-bet
expression (10). These findings are in agreement with another
study showing that decreased VISTA expression facilitates Th1
and Th17 T cell differentiation (21). In a model of experimental
asthma, VISTA deficiency and blockade exacerbated Th2
responses and type II immunity (11, 22), whereas an anti-
VISTA agonistic antibody reduces disease severity and
suppressed lung inflammation (22). There are reported roles of
VISTA deficiency in several other inflammatory diseases
including psoriasis, transplant rejection, acute hepatitis, and
indicate a potential value of VISTA agonists in these
immunopathologies (12, 23, 24).
VISTA IS A PLEIOTROPIC MYELOID CELL
CHECKPOINT

While the groundwork for a central role of VISTA in controlling
T cell biology has been created, emerging data show an equally
important and global role of VISTA in controlling innate
inflammation. Studies discussed define a significant role for
VISTA in control l ing myeloid chemotaxis , antigen
presentation, and fate determination. Unique to VISTA, as an
NCR, is its role in the regulation of chemotaxis. It was shown that
the genetic loss of VISTA reduced the expression of C5aR1 on
monocytes and macrophages and inhibited their migration to the
cognate chemoattractant ligand C5a (15). A subsequent study
revealed that the regulatory impact of VISTA was not limited to
the C5a/C5ar1 axis, but exerted a broad impact on the expression
of several chemokines and chemokine receptors (25). VISTA
deficiency and antibody targeting was shown to reduce CCR2
and CX3CR1 expression on monocytes; two hallmark receptors
for Classical and Patrolling murine monocytes, respectively (25).
Of note, VISTA targeting also strikingly reduces CD14 and
CD16 (FcgIIIa) expression; again defining receptors for
Classical and Patrolling human monocytes, respectively as
shown by flow cytometry and RNA-seq analyses (Figures 1A–
D). In addition, loss of VISTA enhanced the levels of the
chemokines CCL2, CCL3, CCL4, and CCL5 by macrophages at
steady-state (25). The authors attributed this enhancement to
reduced consumption of these chemokines by VISTA-deficient
macrophages owing to reduced steady-state CCR2 expression
and enhanced CCR5 downregulation in response to their
cognate chemokines. As a result, these cells had profound
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chemotactic deficits in the responses towards these chemokines.
Very recent work also demonstrated an impact of VISTA
targeting on reducing CXCR2 expression on neutrophils, with
the virtual ablation of their migratory responses to the CXCR2
ligand (CXCL2) in vitro and in vivo (Li et al., personal
communication). These results highlight VISTA as an
important checkpoint that regulates the response towards
Frontiers in Immunology | www.frontiersin.org 489
multiple chemokine/chemokine receptor networks. The
migratory response of immune cells represents the earliest
checkpoint towards inflammatory stimuli. It is tempting to
suggest that interfering with this pathway can eliminate or
modulate immune responses prior to their exacerbation. These
intriguing results also present the prospect of VISTA targeting
being crucial for regulating myeloid cell responses in the context
A B

D

E F

C

FIGURE 1 | Anti-VISTA agonist suppresses CD14 and CD16 (Fcgr3a) expression in human monocytes. (A) Boxplot depicting the CD14 gene expression difference
between Anti-VISTA (803) and hIgG2 isotype control treated CD14+ human monocytes. (B) Flow cytometry plot showing the CD14 protein expression between Anti-
VISTA (803) and hIgG2 isotype control treated CD14+ human monocytes. (C) Boxplot depicting the Fcgr3a gene expression difference between Anti-VISTA (803)
and hIgG2 treated CD14+ human monocytes. (D) Flow cytometry plot showing the CD16 protein expression between Anti-VISTA (803) and hIgG2 treated CD14+
human monocytes. Flow cytometry experiments are representative of three independent experiments with one donor per each experiment. (E) Dot plot showing the
antigen presenting associated genes difference between Anti-VISTA (803) and hIgG2 isotype control treated CD14+ human monocytes. (F) GSEA plot showing the
enrichment of antigen presenting pathway between Anti-VISTA (803) and hIgG2 treated CD14+ human monocytes. RNA-seq experiments are representative of three
independent repeats on three healthy donors.
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of inflammatory diseases where neutrophils and monocytes play
dominant roles.

Accumulating evidence from multiple systems suggests that
VISTA may play a role in the regulation of antigen presentation
cell (APC) activity. At the level of expression, VISTA has been
reported to colocalize with MHC-II, and VISTA overexpression
in myeloid cells reduced MHC-II expression levels (26). In a
melanoma tumor model, VISTA blockade enhanced the
activation state of conventional dendritic cells (cDCs),
upregulating the expression of MHC-II and CD80, as well as
augmenting the production of IL-12 and TNFa (27). In contrast,
studies with VISTA agonists has revealed that agonist treatment
of human monocytes induced a profound and broad time-
dependent downregulation of MHC-II genes as well as CD80
(Figure 1E). This is also supported by pathway analysis where
the antigen presentation pathway was significantly
downregulated in anti-VISTA agonist treated monocytes
(Figure 1F). Our recent findings also demonstrate that VISTA
agonist suppresses IL-12 production from myeloid cells under
LPS stimulation conditions (28). Therefore, published studies
and studies presented herein are providing documentation that
VISTA plays an early and central role in the control myeloid
migration and antigen presentation. In this context, VISTA is a
primary target for controlling the earliest phases of
innate inflammation.

VISTAis an immunoregulatory factor regulating myeloid fate
determination. Loss of VISTA exacerbated psoriasis and the
investigators attributed this effect [in part] to enhanced TLR7
signaling on DCs. More recent mechanistic insights into VISTA
regulation of myeloid biology revealed a role for VISTA in
modulating the ubiquitination and expression of the TLR-
MyD88 effector TRAF6, and by consequence, the negative
regulation of TLR signaling and the downstream MAPK and
NFkB axes (29). As a result, loss of VISTA on macrophages
enhanced cytokine responses toward multiple TLR agonists
including TLR2, TLR3, TLR4, TLR7, and TLR9. This agrees
with our recent work showing that VISTA-/- macrophages
showed enhanced cytokine responses to TLR4 stimulation (25).
As one would anticipate, overexpression of VISTA in a
monocytic-cell line (THP-1) dampened responses to TLR2
stimulation (29). To gain a global perspective of the impact of
VISTA targeting on myeloid fate, a more comprehensive
assessment of transcriptional reprogramming by VISTA on
human monocyte transcriptome was performed and
is presented.
VISTA INDUCE MYELOID
REPROGRAMMING: EVIDENCE FOR
PROFOUND REPROGRAMMING AND A
TARGET IN COVID CYTOKINE STORM
MANAGEMENT

Single-cell RNA-seq of anti-VISTA agonist treated human
monocytes revealed a profound shift and almost complete
Frontiers in Immunology | www.frontiersin.org 590
elimination of the CD14+ classical monocyte phenotype in
favor of a more anti-inflammatory cell state characterized by a
striking downregulation of CD14, IFN receptors, Fcgr3a (CD16),
and CSF1R. In parallel, the major VISTA-induced cluster 1
upregulated CD11b, M-CSF (Csf1), Cyclin-dependent kinase
inhibitor (Cdkn1a), the Src kinase inhibitor Matk, and the
anti-inflammatory cytokines IL1RA and GDF15 (Figures 2A,
B). Cdkn1a has been reported to suppress arthritis in mouse
models and reduced monocyte inflammation (30, 31), whereas
GDF15 and IL1RA have documented roles as critical inhibitors
of LPS responses, septic shock, and inflammatory responses in
several disorders (32–37). There were three other cell states
(clusters) specifically induced by anti-VISTA but these present
a minority of the total cells, therefore we will not discuss them in
detail. In agreement with the flow cytometry data on anti-VISTA
agonist treated monocytes (Figure 1), a hallmark of the VISTA
agonist induced monocyte cell state was a near-complete
downregulation of CD14 and CD16 (Figures 2C, D).
Additional analysis of the anti-VISTA agonist impact on
CD14+ human monocytes at steady-state (unactivated)
revealed a complete suppression of CXCL10 production, even
in the presence of potent stimulatory pattern recognition ligands
(PRRs) (Figure 2), reproducible across heterogeneous donors.
This suppression was manifested at the transcriptional (Figure
2E) and proteomic levels (Figures 2E, F, I, J). We argue that the
suppression of CXCL10 is a consequence of a penetrant
downregulation of the IFN-I pathway genes, including its
upstream effector STAT1 (Figures 2G, H). Even after
stimulation with multiple pattern recognition receptor (PRR)
ligands, the anti-VISTA suppression of CXCL10 was maintained
(Figures 2I, J).

Recent reports highlight CXCL10 as a prognostic biomarker
and critical pathogenic mediator of COVID-19. Given the
pronounced impact of anti-VISTA on suppression of CXCL10,
these findings ultimately lead to a potential immunoregulatory
role of VISTA in COVID-induced inflammation and pathology.
Despite the recovery of most infected individuals, a significant
number of COVID-19 patients present with severe respiratory
dis tress in addi t ion to compl icat ions inc luding a
hyperinflammatory response (38, 39). Several studies pointed
towards the central contribution of the mononuclear phagocyte
compartment to this hyperinflammatory cytokine production
associated with disease immunopathology (6). Recent
immunophenotyping analysis of the peripheral blood from a
large heterogeneous pool of COVID-19 patients reveal a core
consensus immune signature (40). Within this signature,
sustained overexpression of the IFN-I/II inducible chemokine
CXCL10 had a striking positive correlation with evolving disease
severity, and was the most reliable prognostic biomarker. This
immune signature highlighting CXCL10 chronic upregulation
was further supported by two independent studies (41, 42). It is
worth noting that CXCL10 was also highly upregulated with
other coronaviruses SARS1 (43) and MERS (44–46), also
positively correlating with disease severity. As in human
studies (40, 42), novel mouse models of SARS-CoV-2 also
show that type I IFN does not control viral infection but is a
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FIGURE 2 | Anti-VISTA agonist strikingly changes the CD14+ monocyte state and induces novel archetypes associated with the anti-inflammatory phenotype.
(A) Uniform manifold approximation and projection (UMAP) plot showing the cluster distribution of Anti-VISTA (803) and hIgG2 isotype control treated CD14+ human
monocytes. The biological annotation of each cluster is presented in the table on the right. (B) Pie chart indicating the composition of cluster difference in Anit-VISTA
(803) and hIgG treated CD14+ human monocytes. (C, D) Feature plot showing the expression of Cd14 and Fcgr3a across different clusters in Anti-VISTA (803) and
hIgG treated CD14+ human monocytes. (E) Dot plot depicting the CD14 gene expression difference between Anti-VISTA (803) and hIgG2 isotype control treated
CD14+ human monocytes. (F) Human CD14+ monocytes were either treated with anti-VISTA agonist or hIgG2 isotype control for 24 h and CXCL10 supernatant
levels was determined via multiplex analysis (G) Dot plot showing the interferon response associated genes difference between Anti-VISTA (803) and hIgG2 isotype
treated CD14+ human monocytes. (H) GSEA plot showing the enrichment of interferon response pathway between Anti-VISTA (803) and hIgG2 treated CD14+
human monocytes. (I, J) Supernatant levels of CXCL10 determined by multiplex analysis after anti-VISTA agonist or control hIgG2 treatment of monocytes in the
presence of Flagellin, B-glucan, LPS or Poly(I:C). (K, L) The Venn diagram showing the significant enrichment between Anti-VISTA (803) treated and COVID-19
CD14+ human monocytes. These experiments are representative of three independent repeat. ****p < 0.0001.
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driver of COVID immunopathology (47). Enrichment analysis
to the COVID-19 immune profile revealed that anti-VISTA
agonist downregulated over 40% of the hallmark genes
defining the COVID-19 immune signature (Figures 2K, L).
This indicates that VISTA agonist may suppress the COVID19
inflammatory signature. Therefore, VISTA intersects with the
CXCL10 induction pathway which is of relevance to COVID-19
immunopathology. It is also critical to highlight that the
reduction of FcgRIIIa expression by VISTA targeting is of
significant interest as hyperinflammatory Fc receptor responses
have been reported as an immunopathologic manifestation of
COVID-19 infection (48).

Beyond the striking impact on transcriptional reprogramming
exerted by VISTA, the impact of VISTA on myeloid chemotaxis
may also play an important therapeutic role in controlling innate
inflammation in COVID. The high neutrophil to lymphocyte ratio
in critically ill COVID-19 patients has been predictive in hospital
mortality (49). Recent reports and commentaries implicate
neutrophils as critical components of the hyperinflammatory
responses to COVID-19, and suggest that impeding neutrophil
recruitment via CXCR2 may be a promising treatment in this
setting (50, 51). Our recent analysis of anti-VISTA agonist impact
on neutrophil biology demonstrates a clear suppression of CXCR2
expression, and by consequence, their migratory responses, in both
murine and human neutrophils. This would indicate a potential
mechanism whereby VISTA targeting could suppress neutrophil
chemotaxis and shut down the inflammatory circuit. Therefore, we
argue that VISTA agonists may be of valuable therapeutic relevance
in a broad spectrum of inflammatory settings.

Could VISTA agonists provide a valuable intervention tool to
ameliorate the fatal cytokine-release syndrome (CRS) induced by
CAR-T cell therapy in certain patients? Based on our T cell studies,
VISTA agonists likely would exert minimal inhibitory impact on
activatedCART cells directly.However, weunderstand thatCART
cells activate macrophages or neutrophils to cause organ damage
and other adverse events (52). As a result, heightened cytokine
production from myeloid cells likely contribute to CRS and
agonistic targeting of VISTA may ameliorate the innate
components of the CAR T induced CRS.

After 10 years of the first report on VISTA as an inhibitory
receptor of immune responses, there remains yet an absence of
any primary studies or perspectives on the role of this molecule
in the settings of immune response to infection. Given the
imminence of the COVID-19 viral infection pandemic and the
lack of knowledge on the etiologies behind the unbalanced
immune responses and pathophysiology that account for its
severity, observations reported herein offer some insights on
how VISTA targeting could be utilized to normalize innate and
adaptive immune responses in these pathologic settings.
THE VISTA LIGAND: CURRENT STATE OF
THE SCIENCE

A key challenge against the development and understanding of
anti-VISTA targeting strategies is the absence of knowledge with
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regards to a VISTA ligand [or counter-receptor]. Despite over 40
published studies by VISTA thought-leaders (the Noelle and
Chen groups), no reports included any insight into potential
VISTA ligands, despite the experience of both groups in
identifying ligand receptor pairs. This truly highlights the
difficulty of identifying an endogenous functionally-relevant
ligand for VISTA. However, recent studies have presented
several possible candidates. VSIG3 (also named IgSF11) has
been identified a major ligand for VISTA demonstrating
specific binding and functional in vitro inhibition of T cell
activation (53). Of interest are the overlapping binding region
of VSIG3 and anti-human VISTA antagonist antibody on VISTA
(54). Despite this, the undetectable expression of VSIG3 in the
hematopoietic system [and indeed on all peripheral cells with the
exception of reproductive tissue], several questions over its
potential in vivo functional relevance to inhibition of immune
cells via VISTA remain to be addressed. This does not exclude
the possibility of relevance in tumor settings where VSIG3 could
be expressed (55).

Another group reported the pH-dependent binding of VISTA
to P-selectin glycoprotein ligand-1 (PSGL-1) (56). This study
emphasized the importance of a unique histidine-rich region on
the VISTA extracellular domain, wherein the histidine residue
side-chains are protonated under acidic conditions which
mediates VISTA binding to PSGL-1. In addition, tyrosine
sulfation of PSGL-1 is also key to this binding. Of note, this
binding epitope on VISTA is distinct from the epitope reported
for VSIG3 and anti-VISTA binding (54). This extraordinarily
high histidine content in VISTA and the consequential low pH
dependent binding are of both conceptual and translational
importance. However, there are several remaining avenues for
investigation prior to confirming the relevance of this interaction
to VISTA biology. First, no study has yet demonstrated any in
vivo endogenous binding or interaction between VISTA and
PSGL-1. Second, numerous studies presented several activities
for VISTA on both T cells and myeloid cells under conditions
where the pH environment was not changed. An interesting
possibility is that VISTA : PSGL-1 pH-dependent interactions
may occur in early and recycling endosomes where both
molecules are highly expressed, and where the pH
environment is indeed acidic (pH between 5.9 and 6.5) (57,
58), which ensures VISTA extracellular domain (now facing the
lumen) protonation.

The concept of different signaling pathways mediated by an
immune receptors depending on its location has been previously
described, most famously for TLR-4 which triggers independent
pathways at the plasma membrane versus the endosome (59).
Both molecules are also highly expressed in macrophages,
granulocytes and platelet, suggesting a potential role in these
subsets, and indeed regulate stages of migration. However,
ligands for endosomal or plasma membrane VISTA have not
been conclusively demonstrated. It is of interest to note that the
lymph node paracortical zones (where CD4+ T cells are
enriched) are profoundly acidic, and this acidity is T-cell
dependent whereby T cells acidity is a self-regulatory feedback
mechanism to inhibit glycolytic rate and suppress the effector T
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cell response (60). Whether the acidic environment in certain
tissues plays a role in VISTA signaling or function
remains unclear.

A third VISTA ligand was recently identified to be matrix
metalloproteinase 13 (MMP13) (61). A pull-down assay with
MMP-13 with bone marrow cell lysates revealed enrichment of
VISTA as a major binding protein. This binding was further
confirmed by co-expressing the proteins in a cell-line and
coimmunoprecipitation, and the VISTA extracellular domain
was necessary for binding as revealed by mutagenesis studies.
The authors argued that VISTA is the receptor for MMP-13 on
osteoclasts, and that this signaling axis is relevant for osteoclast
fusion and bone resorption in multiple myeloma. The expression
of MMP13 within the hematopoietic compartment is mostly
contributed by macrophages, especially in atherosclerotic lesions
(62, 63), although a study pointed to a role in promoting DC
activity (64). However, it is indeed also possible that VISTA
could be one of the numerous targets for MMP-13 mediated
cleavage (which include collagen and TNF) (65, 66).
CONCLUSION

This work summarizes the most recent findings on the role of
VISTA agonists in myeloid cell biology. This class of antibodies
can directly elicit profound immunomodulatory effects on the
myeloid subsets monocytes, macrophages and neutrophils even
Frontiers in Immunology | www.frontiersin.org 893
in the absence [and prior to] inflammatory stimulation. The
broad impact of VISTA on these cells ranges from regulation of
chemotactic responses, to the regulation of TLR signaling and
the IFN pathway. There remain numerous avenues for future
investigation; most importantly with regards to identification of
the endogenous VISTA ligand(s) in addition to insights on its
signaling roles to mediate these profound anti-inflammatory
effects. Nevertheless, there are potential valuable therapeutic
implications in the settings of dysregulated inflammation
driven by innate cells which could instruct novel strategies in
the treatment of autoimmunity and viral immunopathology.
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Type 1 diabetes (T1D) is widely considered to be a T cell driven autoimmune disease
resulting in reduced insulin production due to dysfunction/destruction of pancreatic b
cells. Currently, there continues to be a need for immunotherapies that selectively
reestablish persistent b cell-specific self-tolerance for the prevention and remission of
T1D in the clinic. The utilization of monoclonal antibodies (mAb) is one strategy to target
specific immune cell populations inducing autoimmune-driven pathology. Several mAb
have proven to be clinically safe and exhibit varying degrees of efficacy in modulating
autoimmunity, including T1D. Traditionally, mAb therapies have been used to deplete a
targeted cell population regardless of antigenic specificity. However, this treatment
strategy can prove detrimental resulting in the loss of acquired protective immunity.
Nondepleting mAb have also been applied to modulate the function of immune effector
cells. Recent studies have begun to define novel mechanisms associated with mAb-
based immunotherapy that alter the function of targeted effector cell pools. These results
suggest short course mAb therapies may have persistent effects for regaining and
maintaining self-tolerance. Furthermore, the flexibility to manipulate mAb properties
permits the development of novel strategies to target multiple antigens and/or deliver
therapeutic drugs by a single mAbmolecule. Here, we discuss current and potential future
therapeutic mAb treatment strategies for T1D, and T cell-mediated autoimmunity.

Keywords: diabetes, immunotherapy, monoclonal antibodies, immunoregulation, self-tolerance
INTRODUCTION

Type 1 diabetes (T1D) is an autoimmune disease defined by the immune-mediated destruction and/
or dysfunction of the insulin producing b cells within the pancreatic islets of Langerhans (1–11).
Both genetic and ill-defined environmental factors (e.g. viral infection, diet) influence T1D
susceptibility (4–6, 12–16). Typically, it takes a number of years from the initiation of
autoimmunity to diagnosis of clinical diabetes (5–9). When the functional b cell mass is reduced
by ~80%, production of insulin becomes insufficient to regulate the body’s glucose levels. Currently
there is no established curative treatment, and T1D is managed via daily exogenous insulin
treatment and monitoring of blood glucose levels. Insufficient control of daily glucose levels can lead
to severe complications including blindness, atherosclerosis, and neuropathy (6, 7).

T1D is a consequence of the breakdown of peripheral tolerance to b cell antigens, such as
proinsulin, insulin, and glutamic acid decarboxylase (GAD65). The triggering event of T1D is
org February 2021 | Volume 11 | Article 624568196
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poorly understood, and likely involves an environmental insult.
CD4+ and CD8+ T cells are generally considered to be the
primary drivers of b cell destruction in T1D patients. For
instance, the strongest genetic risk factor for T1D is associated
with specific alleles of HLA class II and class I molecules, and
CD4+ and CD8+ T cells are found infiltrating the islets of T1D
subjects (5, 6, 9, 13–33). Furthermore, the more aggressive
childhood versus adult T1D onset is marked by an expanded
effector T cell (Teff) response to proinsulin and insulin (20–22).
However, examples of human islets lacking a T cell infiltrate have
also been reported (24, 34, 35). Other adaptive immune cell
populations such a B cells, and various innate effectors such as
dendritic cells (DC), macrophages (MF), and natural killer (NK)
cells reside in the islets of T1D subjects as well (24, 34, 35).
Autoantibodies to islet proteins are also detected prior to clinical
T1D diagnosis, and have been used to establish the risk of
individuals progressing to overt diabetes (36–41).

Studies using the non-obese diabetic mouse (NOD), a model
of spontaneous T1D have provided important information
regarding disease progression and prevention (10, 11).
Genetically manipulated NOD mice and adoptive transfer
strategies have shown a direct role for CD4+ and CD8+ T cells
as well as B cells in mediating b cell destruction. For example, in
the absence of T or B cells, overt diabetes fails to develop (10, 11,
42–44). b cell-specific T cell reactivity is initiated by DC that
Frontiers in Immunology | www.frontiersin.org 297
ferry islet antigens from the pancreas into the draining
pancreatic lymph node (PLN) (Figure 1) (45–49). In the PLN,
naïve CD4+ and CD8+ T cells preferentially differentiate into
proinflammatory Teff subsets, based on the cytokine milieu
(Figure 1) (50–55). Release of IL-12 by DC induces the
generation of type 1 CD4+ and CD8+ Teff, Th1 and Tc1,
respectively, marked by expression of the transcription factor
T-bet and the cytokine IFNg (52, 56). Th1 and Tc1 cells have
been closely linked to T1D development in both NOD mice and
T1D patients (20, 52, 57, 58). However, IL-17A and IL-21-
secreting Th17 cells, and IL-21-secreting T follicular helper
(Tfh) cells also contribute to b cell destruction (50–52, 59–61).
Th17 differentiation is driven by an IL-1b, IL-6, TGFb, and IL-23
cytokine milieu (50, 52, 62), whereas IL-6 and IL-21 favor Tfh
differentiation (51, 53–55). After APC-antigen encounter, self-
reactive Teff migrate into the islets and promote b cell damage
via direct cytolysis, and indirectly through production of
proinflammatory cytokines, such as IFNg, IL-1b and TNFa
(Figure 1) (63–65). b cell damage and induced stress further
exposes autoantigens, which leads to epitope spread and
expansion of the pool of b cell-specific T cells (66, 67). Islet
resident DC, MF and NK cells further promote b cell damage by
maintaining the proinflammatory environment (5, 6, 9, 11, 24,
34, 45, 46, 57, 68–70). As islet inflammation or insulitis
progresses, functional b cell mass declines until insulin
FIGURE 1 | Type 1 diabetes (T1D) pathogenesis. Cellular events associated with driving T cell-mediated T1D are depicted within the pancreatic lymph node (PLN)
and pancreas. Upon initiation of b cell autoimmunity via an ill-defined event, dendritic cells (DC) migrate from the pancreas ferrying islet autoantigens into the PLN.
Here, naïve b cell-specific CD4+ and CD8+ T cells are activated and differentiate into distinct Teff subsets associated with T1D progression including CD8+ Tc1, CD4+

Th1, Th17, and Tfh. Early indication of ongoing autoimmunity is marked by the detection islet-specific autoantibodies (AutoAbs). Teff traffic into the pancreas and
initiate b cell damage, which gradually increases over time prompting nominal insulin production.
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production can no longer be sustained at sufficient levels to
maintain appropriate blood glucose levels and overt diabetes is
diagnosed (Figure 1) (5, 8, 9).

Based on findings made in NODmice and T1D patients, T cells,
and to a lesser extent B cells, have been the focus of most
immunotherapy strategies (10, 11, 42–44, 71). Nevertheless, due
to the heterogeneity and complexity inherent with the diabetogenic
response, designing effective immunotherapies to prevent and/or
treat T1D has been challenging. Numerous therapeutic strategies to
prevent and/or reverse T1D have been met with varying degrees of
clinical success and disappointment (72).

The use of monoclonal antibodies (mAb) has been one
approach clinically tested to prevent and/or treat T1D and other
autoimmune diseases (73–75). The development of therapeutic
mAb involves a number of key steps including: mAb generation,
screening/selection, humanization, affinity maturation, molecule
optimization, and engineering for commercial production (73,
74). Notably, advances in in vivo and in vitro generation of
antigen-specific mAb, and engineering of immunoglobulin (Ig)
molecules have greatly aided the production and application of
mAb for therapeutic use. Clinically applied mAb and related
molecules have provided safe and selective therapeutic targeting
of biologically relevant proteins for the treatment of several diseases
ranging from cancer to autoimmunity (73–75). For instance, mAb
therapy targeting TNFa is being used in rheumatoid arthritis (RA)
to mitigate disease severity (76, 77).

In T1D, mAb treatment must suppress ongoing b cell
destruction while reestablishing long-term self-tolerance.
Maintenance of long-lasting self-tolerance is largely mediated by
various subsets of regulatory T cells (Treg). The timing of T1D
immunotherapy is believed to be a critical factor impacting clinical
efficacy. Intervention with mAb at early stages of b cell
autoimmunity, when the frequency of pathogenic immune
effectors infiltrating the islets is relatively low and the functional b
cell mass high, is expected to be the most effective time to modulate
the autoimmune response. Alternatively, if treatment is started later,
it may be necessary to couple mAb therapy with strategies that
enhance the expansion and function of the residual b cell mass in
recent onset and long-standing diabetic individuals. Therapeutic
mAb typically function via two general mechanisms: i) depletion of
target cell populations, and ii) blockade of cell receptor function
(Figure 2). However, advancements in mAb development have
provided novel uses for therapeutic mAb such as inducing select
receptor signaling and the delivery of therapeutic drugs to a target
cell. This review will discuss strategies applied and advancements
made in mAb therapies for T1D prevention and treatment.
DEVELOPMENT OF THERAPEUTIC MAB

Production of Antigen-Specific mAb
The advent of B cell hybridoma technology in the mid 1970’s
provided the means to generate antigen-specific mAb, and in
turn jump-started the field of mAb immunotherapy (78). The
approach entails harvesting Ab-producing B cells from antigen
immunized mice that are immortalized via fusion with myeloma
cells to generate hybridoma cell lines (79). Although still a standard
Frontiers in Immunology | www.frontiersin.org 398
protocol for mAb production, the hybridoma method is generally
time consuming and labor intensive (80). Accordingly, a variety of
other approaches have been developed to provide more rapid
production and expand the repertoire of antigen-specific mAb.

One such technique is phage display pioneered in the mid
1980’s (81). The general approach entails cloning a gene into
gene III of filamentous phage, and having the encoded protein/
peptide displayed on the surface of the phage (82). The
engineered phages are then exposed to a protein that binds the
ectopic protein/peptide, the protein-bound phages expanded in
bacteria, and subjected to additional cycles of screening. This
method has been adapted for Ab phage display (APD) to screen
libraries of variable regions of antigen binding fragments (Fab)
or recombinant single-chain variable fragments (scFv) expressed
on the surface of phages (83). With large human Ig libraries
readily available, the process of generating and screening
sequences of complementary-determining regions (CDR) of
human Ig is rapid (84). In addition, human Ig sequences
negate the need for humanization (see below). Adalimumab
(D2E7) was the first fully human anti-TNFa mAb developed
using APD technology. Adalimumab exhibited comparable
inhibitory efficiency to a murine anti-human TNFa mAb
(MAK195), which was used as a template (85). APD can also
be used for optimization of mAb generation and production (86,
87). This method allows immunization steps to be bypassed,
which is a significant advantage for developing mAb against non-
immunogenic, toxic, or self-antigens. Despite numerous benefits,
a key drawback of APD is that the selection of heavy and light
chains is based on random selection events that may not
represent a functional Ig in vivo (88, 89). Nevertheless, APD
provides an accelerated mAb discovery and screening method
compared to the classic hybridoma mAb technique.

Humanization of mAb
AmurinemAb targeting the CD3 epsilon polypeptide of the human
T cell receptor (TCR) complex was the first developed and approved
for treatment in patients as an immunosuppressant drug to prevent
acute allograft rejection after organ transplantation (90). Despite
observed therapeutic benefits, severe side-effects emerged that
limited clinical application (91). Patients treated with the murine
mAb rapidly developed a human anti-mouse Ab (HAMA) response
that ranged from the development of rashes to lethal kidney failure.
In addition to significant safety issues, immune reactivity also
reduces mAb efficacy and half-life. To overcome immune
responses to mAb produced in non-human species, the Ig
molecules undergo a “humanization” process. Here, non-human
portions of the Ig molecule are reduced to minimize
immunogenicity without compromising antigen binding. Initially,
chimeric Ig molecules were generated consisting of a murine
variable region coupled with a human constant region. However,
the murine portion, making up ~30% of the Ig molecule, is still
sufficient to elicit immune reactivity (92–94). Further mAb
humanization, increasing the human content to ~85%, is
accomplished by grafting the non-human CDR into similar
human frameworks. However, this grafting can lead to the loss of
antigen-binding affinity due to conformational alteration of the
CDR loops (95, 96). The first FDA-approved humanized mAb
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daclizumab, an anti-CD25 mAb, was generated by grafting murine
CDR, which resulted in markedly reduced binding affinity (97).
Distinct residues in framework regions, known as vernier zone
residues, are responsible for maintaining Ig binding affinity and
need to be retained during humanization (98–100). However,
murine residues found in vernier zones still can elicit HAMA
responses (101). Therefore, efforts continue to preserve antigen
Frontiers in Immunology | www.frontiersin.org 499
binding while limiting HAMA responses for mAb engineered with a
non-human binding domain on a human Ab backbone.

The use of transgenic rodents that express human (Hu)-Ig is
one approach to generate bona fida human mAb following
antigen immunization (102, 103). Transgenic mice, lacking
endogenous Ig expression, have been established that express
human light chain genes coupled with a germline human Vk
FIGURE 2 | mAb therapies to ameliorate type 1 diabetes (T1D). (A, B) Monoclonal antibodies (mAb) treatments can be broadly divided into two categories:
depleting mAb or nondepleting (ND)/neutralizing mAb. Some promising mAb treatments are depicted that have been used in either animal models or clinical trials to
alter T1D progression. (A) Depleting mAb have been used to target T and B cells in the clinic. Transient depletion of T and B cells delays the progression of b cell
autoimmunity. (B) ND mAb have been applied to neutralize cytokines to suppress the proinflammatory milieu of the pancreatic lymph node (PLN) and islets, as well
as modulate the properties and activity of various immune effector cells. (C) The relationship between functional b cell mass versus islet inflammation is characterized.
Over time, increased chronic islet inflammation results in decreased functional b cell mass, first detected via metabolic abnormalities, and ultimately leading to
deficient insulin production, prompting clinical diagnosis of T1D. Individuals at different stages of T1D progression have treated with mAb therapies to alter T1D
progression, and in turn (D) prevent diabetes onset, or (E) rescue residual b cell mass after clinical T1D diagnosis. Typically, these clinical trials have used metabolic
readouts for b cell function as primary endpoints to determine therapeutic efficacy (C).
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region. Human heavy chain genes encoding m and g1 are also
expressed to allow class switching. Transgenic Hu-Ig mice have
been used in combination with conventional hybridoma
technology to produce several human mAb applied in the
clinic including: zanolimumab (anti-CD4), canakinumab (anti-
IL-1b), ustekinumab (anti-IL-12/23p40), and golimumab (anti-
TNFa) (104–108).

Fc Engineering
In addition to epitope binding, mAb elicit a wide range of effector
functions that are dependent on the Ig Fc region. Effector
functions include Ab-dependent cell-mediated cytotoxicity
(ADCC), Ab-dependent cell-mediated phagocytosis (ADCP),
and complement-dependent cytotoxicity (CDC) (109).
Glycosylation of the Fc region impacts binding to Fc receptors
(FcR) on effector cells and subsequent ADCC and ADCP
responses. Accordingly, mAb effector function can be
manipulated via modification of glycosylation of the Fc region.
For example, enhanced ADCC by tumor resident NK cells is seen
with a human IgG1 lacking fucosylated glycan at Asn297 in the
Fc region, leading to increased tumor rejection (110, 111).
Modification of the Fc region has also been important in
reducing unwanted adverse events associated with mAb
effector function. Initial clinical trials using anti-human CD3
OKT3 IgG1 for the treatment of T1D resulted in cytokine release
syndrome (CRS), driven by FcRg binding (112, 113). Alanine
substitutions at amino acid positions 234 and 235 were
introduced into the CH2 Fc region of the g1 backbone that
reduce glycosylation and FcRg binding. Consequently, the
resulting mAb, teplizumab (huOKT3g1(Ala-Ala)), exhibits only
minimal CRS (114). A similar approach has been used with the
anti-human CD3 otelixizumab, a humanized aglycosylated IgG1
tested in T1D clinical trials (115, 116). The Fc region, however, is
important for structural stability and reduced Fc binding to the
neonatal receptor, FcRn, leads to shortened Ab serum half-life
(117, 118). Therefore, engineering of the Fc region is important
for mAb development that needs to be optimized for both drug
safety and pharmacokinetics.
THE APPLICATION OF DEPLETING
MAB FOR T1D

mAb targeting cellular antigens are typically depleting due to
ADCC, ADCP, and CDC responses. The goal of using a
depleting mAb in the context of autoimmunity is to eliminate
the pathogenic immune effectors preventing further tissue
damage. In T1D, depleting mAb treatments in preclinical or
clinical settings have targeted various cell populations. Transient
depletion of T and B cells via mAb for example, have shown at
least short-term benefits in recent onset T1D subjects (Figure 2)
(119–123).

Anti-CD3 Therapy
Arguably, the most successful clinical immunotherapy for T1D
to date has been administration of anti-CD3 mAb. The first
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murine IgG2a specific for the human CD3 epsilon-subunit
(OKT3) was developed in 1979, and approved by FDA as the
first human mAb immunotherapy in 1986 (124). Treatment
successfully prevented acute graft rejection and graft-versus-
host-disease (GvHD) in organ transplant patients (124, 125).

In 1994, Chatenoud and Bach showed that anti-CD3 therapy
reversed new onset diabetes in NOD mice, and established long-
term remission and b-cell-specific tolerance (126). The
mechanisms of protection induced by anti-CD3 mAb therapy
have been extensively studied in mice (127–129). Following anti-
CD3 mAb binding, increased TCR signaling promotes T cell
activation-induced cell death (AICD) (130, 131). Interestingly,
AICD by anti-CD3 mAb is selective for conventional T (Tconv)
cells with limited effects on FoxP3-expressing CD4+ Treg
(Foxp3+Treg) (132). In NOD mice, the depletion of islet
infiltrating Teff by anti-CD3 suppresses ongoing b cell
destruction, albeit at the expense of transient systemic
depletion of Tconv (126, 133). Additionally, the ingestion of
apoptotic T cells enhances TGFb production by MF, which
promotes Foxp3+Treg differentiation (128, 129, 134). This
increased pool of Foxp3+Treg plays a critical role in
maintenance of diabetes remission in NOD mice (128).

During a randomized, controlled, open-label phase I/II
clinical trial, newly diagnosed T1D patients were given a 14-
day course of treatment of teplizumab (120). Although diabetes
reversal was not observed, the teplizumab-treated group had
several promising metrics. Over a 2 year period C-peptide
responses and insulin production were sustained, which
correlated with decreased acetylated hemoglobin (HbA1c) and
insulin dependency (119). Otelixizumab also was shown to
preserve b cell function and reduce insulin use for 4 years in a
phase II placebo-controlled trial (135). The beneficial effects of
otelixizumab were most pronounced in patients with higher
residual b cell function, but the therapeutic effects diminished
by 24 months, suggesting overall efficacy was limited. In
addition, otelixizumab treatment resulted reactivation of
Epstein Barr virus in some subjects (121). Although the effects
of otelixizumab were transient, this study indicated that
intervening at an earlier time post-diagnosis enhanced efficacy.

Patients who received anti-CD3 mAb experienced significant
reduction of peripheral T cells, which rebounded within a month
after therapy (119, 120, 123, 136, 137). This reduction in
numbers is in part believed to be due to T cell egress from the
circulation (138). Evidence also indicated that anti-CD3 affected
the T cell phenotype in treated T1D subjects. For example, the
frequency of circulating central memory CD8+ T cells and
exhausted islet-specific CD8+ T cells (TIGIT+KLRG1+PD-1+)
were increased (136, 139, 140). Interestingly, recent studies show
that aggressive T1D correlates with the presence of activated
islet-specific HELIOS+ CD8+ memory T cells (Tmem) found in
peripheral blood (141). On the other hand, slower progressing
T1D is marked by peripheral blood islet-specific CD8+ Tmem
exhibiting an exhausted phenotype characterized by
upregulation of EOMES, 2B4, PD-1, TIGIT, and CD160 (141).
These results suggest that anti-CD3 induced T cell exhaustion
plays a role in the protective effect.
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The phase III trials using either teplizumab or otelixizumab
did not meet the primary endpoint goal (142–144). Nevertheless,
post-hoc analyses showed a reduced loss of C-peptide in a subset
of patients receiving teplizumab (142). On the other hand, the
otelixizumab phase III trial was terminated after an untested and
reduced dose of the mAb failed to significantly improve C-
peptide levels compared to the control groups. A phase I/IIa
repeat dose escalation study of otelixizumab has shown a dose-
dependent relationship between anti-CD3-TCR engagement and
TCR downregulation [NCT02000817 (145)]. The dosing of
otelixizumab was also found to be well tolerated and preserved
b cell function over 18 months (146). A new randomized,
double-blind, placebo-controlled teplizumab phase III trial
addresses the safety and tolerability of the treatment in recent-
onset T1D young patients as well as the effect on b cell
preservation using the most effective dosage and modified
primary outcome based on earlier findings (NCT03875729).

A recent phase II study in high-risk, nondiabetic relatives of
T1D patients, investigated the efficacy of teplizumab to prevent
diabetes onset (NCT01030861). Subjects receiving a single 14-
day course of teplizumab exhibited an average delay of 24
months in the onset of diabetes (136). Notably, the largest
response to teplizumab was seen in subjects with reduced
median levels of C peptide at the time of intervention,
indicative of a later stage of disease progression. In addition,
HLA haplotype was found to influence the efficacy of teplizumab.
This latter result suggests that the TCR repertoire, likely
reflecting the size of the activated Teff pool, are parameters
influencing the response to teplizumab. Importantly, this study
provides the first evidence that anti-CD3 treatment can delay
T1D onset in at-risk individuals, as well as further substantiate
targeting the T cell compartment as a general means to modulate
the human disease process. Consequently, teplizumab has been
granted PRIority MEdicines (PRIME) designation by European
Medicines Agency and Breakthrough therapy designation by the
U.S. Food and Drug Administration (147, 148).

The route of administration of anti-CD3 is also being assessed
to enhance efficacy and safety. Initial studies with oral anti-CD3
treatment in murine experimental autoimmune encephalitis
have demonstrated decreased side effects and increased efficacy
at lower dosages (149). Of note, oral administration of anti-CD3
failed to alter the CD3/TCR complex or induce pronounced
downstream TCR related signaling events such as depletion or
release of proinflammatory cytokines (150). Instead tolerance
was achieved by induction of TGFb1-expressing Th3 cells (149,
151). However, the therapeutic efficacy of oral anti-CD3
treatment in T1D has yet to be clinically tested.

Anti-CD20 Therapy
B cells are critical to the pathogenesis of T1D, and are
consistently detected within the pancreatic islet infiltrate (9, 24,
42–44, 70). Development of diabetes is prevented in NOD mice
treated with a B cell depleting anti-CD20 at a preclinical stage of
T1D (Figure 2) (152). Similarly, anti-CD22 mediated B cell
depletion in NOD mice prevents diabetes, and has been reported
to induce remission in new onset animals (153).
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Studies suggest that B cells are also key drivers in the
progression of human T1D. For example, the aggressive, early
onset of diabetes correlates with high numbers of islet infiltrating
CD20-expressing B cells (57, 154). Rituximab, a mouse-human
chimeric IgG1 mAb specific for human CD20, has been studied
in recent onset T1D patients (122). One year after treatment,
rituximab versus control treated subjects exhibited an
improvement in the levels of HbA1c and C-peptide, as well as
the requirement for insulin indicating preserved b cell function.
However, CD19+ B cells slowly repopulated the periphery and no
long-term benefit was detected after two years (155). Previous
studies have indicated that disease promoting autoreactive B cells
may not be completely deleted after anti-CD20 treatment (156,
157). Further studies regarding the timing, potential as a
preventative treatment, and dosage of rituximab are needed to
optimize this therapeutic potential for T1D.

Anti-CD2 Therapy
CD2 is a surface adhesion molecule expressed by a variety of cell
populations including T cells, NK cells and DC (158–160).
Notably, CD2 levels are increased on Tmem (158, 159).
Alefacept, a fusion protein consisting of the CD2-binding
domain of LFA3 fused to the Fc region of human IgG1
(IgG1Fc), has been utilized to treat psoriasis (88, 161). The
fusion protein preferentially binds to Tmem, and induces
apoptosis mediated by IgG1Fc binding to FcRg expressed by
NK cells (162). Accordingly, individuals treated with alefacept
have reduced levels of Tmem. Regarding T1D, a 12 and 24
month clinical trial with recent onset patients demonstrated a
reduced frequency of activated T cells and increased ratio of Treg
to Tmem in blood. Additionally, C-peptide levels were improved
after a mixed meal test (MMT) in the alefacept versus placebo
group [NCT00965458 (163, 164)]. This correlated with reduced
exogenous insulin requirements, and suggested that alefacept
prolongs b cell function (163, 164). Interestingly, in psoriasis
patients, alefacept reduced activated CD11c+/CD83+ DC subsets
and inflammatory gene expression levels (165). Therefore, this
strategy may restore peripheral tolerance via targeted deletion of
activated self-reactive T cells and APC plus increasing Treg to
dampen the ongoing autoimmune response.

Overall, depletion of immune populations via mAb has been
effective in influencing b cell autoimmunity in both mice and
humans. Nevertheless, there is the risk of limiting protective
immunity following broad depletion of a given immune cell type,
particularly if treatment requires continued mAb administration.
THE APPLICATION OF NONDEPLETING
MAB FOR T1D

In addition to depletion, mAb have the capacity to block and/or
modulate intercellular and effector molecule interactions.
Naturally occurring or engineered nondepleting (ND) mAb
have been clinically used to block cytokine/chemokine-receptor
interactions and to inhibit cell surface receptor-ligand
engagement to affect an immune response (Figure 2). Human
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IgG4 for instance, has a low affinity for most FcRg, which limits
ADCC, ADCP, and CDC (166, 167). As noted above, modifying
glycosylation patterns can also be used to block the depleting
function of mAb, as well as enhance therapeutic efficacy, and Ig
half-life (168, 169). Overall, ND mAb have the therapeutic
advantage of preserving the pool of targeted immune effector
cells while disrupting an ongoing autoimmune response.

mAb Neutralization of Soluble Immune
Effector Molecules
The combination of the proinflammatory cytokines IL-1b, IFNg,
and TNFa is cytotoxic to b cells (63, 64). IFNa also enhances
CD8+ T cell-mediated destruction of b cells via upregulation of
MHC class I by b cells (170–173). Therefore, mAb therapies have
been used to neutralize the proinflammatory environment within
the islets and preserve functional b cell mass (Figure 2). Two
different therapies to inhibit IL-1b, an anti-IL-b mAb
(canakinumab) and an antagonist of the IL-1R (anakinra),
have been ineffective at maintaining b cell function in recent
onset T1D patients [NCT00947427, NCT00711503 (174)]. In
contrast, etanercept, an anti-TNFa fusion protein that binds to
and removes TNFa from circulation, has demonstrated efficacy
based on reduced Hb1Ac levels in recently diagnosed children
[NCT00730392 (175)]. An ongoing clinical phase II trial is
testing the tolerability and effects on b cell autoimmunity of
etanercept in combination with vitamin D plus GAD65 prepared
in Alum adjuvant (NCT02464033). The goal here is to suppress
islet inflammation while inducing GAD65-specific Treg.
Simponi, a neutralizing Ab that binds to both soluble and
membrane bound TNFa, is also being investigated to maintain
b cell mass (NCT02846545). Early evidence indicates that
simponi may prolong insulin production, but long-term
efficacy still needs to be determined (176).

Studies in NOD mice have shown that blocking IFNa or its
receptor reduces T1D incidence (177, 178). Furthermore, mAb
neutralization of IFNg can prevent the progression of b cell
autoimmunity in adoptive transfer models of T1D when
administered at distinct treatment windows (179–181). In
contrast, IFNg-deficient NOD mice continue to develop diabetes,
suggesting potential redundancy among proinflammatory cytokines
and highlighting the importance how timing of mAb intervention
can impact therapeutic efficacy (182–184). Overall, neutralizing a
single proinflammatory cytokine has generally had limited success.
This may in part reflect the relative role of a given cytokine in
general and/or at a particular stage in the disease process. Targeting
multiple cytokines that affect b cell viability and function may be
needed to enhance the efficacy of the approach.

mAb targeting of cytokines to modulate T cell subset
differentiation and effector function has also been a strategy to
alter the progression of b cell autoimmunity. Neutralizing IL-12,
which induces type 1 (e.g. Th1/Tc1) subset differentiation, limits
insulitis and prevents the onset of diabetes in NOD mice (10).
However, efficacy is dependent on continuous and frequent anti-
IL-12 administration (185).

Cytokine-specific mAb have also been used to block the
function and/or differentiation of other CD4+ T cell subsets
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involved in b cell autoimmunity, such as Th17 and Tfh cells (50,
52, 54, 55, 186). For instance, IL-21 secreted by Th17 and Tfh
cells, has been targeted. A role for IL-21 in T1D was initially
demonstrated in NOD mice lacking IL-21R, which exhibit
minimal insulitis and reduced diabetes incidence (60). Ectopic
expression of IL-21 by b cells also induces diabetes in non-
autoimmune prone C57BL/6 mice (187). Furthermore, blockade
of IL-21 reverses established T1D in NOD mice making IL-21 a
promising therapeutic candidate in the treatment of T1D (188).
Indeed, a phase II clinical trial of newly diagnosed T1D patients
treated with anti-IL-21 and liraglutide (a glucagon-like-peptide-1
agonist), designed to curtail autoimmunity and boost insulin
production, is underway (NCT02443155).

Diabetes incidence is reduced in NOD mice treated with anti-
IL-17A starting at 10 weeks of age, a relatively late preclinical
stage of T1D (59). Interestingly, protection correlates with an
increased frequency of Foxp3+Treg in the islets and PLN, likely
mediated in part by a dampened proinflammatory milieu. Both
Foxp3+Treg and Th17 cells differentiate in the presence of TGFb,
however in the absence of additional proinflammatory cytokines
such as IL-1b and IL-6, CD4+ T cell differentiation is skewed
toward the Foxp3+Treg subset (189, 190). Notably, anti-IL-17A
treatment initiated at an earlier stage of T1D progression is
ineffective at preventing diabetes onset in NOD mice (59). These
results suggest that interfering with Th17 differentiation and
function is effective when insulitis is well established. Similarly,
treatment of NOD mice at 10 weeks of age with recombinant IL-
25, which antagonizes Th17 differentiation, also decreases T1D
incidence (59). Thus, mAb therapies targeting Th17 and Tfh
subsets have yielded promising results in murine T1D that may
lead to beneficial clinical outcomes for human T1D treatment.

Modulating Immune Effector Cell
Activity via ND mAb
In addition to targeting soluble mediators regulating autoreactive
Teff differentiation and function, ND mAb therapies have been
applied to directly modulate Teff activity via binding to surface
molecules. Naïve T cells have the plasticity to differentiate into
various Teff subsets defined by unique transcription factor and
cytokine profiles. One key factor driving Th1/Tc1 subset
differentiation is a strong TCR signal, defined as the
culmination of TCR (signal 1), co-stimulatory molecule (signal
2) and cytokine (signal 3) signaling pathways (191–193).
Furthermore, continued TCR signaling is required to maintain
Teff function. Therefore, strategies to dampen these signaling
pathways are expected to prevent expansion and function of
pathogenic Teff. Blocking the T cell co-stimulatory molecule
pathway using abatacept, an anti-CTLA4-Ig fusion protein, slows
b cell functional decline and improves Hb1Ac values in new-
onset T1D patients, although insulin independence is not
achieved [NCT00505375 (194, 195)]. Interestingly, recent
studies have indicated clinical responsiveness to abatacept in
recent-onset T1D subjects is dependent on suppression of Tfh
cells, indicating that the therapy modulates the T cell pool (61).

Short-term ND mAb treatment targeting the T cell co-
receptors CD4 and CD8a both prevents and reverses diabetes
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in NOD mice while establishing long-term b cell-specific
tolerance (196–200). T cells examined shortly after mAb
treatment exhibit reduced TCR signaling and suppressed
production of proinflammatory cytokines (196, 197).
Importantly, mAb-bound T cells rapidly egress from the islets
and PLN (196–198). The latter is dependent on mAb-mediated
co-receptor cross-linking, and is marked by distinct changes in T
cell transcriptional activity, decreased sensitivity to local
retention cues, and enhanced responsiveness to tissue egress-
inducing chemokines (196, 197). Long-term maintenance of
tolerance is tissue-specific, mediated by an induced b cell-
specific Foxp3+Treg, while protective immunity is unperturbed
(198). Interestingly, a ND humanized anti-human CD4 IgG1
mAb, tregalizumab, has been reported to preferentially activate
and enhance the suppressor activity of FOXP3+Treg in vitro
(201). Short-term ND mAb treatment strategies targeting T cell
co-stimulatory molecules can inhibit b cell-specific T cell
reactivity long-term via changes in T cell transcriptional profiles.

mAb that recognize b cell-peptide-MHC complexes may
provide an additional strategy to alter TCR signaling, and
enhance targeting of autoreactive Teff. For example, a mAb
(mAb287) recognizing the peptide:MHC class II complex
insulin B:9-23 peptide in the context of IAg7 blocks IL-2
cytokine secretion and tetramer binding by an insulin specific
T cell hybridoma. Additionally, NOD mice treated weekly
starting at 4 weeks of age with mAb287 significantly delays
T1D onset (202).

mAb-mediated blockade of CD127, the IL-7Ra, both
prevents and reverses diabetes in NOD mice (203, 204).
CD127 is expressed by naïve T cells and Tmem, and is critical
for maintaining T cell homeostasis. Short-term anti-CD127
treatment induces increased PD-1 expression and diminished
proinflammatory cytokine production by Teff, consistent with an
exhausted T cell phenotype (203, 204). Indeed, the protective
effect induced by anti-CD127 mAb in NOD mice is reversed by
treatment with a PD-1 blocking mAb, known to rescue
exhausted T cells (203). T1D patients treated with the anti-IL-
7Ra mAb RN168 show a reduction in Tmem and activated T
cells while the FOXP3+Treg pool is maintained (205).
Nevertheless, C-peptide levels are not markedly altered, which
may reflect the dose and/or duration of RN168 administered.

ND mAb therapy has also been employed to alter NK cell
activity. Specifically, studies have examined the role of NK cell
activating receptor NKp46 or the mouse orthologue NCR1 in
affecting the diabetogenic response (68, 206, 207). Anti-NCR1
mAb (NCR1.15) treatment initiated early in disease progression
decreased diabetes incidence in NOD mice (206). This protective
effect correlated with a pool of NK cells with reduced NCR1 surface
expression, activation and degranulation (206). Although the ligand
for NKp46 has yet to be identified, NCR1-Ig and NKp46-Ig fusion
proteins bind to murine and human b cells respectively, indicating
that b cells express a NK cell activating ligand (68, 208). Recently a
humanized anti-NKp46 (hNKp46.02) has been shown to also
reduce NK cell degranulation and internalization of the NKp46
activating ligand (207). Therefore, future studies are poised to
investigate the efficacy of targeting NK cells for T1D treatment.
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Central to the development of T1D is the ability of pathogenic
autoreactive immune cells to traffic into the islets (209). T and B
cells require various adhesion molecules to facilitate extravasation
from circulation into sites of inflammation. Notably, NOD mice
deficient in the T cell adhesion molecule ICAM-1 are protected
from diabetes (209, 210). Accordingly, mAb-mediated blockade of
adhesion molecules has been assessed in NOD mice as a means to
prevent T and B cell trafficking into the islets (209). NOD mice
treated with anti-ICAM-1 mAb exhibit reduced diabetes onset (209,
211). Similarly, blockade of MADCAM-1 in young NOD mice also
reduces diabetes incidence. However, once islet infiltration has been
established, MADCAM-1 blockade is ineffective (209, 212). These
findings suggest that the timing of mAb blockade of adhesion
molecules is critical, and that the approach is more effective at earlier
stages of b cell autoimmunity when only a limited number if islets
are infiltrated.

Taken together, ND mAb offer a promising therapeutic
approach for prevention and treatment of T1D. Initial clinical
and a substantial number of preclinical studies demonstrate that
the function of effector molecules and properties of various
immune cell types driving b cell autoimmunity can be
modulated by ND mAb and fusion molecules. This is achieved
without significant changes in systemic numbers of immune
effectors or disruption of protective immunity.

mAb-Cytokine Complexes
Cytokine-based therapy has been used to modulate immune-
mediated pathology, including autoimmunity and T1D.
However, systemic delivery of cytokines is problematic due to
pleiotropic effects, and non-specific cell signaling that leads to
potentially severe adverse effects. To overcome these obstacles,
mAb-cytokine complexes are being developed and applied to
target specific cell populations, and in this way enhance efficacy
and safety. An example is the use of IL-2-Ab complexes (213).

IL-2 is predominantly produced by activated T cells and
promotes expansion and survival of Teff (214). Additionally,
IL-2 is essential for Foxp3+Treg differentiation, fitness, and
maintenance (214). Development of murine T1D has been
linked to reduced IL-2 production by T cells leading to
Foxp3+Treg dysfunction and heightened b-cell-specific Teff
responses (215–221). Similarly, polymorphisms in the CD25
gene are associated with human T1D susceptibility, and in
part, result in reduced sensitivity of FOXP3+Treg to IL-2 (215–
222). Upon activation the IL-2 receptor complex, consisting of
CD25, CD122, and CD132, is upregulated on Tconv. In contrast,
Foxp3+Treg constitutively express elevated levels of the high
affinity IL-2 receptor component CD25 (223). Increased CD25
expression by Foxp3+Treg provides a competitive advantage to
acquire local IL-2 and therefore prevent Teff expansion and
function (221, 223). Two murine anti-IL-2 mAb have been
developed that exhibit distinct biological functions in vivo
when bound to recombinant IL-2 (213, 224). The anti-IL-2
clone S4B6 establishes an IL-2 complex that preferentially
binds to Teff. S4B6 binding to IL-2 prevents IL-2 interaction
with CD25 causing selective binding of IL-2 to CD122 on Teff
(213, 224). In contrast, the JES-61A2 anti-IL-2 clone establishes
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an IL-2 complex that is preferentially bound by Foxp3+Treg
(213, 224). Here JES-61A2 binding to IL-2 prevents interaction
with CD122 causing IL-2 to signal through CD25 (213, 224). Co-
treatment of NOD mice with b cell peptide loaded tetramers and
IL-2-JES-61A2 mAb complexes selectively expands b cell-
specific Foxp3+Treg reducing diabetes incidence (225). A key
benefit of mAb-IL-2 complexes is that the half-life of IL-2 is
extended which aids pharmacokinetics (226). Low dosage IgG-
IL-2 complexes significantly enhances FOXP3+Treg numbers
and function in human peripheral blood as well as in
cynomolgus monkeys for the treatment of GvHD (227).

Bispecific mAb
Bispecific Ab (bsAb) contain two distinct antigen binding sites.
Structurally bsAb typically consist of two different Fab arms, or
two unique Ab linked by a common Fc region (228). bsAb can be
used in autoimmunity to: i) neutralize multiple cytokines or
receptors simultaneously, ii) force cell-cell interactions of
different immune populations, and iii) initiate receptor co-
localization on the cell surface (228, 229). The first clinically
applied bsAb was blinatumomab, a CD19- and CD3-specific
recombinant, for the treatment of non-Hodgkins B cell
lymphoma. Blinatumomab forces an interaction between B
cells and cytotoxic T cells. The result of this interaction is
efficient elimination of the B lymphoma cells, expansion of
protective T cells, and an increased life expectancy in the
majority of patients (228, 230).

A bsAb specific for the b cell specific glucose transporter 2
molecule (Glut2) and the T cell inhibitory receptor CTLA-4 has
been tested in NOD mice (231). This bsAb binds to b cells via
Glut2 and engages CTLA-4 on Teff to suppress function. Glut2-
CTLA-4-specific bsAb treatment of NODmice results in reduced
T cell proliferation and proinflammatory cytokine production,
and decreased diabetes incidence (231). While the application of
bsAb for the treatment of T1D has been limited to date, several
enticing therapeutic strategies exist. bsAb that promote
interactions between Foxp3+Treg and Teff, such as a CD25 and
CD122, would be one approach. Another therapeutic option
would be to use bsAb to establish “dual” anti-inflammatory
cytokine complexes. An IL-12-IL-2 mAb fusion protein for
example, has been used to simultaneously deliver both IL-2
and IL-12 to enhance Teff and NK function for cancer
treatment (232). In the context of autoimmunity, dual cytokine
fusion complexes of IL-2 and TGFb may prove to be an effective
strategy to induce and expand adaptive Foxp3+Treg. As
autoimmune diseases are driven by several events, bsAb
provide a novel therapeutic avenue to modulate multiple
drivers of autoimmunity simultaneously.
SUMMARY

The ultimate goal of an immunotherapy for T1D is to suppress
ongoing b cell autoimmunity by restoring peripheral tolerance
without affecting protective immunity, and preserve b cell
function. The complexity of the disease process, marked by
Frontiers in Immunology | www.frontiersin.org 9104
multiple immune effectors (Figure 1), and varying kinetics of
disease progression among individuals, however, has made the
development of effective immunotherapies highly challenging to
date (5–8, 72).

In general, mAb therapies have been applied to alter disease
progression by deleting immune effector cells, altering effector
cell phenotype/function or blocking soluble/cell-surface protein
interactions (Figure 2). Clinical therapies targeting T and B cells
via anti-CD3 and anti-CD20, respectively, have demonstrated
safety and efficacy in maintaining b cell mass in newly-diagnosed
patients (Figure 2) (136, 233, 234). However, these therapies and
others fail to reestablish self-tolerance long-term. This may in
part be due to insufficient induction/expansion of FOXP3+Treg
or adaptive Treg subsets, and/or failure to adequately tolerize
relevant pools of pathogenic Teff and Tmem. In this regard, it is
noteworthy that efficacy of anti-CD3 to delay diabetes onset in at
risk subjects is in part dependent on HLA haplotype (136). This
finding suggests that parameters such as TCR repertoire, the
avidity/affinity of the Teff, and/or the size of the pathogenic Teff/
Tmem pool contribute to therapeutic outcome. The results are
intriguing and further underscore the complexity associated with
effectively manipulating the complete autoimmune response.

One key variable that influences the efficacy of mAb in T1D is
the timing of intervention in relationship to disease progression
(7, 8, 72). The diabetogenic response in human T1D can be
viewed as a succession of stages marked by: 1) the initiation of
autoimmunity detected by presentation of multiple islet
autoantibodies , 2) ongoing autoimmunity with the
presentation of metabolic abnormalities that indicate aberrant
stress on b cell mass, and 3) the onset of overt diabetes indicating
loss of function of the majority of b cell mass (Figure 2). The
majority of clinical trial interventions have been applied at the
second and third stages of disease progression. It is well
established by preclinical studies that a given mAb treatment
may only be effective at a particular stage of T1D progression
(72). Recent clinical results indicating that the efficacy of anti-
CD3 therapy to delay diabetes onset is dependent on ongoing
autoimmunity, further highlight this key aspect of T1D
immunotherapy. Notably, a similar temporal effect is seen in
NOD mice in which anti-CD3 therapy fails to prevent diabetes
onset when given to NOD mice at an early stage in disease
progression (133). The nature of the effector cells and molecules
being targeted will ultimately determine clinical efficacy at a
given stage of T1D progression. Here, it is critical that the
mechanism by which a therapeutic mAb induces tolerance be
fully understood to help better predict efficacy when
administered at a given stage of disease progression, as well as
the likelihood of induction of long-term tolerance without the
need of persistent intervention. At earlier and less stringent
stages of T1D, strategies that limit trafficking of effectors into
the islets and/or activation and/or differentiation of pathogenic
effectors are expected to be effective. In contrast, during late
preclinical T1D stages or at the onset of diabetes the therapy
must be sufficiently robust to rapidly tolerize an established and
sizable pool of islet resident pathogenic effectors. In both settings
induction and/or expansion of Treg subsets is needed to
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maintain tolerance by limiting subsequent differentiation,
expansion and/or function of pathogenic Teff. In an attempt to
minimize temporal effects of disease progression, mAb therapies
that establish long-term, b cell-specific tolerance broadly over
preclinical and clinical T1D stages in NOD mice and other
rodent autoimmune models, need to be identified and
prioritized. In this regard, the use of ND mAb specific for CD4
and CD8 is noteworthy. A short course of ND anti-CD4 and
CD8amAb prevents diabetes onset when administered to young
NOD mice and results in rapid reversal of diabetes and tissue-
specific long-term tolerance in NOD mice (196–199, 235).

In view of the complexities of the diabetogenic response in
general, and the varied parameters linked to effectively tolerizing
immune effectors, it is likely that multiple cell types and/or
effector molecules will need to be targeted with combinations of
mAb (Figure 1). For example, expansion of b cell-specific
Foxp3+Treg may be enhanced by combining mAb-IL-2
complexes with mAb that quench the proinflammatory milieu
of the PLN and islets and/or block Teff differentiation and
function (225). Alternatively, b cell-specific Treg subsets can be
induced and/or expanded via more traditional antigen-specific
based strategies following “broad” tolerization of Teff via mAb
therapy. The application of bsAb may be particularly
advantageous for combinatorial strategies. The simultaneous
targeting of multiple proteins (e.g. proinflammatory cytokines)
by a single therapeutic agent simplifies treatment dosing and
regimen, and limits potential drug-drug interactions (228, 229).
Importantly, regardless of the mAb strategy, the ability to restore
lasting peripheral tolerance to prevent further b cell destruction
is necessary for clinical success.

An important consideration in selecting a given set of mAb
strategies is whether b cell autoimmunity is driven by T cells
versus innate cells, and/or b cell intrinsic defects. Currently,
evidence indicates that the rapid, aggressive disease developing in
children is largely T cell-mediated. However, adult onset T1D
may be driven by T cells, and/or innate effectors and/or b cell
intrinsic defects leading to dysregulation of insulin production
(236). Needed are sensitive disease readouts and biomarkers that
distinguish between the respective scenarios or endotypes, to
ensure that the appropriate therapeutic strategy is being applied
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(237). Consideration is also needed in defining successful
endpoints for testing a therapeutic approach in the clinic
(237). The ideal scenario is that a given mAb immunotherapy
protects or rescues b cell function measured in part by metabolic
indicators (Figure 2). Nevertheless, in the absence of a successful
metabolic outcome, there is much value in determining whether
an immunotherapy has induced tolerance within the targeted
effector cell pool. As alluded to above, establishing tolerance in
one compartment of the disease process may be insufficient to
achieve a therapeutic benefit. However, determining that
tolerance is indeed established would provide justification to
combine in a rational manner, appropriate complementary
strategies to enhance therapeutic efficacy. In the case of T cells,
single cell transcriptome analysis of T cells bound by b cell-
specific multimers and sorted from the blood of test and control
subjects would be one approach sufficiently sensitive to detect
changes within the T cell compartment.

To date, mAb therapies have provided intriguing results in
affecting the progression of T1D. Nevertheless, an effective strategy
to reestablish self-tolerance long-term is still required. Ongoing T1D
research continues to characterize novel genes and potential targets
involved in T1D disease susceptibility and progression. The ability to
customize the mAb target and respective effector function provides
immense flexibility to discover and develop a successful mAb
treatment for T1D.
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Regulatory T cells (Treg) are essential components of peripheral immune homeostasis.
Adoptive Treg cell therapy has shown efficacy in a variety of immune-mediated diseases in
preclinical studies and is now moving from phase I/IIa to larger phase II studies aiming to
demonstrate efficacy. However, hurdles such as in vivo stability and efficacy remain to be
addressed. Nevertheless, preclinical models have shown that Treg function and specificity
can be increased by pharmacological substances or gene modifications, and even that
conventional T cells can be converted to Treg potentially providing new sources of Treg
and facilitating Treg cell therapy. The exponential growth in genetic engineering
techniques and their application to T cells coupled to a large body of knowledge on
Treg open numerous opportunities to generate Treg with “superpowers”. This review
summarizes the genetic engineering techniques available and their applications for the
next-generation of Super-Treg with increased function, stability, redirected specificity
and survival.

Keywords: immune tolerance, transplantation, autoimmunity, genome editing, CAR, cell therapy, immune
regulation, regulatory T cells
INTRODUCTION

The immune system has developed physiological regulatory mechanisms to avoid excessive
intensity or duration of immune responses and inflammation. Undesired immune reactivity
needs to be controlled in pathological situations such as autoimmune diseases, solid organ
transplantation (SOT), graft-vs.-host disease (GvHD), and immunogenicity of gene therapeutics
and biologics. These regulatory mechanisms can be exploited therapeutically to reshape immune
responses in subtler ways than conventional immunosuppressors. In fact, conventional
immunosuppressors are non-selective, also inhibit protective anti-pathogen immunity and have
common off-target toxicities. Although novel treatments dampen immune responses more
specifically and induce immune tolerance (1, 2), alternative treatments are needed.

Among the mechanisms that maintain tolerance, both CD4+ and CD8+ FOXP3+ Treg play a
central role (3–7). In addition, in both CD4+ and CD8+ compartments FOXP3− Treg are described
(8). Treg are multifunctional, adaptable, living drugs, that have the potential to restore/induce
org February 2021 | Volume 11 | Article 6116381112
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durable immune tolerance and thus cure or ameliorate diseases
as demonstrated in pathological rodent models (3). Although
most Treg used in pre-clinical models have been polyclonal,
some were antigen-specific or genetically modified (5, 6, 8–10).
Small clinical studies have demonstrated the safety and some
efficacy of autologous in vitro expanded polyclonal CD4+ Treg
without genetic modifications in a variety of diseases (3).

Genetic modifications hold great potential to enhance their
clinical efficacy as previously shown for genetically modified
conventional T cells (Tconv) in the cancer field (11). The
exponential development of genome engineering approaches
enables strategies to generate “Super-Treg.”

This review describes genetic engineering techniques to
increase the specificity, functional stability, survival, and
suppressive function of Treg, as well as the generation of
allogeneic off-the-shelf products, and strategies to eliminate
these Super-Treg if necessary.
GENETIC ENGINEERING TOOLS FOR THE
GENERATION OF SUPER-TREG

Targeted genetic manipulation of Treg has surged due to
advances in genetic analysis and engineering (12).

Gene Transfer Using Lenti-/Retro-Viruses
or Transposases
The current gold standard for the stable ectopic gene expression
by T cells are replication-deficient lenti-/retro-viruses, which
insert entire gene expression cassettes into the genome (13)
(Figure 1). Multiple studies have demonstrated that Treg from
healthy donors and autoimmune patients can be efficiently
transduced in vitro (Table 1) (45). Alternatively, transposon-
based gene transfer systems allow the random insertion of
moderate to large cargo sizes in T cells (46, 47). Random
integration of the genetic cargo and insertional mutagenesis
are safety concerns requiring long-term monitoring (48),
although, so far no leukemic transformation has been reported
for virally transduced Tconv (49–51).

Gene Editing With Programmable
Nuclease Systems
Zinc finger nucleases (ZFNs) and transcription activator-like
effector nucleases (TALENs) enable recognition of a genetic
sequence through protein/DNA binding and induce double-
strand DNA breaks (DSBs) via dimerization (74–76) (Figure 1).
However, the discovery of the CRISPR-Cas system has induced a
paradigm shift as it enables easier design of efficient nucleases.
Recently, highly efficient optimized Cas9 nuclease variants have
been developed (77–79). DSBs at specific sequences are repaired
by non-homologous end joining or homology directed repair
(HDR) (by providing a DNA repair template) to achieve gene KO
or targeted mutation/insertion respectively (Figure 1). This was
successfully applied to sorted human Treg in the correction of a
pathogenic IL-2Ra in approximately 20% and GFP insertions in
up to 40% of CD4+ Treg (80). Targeting multiple genomic loci
Frontiers in Immunology | www.frontiersin.org 2113
with site-specific nucleases allows multiplexing of gene knockouts
(KOs) in a single intervention. Two recent manuscripts described
CRISPR/Cas9 KO screening in Tregs to define genes involved in
mouse Treg stability and function (63, 81).

Nucleases without active nuclease domains can be repurposed
to shuttle other bioactive cargo to introduce small base changes,
modify epigenetic marks or interfere with transcription (82).
Nuclease-deficient Cas9 (dCas9) fused to enzymes with different
functions, can be used to specifically edit certain bases (83)
(Figure 1). Use of base editor proteins for gene multiplexing was
successfully achieved with very high efficiency in Tconv (84).
Potentially, the newly introduced prime gene editing system
could also be applied to insert or replace small gene sequences
efficiently without the need for DNA DSBs (85).

Delivery of Gene Editing Components
Into Cells
Gene editing requires efficient delivery of the respective
components into the cells’ nuclei. Gene editing enzymes can be
transferred as plasmid, mRNA, or recombinant protein-RNA
complexes (RNP). HDR repair templates are required as single-
or double-stranded DNA. Electroporation allows the highly
efficient transfection of protein, mRNA, or plasmids into T
cells. Viral vectors exploit their tropism to deliver their cargo
with more control than blunt electroshocks. Adenovirus-associated
virus (AAV) serotype 6 has been prominently used to deliver
genetic cargo into human Tconv and immunopathology-
polyendocrinopathy-enteropathy-X-linked (IPEX) syndrome-
patient-derived Tconv to induce Treg (27, 86). Lentiviruses and
AAVs can be modified to incorporate nuclease enzymes in their
capsids to achieve all-in-one delivery solutions for CRISPR-Cas
gene editing and DNA transfer tested in mice and human
embryonic kidney cells or lymphoblastoid cell lines (87–90).
Combination of transposon-based CAR transfer through an anti-
CD3 directed nanoparticle system allowed efficient T cell
reprogramming in immunocompetent mice in vivo (52).

Potential Genotoxicity of Gene Editing
Off-target effects are a concern for the clinical translation of gene
editing and careful experimental design as well as thorough off-
target analysis are required (91). Transient presence of the
components and high-fidelity nucleases reduce the risk of off-
targets. Further, unwanted repair outcomes at the edited on-
target sites have been observed including large deletions and
translocations (92, 93). Translocations are a particular risk when
multiplexing loci in a single manipulation (94), and decrease
cellular fitness after transfusion (95).

Immunogenicity of Cells After Genetic
Modification
Viral vectors, nuclease systems, and newly introduced transgenes
can be immunogenic, potentially decreasing the efficacy of
Super-Treg and even posing a potential safety risk as
previously seen using Tconv (96, 97). Of note, most human
adults have pre-existing adaptive immunity toward Cas9
proteins and enriched Cas9-reactive Tconv can eliminate Cas9-
February 2021 | Volume 11 | Article 611638
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FIGURE 1 | Examples of tools and technologies that allow genetic engineering of Tregs. Traditional gene transfer methods include retroviral transduction or
transposase-mediated gene transfer. Random integration of expression cassettes into the Treg genome allow for stable transgene overexpression of one or multiple
transgenes connected by internal ribosomal entry sites (IRES) or self-cleaving 2A peptide sequences. Recent advances in the production of plasmids with minimal
bacterial backbone (mini-/micro-circles) as well as enhanced transposase enzymes could qualify the use of transposase-modified T cells (52–55), but have not yet
been used to generate therapeutic Treg. Gene editing and its derivative technologies allow sequence-specific modification of the human genome. ZFNs and TALE-
nucleases bind specific DNA sequences through protein-DNA interaction (zinc-finger arrays, TALE-effectors). Both systems have been used to modify T cell products
in preclinical and clinical investigations for HIV or cancer therapy (56–58). CRISPR-Cas ribonucleoprotein complexes can be redirected through small guide RNA
(gRNA) and minimal DNA-motif requirements by the Cas enzyme (a.k.a. protospacer adjacent motif, PAM) that are different among Cas variants. After binding of their
target sequence, attached or inherent nuclease domains induce DNA double strand breaks (DSB) and subsequently DNA repair. Non-homologous end joining
(NHEJ) links the free DNA ends without proofreading, thereby leading to errors like small insertions or deletions that can disrupt genes through frameshifts in their
open reading frame. This can be used to knock-out genes and prevent functional protein synthesis. Alternatively, highly activated Treg in S-phase of the cell cycle
may also use homology-directed repair (HDR) after DSB. DNA with sequence homology to the cutting site is recognized by the HDR machinery in proximity and used
to repair the break via proofreading from the analogous DNA fragment. This can be exploited to correct mutations or introduce new genes. To this end, large
amounts of single/double stranded DNA templates including desired changes (e.g., nucleotide changes, transgene inserts) must be delivered into the Treg nucleus
(typically by electroporation or non-integrating viruses). Important derivative technologies of programmable nucleases include base editors and epigenetic editing
enzymes. Base editors are engineered multi-enzymes complexes typically attached to nuclease-deficient Cas proteins which allow targeted modification of certain
bases within the gRNA target sequence. Common variants include adenine base editors (=ABE) which convert adenine to guanine (A:T to G:C) and cytosine base
editors (=CBE) which convert cytosine to thymidine (C:G to T:A). Furthermore, targeted changes to the epigenome could be performed through enzymes that
interfere with methylation or histone modifications to promote desired epigenetic imprints. While retroviral delivery tools benefit from their ancestors’ capacities to
invade T cells naturally, other cargo must be effectively delivered into Treg. Electroporation is a common method to transiently introduce nucleic acids like DNA
(transposon technology), but also mRNA encoding gene editing enzymes or even recombinant proteins. Nanoparticles are another alternative for transient delivery of
gene engineering tools which are under development for Tconv and Treg. Further, adeno-associated viruses (AAV) and other non-integrating viruses may allow a
controlled delivery of DNA templates into Treg nuclei for efficient gene targeting. Figure generated using www.biorender.com.
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TABLE 1 | T cell products modified in vitro to treat immune-mediated disease models in vivo or cells from human patients with genetic diseases1.

Indication Genetic modification, technology Results Reference

Tissues/SOT
Partially mismatched heart transplant in mice Murine H-2Kd-spec TCR in murine CD4+ Treg,

g−retroviral vector
Long-term survival of grafts treated with

TCR transduced Treg
(14)

Human skin rejection in NSG mice with human
HLA-A2+ PBMCs

Human HLA-A2 CAR on human CD8+ Treg, lentiviral
vector

Prevention of skin rejection, superior to
polyclonal Treg

(9)

Human skin xenograft transplant model HLA-A2-specific CAR on human CD4+ Treg, lentiviral
vector

Diminished skin pathology, superior to
polyclonal Treg

(15)

Human skin (HLA-A2+) in NRG mice with human
allogeneic HLA-A2− PBMCs

Human HLA-A2 CAR CD4+ Treg, g−retroviral vector Prevention of skin rejection, superior to
polyclonal Treg

(16)

Allogeneic islet rejection in mice Mouse Treg expressing anti-FITC MAbCAR, lentiviral
vector

Incubation of Mab CAR Treg with FITC-
labeled mAbs directed against islet

antigens prevented islet rejection and
generated tolerance

(17)

Human skin xenograft model in mice Human CD4+ Treg, lentiviral vector CD28 but not 4-1BB co-stimulation
increases Treg function

(18)

GvHD/HSCT
Xenogeneic GvHD in NSG mice (also in IPEX
patient T cells)

Overexpression of FOXP3 from endogenous loci, HDR
of a strong promoter using TALENs and AAV as donors

GvHD suppression (19)

Xenogeneic GvHD in NSG mice caused by human
HLA-A2+ T cells

Overexpression in human CD4+ and CD8+ Tconv of
FOXP3 with or without HELIOS, g−retroviral vectors

GvHD is suppressed, CD4+/CD8+ T cells
expressing FOXP3 and HELIOS more
suppressive than each gene alone

(20)

Xenogeneic GvHD in NSG mice caused by human
HLA-A2+ T cells

10 different 2nd generation HLA-A2 CARs human Treg,
lentiviral vector with NGFR

CD28wt A2-CAR provide superior effects;
TNFR A2-CARs decrease survival vs.

negative control

(21)

Xenogeneic GvHD in NSG mice caused by human
HLA-A2+ T cells

Human HLA-A2 CAR CD8+ Treg, lentiviral vector GvHD is suppressed (9)

Xenogeneic GvHD in NSG mice caused by human
HLA-A2+ T cells

Human HLA-A2 CAR CD4+ Treg, lentiviral vector Prevented GvHD (10)

Allogeneic acute GvHD in mice Mouse CD4+CD25− T cells overexpressing Foxp3,
lentiviral vector

Prevented GvHD, preserved GVL (22)

Inherited genetic diseases
HLA-transgenic, FVIII-deficient mouse model
(hemophilia A)

FVIII-specific TCR in human CD4+ Treg, g−retroviral
vector

Inhibits factor VIII-specific antibody
production

(23)

FVIII-deficient mouse model FVIII-specific human CAR in human CD4+ Treg,
g−retroviral vector

Suppressed recall antibody response (24)

FVIII-deficient mouse model Foxp3 expressed by mouse T anti-human FVIII cells,
g−retroviral vector

Inhibits factor VIII-specific antibody
production

(25)

IPEX Human FOXP3 gene in CD4+ Tconv cells, lentiviral
vector

Conversion into functional Treg, especially
with naïve T cells

(26)

T cells and HSPCs Introduction of FOXP3 cDNA by HDR via CRISPR/Cas9
RNP and recombinant adeno-associated viral serotype
6 + NGFR tag in human Tconv, HSPCs and Treg as well
as patient cells

Endogenous locus gene insertion restores
physiological regulation in Tconv; also T cell

repopulation in humanized mice with-

corrected HSPCs

(27)

Allergy/hypersensitivity
OVA-induced and passive anaphylaxis in mice OVA-fused to antigen receptor signaling domains in

murine and human CD4+ Treg
Autoantibody producing B are suppressed
by BAR Treg, protects from hypothermia if

given before OVA challenge

(28)

Autoimmunity
IBD

Tconv cell transfer Overexpression of Foxp3, g−retroviral vector Control of intestinal inflammation (29)
Trinitrobenzenesulphoric acid

colitis in mice
2,4,6-trinitrophenol-specific murine CAR in CD4+ Treg,
g−retroviral vector

Reduces acute colitis (30)

T cell-transfer colitis and
azoxymethane–dextran sodium

sulfate model for colitis-
associated colorectal cancer

Carcinoembryonic
antigen CAR in mouse CD4+ Treg, g−retroviral vectors

Reduces acute colitis in both models and
reduction in colon cancer

(31)

Colitis induced by naïve T cells
injected in Rag2−/− mice

TET1-CD overexpression in murine CD4+ Treg,
g−retroviral vector

Reduced weight loss (32)

Type 1 diabetes
NOD mice Foxp3 overexpression in CD4+ Tconv with or without

islet specificites, g−retroviral vector
Only with antigen-specific CD4 cells but not
polyclonal CD4+ FOXP3+ controlled recent
onset diabetes despite similar suppression

in vitro

(33)

(Continued)
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expressing lymphoblastoid cell lines in vitro, which can be
reduced by Cas9-specific Treg (98). However, T cells edited
using Cas9 delivered by RNP electroporation did not elicit an
immune response and persisted, which might be due to the low
abundance of Cas9 in the edited final product or defective immune
responses in the patients (95).

For TALENs and ZFNs, despite being immunogenic per se,
stemming from Xanthomonas, which infects plants, and partially
from Flavobacterium okeanokoites, which was isolated from the
seabed, there is a low risk for previous exposure to the enzymes.
In contrast, Cas9 stems from Streptococcus pyogenes, which is a
common human pathogen. However, development of an
immune response upon permanent expression may still
be relevant.
GENETIC ENGINEERING STRATEGIES
FOR ENHANCED STABILITY AND
FUNCTION OF TREG

A limitation of adoptive Treg therapy is that inflammatory
conditions can inhibit their function or even switch them to
Frontiers in Immunology | www.frontiersin.org 5116
Tconv (99, 100). Therefore, the identification of pathways
regulating Treg function and stability are key to define targets
for genetically engineering more stable and robust Treg
(Figure 2).
FOXP3
Given the key role of FOXP3 to control Treg function and that its
expression and function are labile or even lost in patients with
mutations in the FOXP3 gene (IPEX), numerous studies have
analyzed how to increase or stabilize its expression. Functional
CD4+ Treg from IPEX patients could be obtained by ectopic
expression of FOXP3 in their Tconv (26), but also with more
clinical potential by precise HDR on hematopoietic stem cells
(27) (Table 1).

This strategy could also allow high numbers of Treg to be
obtained from Tconv. In CD4+ Tconv, ectopic expression of
FOXP3 using retroviral vectors (22, 26, 43) or by HDR of a
strong promoter upstream of the FOXP3 coding sequences (19)
allowed generation of Treg that suppressed CD4+ Tconv not only
in vitro but also inhibited GvHD, colitis or dermatitis in animal
models (Table 1). Interestingly, tamoxifen-induced but not
constitutive FOXP3 expression in CD4+ Tconv resulted in
TABLE 1 | Continued

Indication Genetic modification, technology Results Reference

NOD mice Murine CD3z/CD28 human insulin-specific CAR and
Foxp3 (proteolytic cleavage) + CD90.1 with IRES in
naïve CD4+ effector T cells, g-retroviral vector

Despite effector origin behavior and nTreg
like phenotype, unable to prevent diabetes,

but survive 17 weeks

(34)

Neurological
Experimental autoimmune

encephalitis induced by MOG,
intranasal Treg delivery

CAR anti-MOG- + murine Foxp3 sequences in CD4+ T
cells, lentiviral vector

Reduces symptoms, cytokine release;
induce resistance to MOG re-challenge

(35)

Experimental autoimmune
encephalitis

MOG or MOG/NF-M bi-specific TCR- murine CD4+
Treg, g−retroviral vector

Superiority of bi-specific Treg even if
disease initiating antigen is not directly

targeted

(36)

Experimental autoimmune
encephalitis in DR15 transgenic

mice induced by MOG

Myelin-basic protein specific TCR transgenic human
CD4+ Treg g−retroviral vector

Alleviation of symptoms (37)

Rheumatological
Collagen-induced arthritis TCR from CD4+ cells involved in arthritis expressed in

Tconv in association with Foxp3 and TNFR-Ig,
g−retroviral vectors

Inhibition of disease and of inflammatory
cytokines

(38)

Collagen-induced arthritis Tamoxifen-inducible or constitutive ectopic FOXP3
expression, g−retroviral vectors

Only inducible FOXP3 expression inhibited
the disease due to Treg migration to lymph

nodes

(39)

Arthritis mouse model
(immunization with OVA followed
by intra-articular rechallenge)

Murine OTII TCR Foxp3, g−retroviral vector Prevent symptoms when rechallenge
combined with OVA

(40)

Humanized mice (HLA-DR1
transgenic), arthritis induced with
bovine collagen II + adjuvant

Foxp3 + HLA-DR1 covalently linked to type II collagen
antigen in murine naïve T cells, retroviral vector

Inhibition of disease development and
reduction of autoimmune effector T cells

(41)

Lupus mouse model Tconv expressing anti-CD19 CARs B cells are killed, reduction in kidney lupus
lesions

(42)

Skin
Contact hypersensitivity and

autoimmune dermatitis
CD4+ Tconv with ectopic expression of Foxp3,
g−retroviral vector

Reduced skin lesions, homing of Treg to
skin and lymph nodes

(43)

Pemphigus mouse model CD4+ Tconv expressing an autoantigen in a chimeric
autoantibody receptor (called CAAR) are recognized by
autoreactive desmoglein-3 B cells, lentiviral vector

Autoreactive desmoglein-3 B cells are killed
by CAAR Tconv, reduction of pemphigus

lesions

(44)
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FIGURE 2 | Summary of targets to generate Super-Treg. Foxp3 expression can be modulated at the epigenetic level. Demethylation of CpG dinucleotides at the
FOXP3 locus by azacytidine or TET stabilizes FOXP3 expression, while remethylation at the upstream enhancer by IL-6 reduces FOXP3 expression (59). Histone
acetylation by HATs (p300, CBP) stabilizes FOXP3 expression by cooperating with key Treg transcription factors that act on the FOXP3 promoter, such as Runx1
and NFAT (60). On the contrary, the histone HDAC SIRT-1 inhibits FOXP3 transcription and its deletion promotes Treg function (61). Treg stability is also maintained
in inflammatory environments by CBP and P300 interaction with the Foxp3 CNS2 region, through which CBP is able to regulate pCREB and P300 to regulate
expression of GATA3 (60, 62). Histone deubiquitination by Usp22 and Atxn7l3 promotes FOXP3 expression, contrary to CHIP1 and DBC1. Chromatin remodeling by
BRD9, a member of the SWI/SNF chromatin remodeling complex, positively regulates FOXP3 as BRD9 depletion reduces the binding of FOXP3 to its enhancers
CNS2/CNS0, thereby reducing FOXP3 expression (63). BRD9 also regulates a subset of FOXP3 target genes by promoting both FOXP3 binding at their regulatory
element and increasing histone modifications. Knockdown of BRD9 thereby compromises FOXP3 expression and Treg function in vitro and in vivo (63). Thus, BRD9
overexpression could be interesting in Treg. Transcription factor AHR can trigger the differentiation of Treg by the expression of FOXP3 when activated in response
to dioxin, whereas carbazole induces Th17 cell development (64). FOXP3 expression can also be regulated at the post translational level. Acetylation by p300 and
CBP stabilizes FOXP3 protein, while deacetylation by CHIP1, DBC1, or HDAC7 induces degradation of the protein, which can be inhibited by HDAC inhibitors,
Usp22 and Atxn7l3. Glycolysis can be privileged. HIF1a binds to the promoter of RORgt, resulting in expression of IL-17 which drives Th17 cell differentiation (65)
and reducing Treg stability through the production of IFN‐g (66). HIF1a also increases glycolysis by upregulating GLUT1, and promotes FOXP3 ubiquitination. LKB1
and TCAIM (67) promoting glycolysis are promising candidates for consideration. CD39 participates in tolerance induction in kidney grafts (68) and the effector
memory Treg subset mainly expressing CD39 is diminished in multiple sclerosis (69). CD39 and CD73 transform ATP in adenosine acting through A2AR, which is
limited by ATP uptake by P2X7. Function and migration can be controlled. Antigen specificity of Tregs can be modified by inserting genes encoding for an ectopic
TCR or a chimeric antigen receptor preferentially in the TRAC locus. The control of rogue Super-Treg could include potent immunosuppressive drug regimens but
they require hours to days for elimination. Recently, the small molecule tyrosine inhibitor dasatinib was shown to be a fast and potent inhibitor of CAR signaling in
Tconv and may also be applicable to Treg platforms (72). Allogeneic Tregs present advantages regarding production but allogeneic MHC molecules have to be KO
and counterbalanced by HLA-E and CD47 (“do not eat me” molecules). The expression of cytokines known to be responsible for Treg function such as IL-10, TGFb,
IL-34, IL-35, and FGL-2 can be upregulated. Treg-mediated toxicity can be controlled by insertion of suicide genes, such as a truncated version of the epidermal
growth factor receptor recognized by the mAb cetuximab (70), or the peptide RQR8 combining epitopes recognized by the mAb rituximab (71) or by dimerization of
Casp9 by the small molecule rimiducid (72). Tregs can be tracked using deuterium and NIS. Proliferation and survival can be promoted. Folic acid is suggested to
upregulate the anti-apoptotic proteins BCL-2 and BCL-xL via folic acid receptor 4 (FR4) in Treg (73). Hence, increased expression of FR4 or enzymes of this
pathway such as dihydrofolate reductase in Treg may preferentially preserve these cells. IL-2, IL-7, and IL-15 signals are important for survival and proliferation of
Tregs. To make Treg independent of exogenous IL-2, they could be armed with their own IL-2 for self-supply. PD1 and CTLA-4 have both important roles for Treg
function and survival and LRBA, in contrast to PIM, is important for CTLA-4 expression. Drug resistance could also be considered for promoting Treg survival.
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control of autoimmune arthritis by migration into lymph nodes
(39). In line with these results, control of type 1 diabetes (T1D)
was obtained only with islet-specific CD4+ Tconv homing to
lymph nodes and not with polyclonal CD4+ FOXP3-expressing
Tconv in a mouse model (33). Transduction of mouse anti-
human FVIII T cells with Foxp3 resulted in decrease anti-FVIII
antibodies in hemophilia A mice (25). In in vitro studies, human
pathogenic synovial Tconv from rheumatoid arthritis patients
ectopically expressing FOXP3 showed reduced Tconv responses
(101). Other publications with in vitro studies described that
ectopic expression of one (102) or both (103) isoforms of FOXP3
in CD4+ Tconv resulted in functional human Treg.
Overexpression of the transcription factor HELIOS cooperates
with FOXP3 to generate both CD4+ and CD8+ Treg from human
Tconv, but particularly CD8+ T cells (20). Similarly, delivery of
dCas9 fused to a transcriptional activator and guides recognizing
FOXP3 promoter sequences increases FOXP3 expression (104).

Epigenetic regulation of FOXP3 expression is important for
the expression of FOXP3 in Treg. Demethylation of CpG
dinucleotides at the FOXP3 locus including at regulatory
elements in the intronic region, at the proximal promotor and
the upstream enhancer stabilizes FOXP3 expression (59, 105,
106). If these Treg-specific demethylated regions (TSDR) are not
fully demethylated, such as in the induction of FOXP3 expression
by TGF-b, FOXP3 expression can be lost upon restimulation in
mouse Treg (107). Epigenetic modifications of FOXP3 for TSDR
demethylation in Treg by azacytidine (a DNA methyltransferase
inhibitor) induces and stabilizes FOXP3 expression in mouse
Treg (107). Partial demethylation of TSDR CNS2 in Treg by
catalytically inactive CRISPR-Cas9 (dCas9) fused to the catalytic
domain of ten-eleven translocation (TET) protein, which
promotes demethylation, resulted in stable FOXP3 expression
and increased suppressive activity in vivo in mice (32). However,
a similar system using dCas9 fused to TET1 did not increase
FOXP3 levels in mouse Treg (108).

Transcription of FOXP3 can be repressed by histone
deacetylation in the FOXP3 promoter by histone deacetylase 7
(HDAC7), and HDAC inhibitors increase FOXP3 expression
through regulation of both the gene and the protein, and can
improve the suppressive action of murine and human Treg (109,
110). A dCas9 fused to the catalytic domain of histone
acetyltransferase (HAT) p300 showed that histone acetylation
targeted to the promoter locus was able to activate and stabilize
FOXP3 levels in mice, even under inflammatory conditions (108).

Lysine acetylation by HATs of both histones in the FOXP3
locus and of FOXP3 itself increases its transcription and reduces
its poly-ubiquitination and degradation as well as enhancing
FOXP3 chromatin binding in mouse and human Treg (111, 112).
Hyperacetylation by HDAC inhibitors or overexpression of
HATs can increase FOXP3 levels in mouse and human Treg
(112, 113). For example, P300 and CBP HATs acetylate FOXP3,
increasing its DNA binding and thereby regulating murine Treg
function and stability (60). CBP and P300 affect Treg
development through several mechanisms, including
promoting FOXP3 production, and by participating in a
positive feedback loop that enhances murine Treg stability in
Frontiers in Immunology | www.frontiersin.org 7118
inflammatory environments, which could be further exploited
through molecular engineering (60).

Ubiquitination of both histones at the FOXP3 locus and of the
protein itself is important in the regulation of FOXP3, viamembers
of the deubiquitination module of the SAGA complex, Usp22, and
Atxn7l3. Loss of Usp22 in Treg reduces Foxp3 transcript levels,
increases FOXP3 ubiquitination and degradation, and reduces
suppressive activity in vivo in mice (63, 81). Furthermore, Stub1
(114) and TRAF6 (115) E3 ubiquitin ligases induced by
inflammation target the ubiquitination of FOXP3 followed by its
degradation in mouse and human Treg and represent interesting
targets for genetic ablation in Treg products. In contrast, Hrd1, an
E3 ligase critical in suppressing the ER stress response, stabilizes
murine FOXP3 expression (116). In terms of kinases and
phosphorylation of FOXP3, PIM1 (117), and CDK2 (118) kinases
negatively regulate FOXP3 and Treg function.

Other Transcription Factors
HIF‐1a reacts to hypoxia by triggering the switch between
mitochondrial oxidative phosphorylation and aerobic glycolysis
(119), and is also induced by continuous TCR stimulation via
mTOR in human T cells (120). In mouse Treg and human
embryonic kidney cells, HIF-1a promotes the ubiquitination and
proteasomal degradation of FOXP3 (65), and its upregulation in
response to hypoxia inhibits FOXP3 expression in mouse T cells
(121). HIF-1a also inhibits the development of mouse Treg
through increasing glycolysis by upregulating glycolytic
proteins (122). HIF-1a deficiency inhibits glycolysis and
therefore promotes the differentiation of murine Treg over
Th17 cells (123). Deletion of HIF-1a in mice increases FOXP3
expression, and reduces transcription of Th17 cell-related genes
(65, 121), suggesting HIF-1a KO as a means to improve Treg
stability through metabolic control. Differentiation of induced
human Treg is inhibited by IL-1b in a HIF-1a-dependent manner
(124). However, in human Jurkat cells, HIF-1a induction
increased FOXP3 protein and mRNA levels, which was reversed
by knockdown of HIF1a (125, 126). On the same lines, exposure
of human PBMCs to hypoxia increased the proportions of
FOXP3+ Treg among CD4+ CD25+ T cells and their suppressive
potential to inhibit Tconv proliferation, which was also observed
in mouse splenocytes (125).

Aryl hydrocarbon receptor (AHR) is a ligand-dependent
transcription factor that functions as an environmental sensor
and mediates the differentiation of both Th17 cells and FOXP3+

Treg. AHR is highly expressed in peripheral Treg in the gut, and
its deletion impairs their function. Conversely, activation of AHR
in transgenic mice increases the population and migration of
Treg (127). AHR inhibited proinflammatory cytokines (IFNg
and IL-17) and Th1-associated genes, but was dispensable for
FOXP3 stability. Ahr activation in a conditional knock-in in Treg
in a mouse model of colitis enhances suppressive activity and
migration to the inflammatory site, and a reduction in
proinflammatory T cells (127). Furthermore, AHR activation
was found to promote generation of human induced Treg,
producing IL-10 and controlling Tconv via granzyme B, but
did not have an effect on thymic-derived human Treg (128, 129).
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Pro-Inflammatory Cytokines and
Extracellular Metabolites
IL-6 is a proinflammatory cytokine that induces the expression
of kinase PIM1 during inflammation, which inhibits expression
of Treg markers inc luding CTLA4 and CD25 v ia
phosphorylation of FOXP3 (130). T cell-specific deletion of the
IL-6 receptor gp130 in mice reduces IL-6 signaling and promotes
the conversion of peripheral Tconv into Treg (131). IL-6
blockade suppresses the immune response in models of
autoimmune disease and is used in the treatment of
rheumatoid arthritis (132, 133). At the same time, a recent
publication showed that IL-6Ra-deficient Treg lost suppression
and aggravated experimental glomerulonephritis (134).
Therefore, mitigating IL-6 signaling in Treg, which was
assumed to be a compelling strategy to enhance their
functionality in inflamed tissues and in the presence of high
levels of IL-6 needs more investigation and has to be
overthought critically.

The purinergic receptor P2X7 induces T cell activation
through binding of ATP, pushing the balance toward
proinflammatory Th17 cells, and decreasing the viability and
suppressive function of mouse Treg (135). In a mouse model of
experimental colitis, P2X7 receptor KO resulted in an increase of
activated Treg, IL-10, and TGF-b (136). Preventing P2X7
signaling is able to preserve mouse Treg stability by
stabilization of nuclear complexes of NFAT and FOXP3, and
the resulting downstream transcription of Treg-linked genes
(135). CD39 and CD73 expressed by Treg degrade ATP to
adenosine and adenosine itself can enhance the expansion and
immunosuppressive function of human Treg in vitro by binding
to the purinergic P1 adenosine 2A receptor (A2AR) (137, 138).
Thus, genetic overexpression of CD39 could be beneficial.

Although Treg produce immunosuppressive cytokines, such
as IL-10 (139), TGFb (140), IL-34 (141, 142), IL-35 (143), and
FGL2 (144, 145), their production could be increased by
genetic means.

Treg with increased function and stability could therefore be
engineered by inhibition of negative regulatory genes (using
nucleases), overexpression of positive regulators (using
lentiviral vectors), likely giving more precise control than small
molecule treatments which may bind multiple members of a
family (for example acetylases).
GENETIC ENGINEERING STRATEGIES
FOR INCREASED PROLIFERATION AND
ENGRAFTMENT OF TREG

Proliferation Signals
Survival of human naïve CD4+ Treg is mediated by IL-7
signaling, which increases anti-apoptotic BCL-2 (146) while
long-term survival of CD4+ Treg is dependent on IL-2 (147)
and of CD8+ Treg on IL-15 (4). Low dose IL-2 infusion was
shown to increase Treg numbers, FOXP3 expression and lead to
a more diverse repertoire of CD4+ and CD8+ Treg in patients (4,
148). Currently, there are different engineered IL-2–based drugs
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targeting CD25 on Treg, also referred to as IL-2 muteins (149) in
clinical trials. Since IL-2 signaling is associated with long-term
survival of human Treg, constitutively active STAT5 (150),
which is an important signal transducer in this pathway, may
improve Treg survival and abolish their dependence on
extracellular IL-2 (Figure 2). Moreover, to make Treg
independent of exogenous IL-2 that may activate Tconv and
NK-cells, they could be armed with their own IL-2 for self-
supply. However, ectopic IL-2 expression could compromise the
immunosuppressive mechanism of IL-2 deprivation of
surrounding Tconv. A mutated IL-2R that only binds an IL-2
mutein and not wild-type IL-2 could be engineered in mouse
Treg that are then selectively expanded (151).

A strategy to engineer constitutively active cytokine receptors
independent of cytokine availability may also be translated from
Tconv to Treg (152), e.g., allowing long-term survival via a
constitutively active IL-2 receptor (147). Moreover, chimeric
cytokine receptors (CARs) converting pro-inflammatory
signals (captured by the extracellular domain of the respective
receptor, e.g., IL-6) into Treg-survival signals using the
intracellular signal transduction domains (e.g., IL-2 receptor)
of pro-survival signals may contribute to improved survival of
Treg products as reported previously in a mirroring approach for
the support of Tconv (153).

Apoptotic Mechanisms
Several pathways inducing Treg apoptosis seem to be
dependent on FAS (154, 155) and pro-survival pathways on
BCL-2 (73, 146, 154). Thus, disruption of FAS or over-
expression of BCL-2 may significantly increase the viability of
Treg. An alternative may be to increase the PD1-PDL1
signaling in Treg, since PD1 blockade was reported to lead to
downregulation of BCL-2 and increased FAS receptor
expression (154). However, mouse Treg lacking PD-1 were
shown to be activated and have high suppressive potential
(156), which underlines the necessity for further studies of
this axis in human Treg. Additionally, human CD4+ Treg
express PD-L1 in response to IL-7 (154) and induce apoptosis
in PD-1+ Tconv (157) and autoreactive B-cells (158). As CTLA-
4 has an important role in Treg function and increased
degradation of CTLA-4 as present in LRBA deficiency is
associated with high levels of Treg apoptosis, stabilizing
strategies for sustained or increased CTLA-4 expression may
also improve human Treg survival (159, 160).

Metabolism
Treg and Tconv have different metabolic requirements, as Treg
use glycolysis and increase fatty acid oxidation upon activation
(161, 162). Acetyl CoA carboxylase (ACC) regulates both
biosynthesis and breakdown of long chain fatty acids and
ACC1 deficiency induces high levels of FOXP3 expression in
mouse and human Treg (163). Therefore, ACC is a potential
target for altering the metabolic programming of T cells, as
blocking fatty acid synthesis favors Treg induction and prevents
Th17 development. Liver kinase 1 (LKB1), a metabolic sensor, is
essential for murine Treg stability and suppressive activity by
inhibiting expression of pro-inflammatory cytokines and
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preventing exhaustion (164). LKB1 and its target genes are
downregulated in impaired Treg from patients with acute
GvHD and Lkb1 deletion in Treg in mice leads to severe
autoimmune inflammation, and can aggravate acute GvHD
(164, 165). LKB1 also stabilizes FOXP3 expression in Treg and
expression levels correlate with Foxp3 expression in human Treg
(165). In contrast to Tconv, murine and human Treg do not
accumulate lactate and are insensitive to lactate in medium (166).
LKB1 increases glycolysis and lactate formation and in mice,
abrogation of Lkb1 leads to loss of mitochondrial integrity and to
a dramatic reduction of Treg (167). Thus, LKB1 overexpression
could be used to stabilize FOXP3 expression, maintain metabolic
homeostasis, and avoid exhaustion in Treg.
Drug Resistances
In several settings, Treg are infused into patients treated with
immunosuppressants to inhibit Tconv but also compromise Treg
function (168). Hence, making Treg resistant to these drugs may
allow their preferential survival. Indeed, strategies aiming to
make antiviral T cells resistant to calcineurin inhibitors or
glucocorticoids including knockdown (169), knockout (170–
172) or introduction of calcineurin-resistant mutants (173),
might also be applied to Treg.
GENETIC ENGINEERING STRATEGIES
FOR REDIRECTING TREG
ANTIGEN SPECIFICITY

Treg-mediated tolerance can be improved by increasing antigen
specificity and with the development of gene editing, redirection
of Treg specificity became feasible (Figure 2). Indeed, antigen-
specific Treg have an increased suppressive ability and a stronger
efficacy in the regulation of the immune response and an
improved migration to the site of interest compared to
polyclonal Treg (9, 10, 174–178). While ex vivo expansion in
presence of the antigen of interest, or in vivo by administration of
peptides recognized only by Treg (176, 177, 179) is possible,
using genome editing would be advantageous as it would confer
antigen-specificity to a larger Treg population rather than
amplifying a very small subset of antigen-specific Treg, which
can be challenging. However, genome editing to redirect
specificity would also multiply the danger of contaminating
Tconv that may have a proliferative advantage in cytokine-rich
medium used during Treg expansion and could overgrow the
culture, multiplying their abundance in the final product. Thus, a
very pure starting population is required or the undesired cells
(such as CD8+ non-Treg) must be depleted at a later time point.
However, the latter is challenging for, e.g., CD4+ Tconv, which
are not easily distinguishable from Treg after culture, but could
also cause detrimental effects. Furthermore, it will be crucial to
choose a receptor with appropriate affinity for Treg to exclude
the possibility of instabilities. Even pre-selection of more stable
Treg subsets or genetic engineering to make them more stable
may be required to generate a safe product.
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Treg specificity can be redirected by the use of TCRs and
CARs (180, 181). Importantly, Treg with a single specificity have
been shown to suppress multiple antigens if presented by an APC
simultaneously, as shown in autoimmune, GVHD, and SOT
models (9, 10, 15, 182).
TCRs
Redirecting T cell specificity with an engineered TCR was
reported as early as 1996 using a chimeric TCRb chain
consisting of a single-chain Fv portion derived from a
monoclonal antibody paired with endogenous TCR/CD3
component, thus providing antibody and TCR specificity
(183). The use of TCRs has several advantages since it
represents a physiological way of activating T cells and allows
the targeting of intracellular antigens presented by HLA
molecules. In addition, expression of only one antigen per cell
is sufficient to activate the TCR-expressing Treg. However, HLA
restriction limits coverage to a particular part of the population.
Careful identification of a high affinity TCR-a/b is required to
ensure that they retain functionality without acquiring a harmful
unpredicted specificity when mispaired with the endogenous
TCR. To avoid this, disruption of the endogenous TCR using
nucleases might be necessary (184). Proofs of concept include
human Treg expressing a myelin basic protein-specific TCR
derived from a multiple sclerosis patient, which showed in
vitro and in vivo efficacy in an EAE model (37). Efficacy was
also demonstrated in a mouse model of hemophilia A using
human Treg engineered with a factor-VIII-specific TCR isolated
from an hemophilia A patient (23). TCRs against autoantigens
have also shown in vivo efficacy in models of arthritis (38)
(Table 1) or in vitro recognizing islet antigens involved in T1D
(182, 185).

Interestingly, MHC-I-restricted TCRs have been shown to be
functional in human CD4+ Treg, bypassing the need for the CD8
coreceptor, and this was the case for TCRs with low affinity not
functional on CD4+ Tconv (186).

A potential future perspective of these studies is the use of
TCRs isolated from Treg and not from effector T cells as done
until now. Although only very few TCRs and the peptides
recognized by Treg TCRs have been identified until now, they
do show differences with TCRs from Tconv, e.g., recognizing
longer (15aa) peptides or reversed TCR docking modes (176,
177, 187).
CARs
Pioneer work by Eshar and colleagues in the autoimmune field
allowed the generation of CARs in which antigen recognition
signaling domains of antibodies and a TCR-zeta-chain were
fused in a single molecule (181). Sequences from co-
stimulatory proteins were also fused in cis and the most
commonly used ones are the intracellular portions of CD28 or
4-1BB. While the 4-1BB signaling domain used in the CAR
construct has been suggested to enhance Tconv persistence and
improve the toxicity profile in patients, CD28 was shown to be
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more beneficial for Treg phenotype and function (18). CAR
technology has some advantages over TCRs, the most important
one being the absence of HLA restriction. CAR-Treg are less
dependent on IL-2 compared to TCR-expressing Treg,
potentially due to costimulatory signals received upon
activation of the CAR. However, CARs also have several
limitations vs. TCRs, as CARs only recognize extracellular
antigens. Additionally, CARs require higher expression levels
than TCRs (100–10,000 antigens/cell vs. <10, respectively) for
sufficient activation although increasing the affinity of CARs can
also increase efficacy (188, 189). CAR molecules can be
immunogenic, not only due to murine scFv fragments, but also
due to the generation of new epitopes in a chimeric molecule,
and this impacts the persistence of effector T cells in patients (97,
190). Even induction of anti-CAR antibodies was described for
effector T cells and the immune reaction was reported to be able
to cause anaphylaxis in a patient repetitively treated with CAR T
cells (191). Possibly, anti-CAR immune responses may be less
severe if the CAR is expressed in an immunosuppressive Treg
compared to expression in pro-inflammatory Tconv.

Human CD4+ and CD8+ CAR-Treg have been used in mouse
models of FVIII hemophilia, SOT and GVHD as well as in vitro
with CD4+ Treg from IPEX patients (for a complete list see
Table 1). Mouse CD4+ CAR-Treg have demonstrated efficacy in
mouse models of SOT, GvHD, IPEX, colitis, allergic asthma,
rheumatological diseases, and EAE (Table 1).

The importance of internal vs. external antigen targets could
orientate toward the generation of a TCR- vs. a CAR-transgenic
Treg. There are also new tools developed such as CAR-T cells
possessing a TCR-like antibody moiety (TCR-like CAR-T) with a
single-chain variable domain specific for a distinct peptide/MHC
(192). In an original approach, CD4+ Treg expressing a CAR
directed against FITC and ex vivo incubated with FITC-labeled
antibodies directed against donor alloantigens inhibited
pancreatic islet rejection (17). Similarly, the UniCAR system,
in which a universal CAR is indirectly linked to their target cells
via a separate targeting module, has been applied to human Treg
(193). In a new approach to treat autoantibody-driven diseases,
CD4+ Treg have been engineered to express CARs with antigens
recognized by B-cells (called BARs, where the scFv fragment is
replaced by an antigen) (28). Similarly, Tconv expressing an
autoantigen in a chimeric autoantibody receptor (CAAR)
mediated killing of the autoreactive B-cells, as shown in
pemphigus (44). Also, Tconv expressing anti-CD19 CARs
generally used to treat B-cell malignancies were used to treat
mice with lupus disease (42) (Table 1).
GENETIC ENGINEERING STRATEGIES
FOR THE USE OF OFF-THE-SHELF
ALLOGENEIC TREG

Genetic engineering of allogeneic Treg as an off-the-shelf
product would allow cells from a given donor to treat several
patients thereby reducing the cost per dose as well as increasing
treatment flexibility (Figure 2). Nevertheless, this approach has
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the draw-back of allogenicity due to recognition of foreign MHC-
I and -II antigens by host T cells. To extend allo-Treg persistence,
deletion of b-2 microglobulin and CIITA could be performed to
eliminate MHC-I and -II antigens, respectively. Although
absence of MHC-I may increase the susceptibility of Treg to
NK cell lysis and that could limit therapeutic efficacy, activated
Treg may be more resistant in vivo and indeed triple-KO T cells
have been found to persist better than HLA-sufficient T cells. In
addition, overexpression of HLA-E or CD47, important in NK
cell inhibition through inhibitory receptors, could prevent NK
cell-mediated lysis (194–196). Preventing an immune response
against allogeneic cells is even more important in the Treg setting
than in the Tconv setting, as here any pro-inflammatory immune
response can be detrimental as opposed to the Tconv setting, in
which the goal is to create a pro-inflammatory environment.
However, it has also to be considered that Treg have anti-
inflammatory properties per se and first applications of 3rd

party-der ived Treg af ter umbi l ica l cord stem cel l
transplantations did not reveal relevant adverse events (197).

Another potential risk using allogeneic T cells is GvHD
although the inherent suppressive function of Treg makes this
risk less relevant than with allogeneic Tconv. Generating highly
specific, allogeneic Treg products also harbors the risk of toxicity
in the case of unstable Treg or contaminating Tconv. Strategies
such as suicide genes and elimination markers—some already
clinically evaluated in Tconv—could be included to shut off
adoptively transferred “stealth” Treg in case of toxicity (198)
(Figure 2).

Pluripotent stem cells-derived Tconv mainly for cancer use
have been described (199, 200) and derivation of Treg would be
an important step not only to have an unlimited source of cells
but also for generating “stealth” Treg.

It will also be important to better understand the migration of
Treg to different anatomical compartments and their survival. To
date, Treg infused in patients have only been identified in vivo in
T1D patients after labeling CD4+ Treg with deuterium but this
strategy is limited to cells in circulation and not in tissues (201).
Also, mouse CD4+ Treg have been transduced for the
expression of the sodium-iodide symporter (NIS). NIS uptakes
into only living cells plasma iodide and other substrates
detected using PET or SPECT/CT. NIS-expressing Treg
radiolabeled with Technetium-99m pertechnetate were
detected in spleen with no effects on cell viability, phenotype,
and function (202).
GMP COMPLIANT MANUFACTURING
AND CLINICAL PERSPECTIVES OF
SUPER-TREG

An increasing number of clinical trials employing adoptive Treg
transfer are currently ongoing or registered addressing a large
variety of applications (3, 5, 6). The generation of Super-Treg
with genetic modifications will require the use of improved
protocols for the purification and amplification of Treg to prevent
contaminating Tconv with putative hazard. Bead-based or flow
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cytometry-based cell sorters (9, 14–16, 18), either fully closed or
open systems, allow for clinical grade CD4+ Treg isolation. For
clinical-grade CD8+ Treg isolation flow cytometry-based
approaches are used. Typically, in vitro Treg expansion before
adoptive transfer takes around 2–3 weeks (9, 14).

Release criteria usually include the classical phenotypic
Super-Treg markers (e.g., CD25, FOXP3 for CD4+ Treg) and
absence of pro-inflammatory markers, e.g., pro-inflammatory
cytokine production and CD45RC for CD8+ Treg. Functional
assays or epigenetic assays may be beneficial, however cannot be
realized in a timely manner before Treg product infusion.

Super-Treg quality control will require additional control of
nuclease delivery and duration of expression as well as
maximization of efficacy preferentially using vector-free
systems (41). Safety controls will include in silico as well as in
vitro analysis of off-target effects of nucleases and careful analysis
of the edited loci (41). In this context, a clinical trial using
CRISPR/Cas9-genetically modified in cancer patients has been
recently published (95).

A Phase I/II clinical trial is approved in UK that plans to
apply CAR anti-HLA-A2 CD4+ Treg in kidney transplantation.
Academic multi-center consortia (like the ReSHAPE
consortium, http://www.reshape-h2020.eu/partnership) aim to
generate CD4+ and CD8+ Super-Treg and to apply them to both
animal models of immune-mediated disease and clinically in
kidney transplanted patients.
DISCUSSION

The specific challenge of using Treg therapy in general in human
pathologies will be to interfere with established autoimmunity,
rather than de novo immunizations (SOT, GvHD, gene therapies,
biologics), without provoking global immunosuppression.

A future direction is the use of CARs recognizing inflamed or
damaged tissues that could direct the Treg to these pathological
areas, as shown by preliminary data (203).

The demonstration that Treg can stimulate tissue regeneration
(204–208) reveals regenerative medicine as a novel indication for
Super-Treg.
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As for CAR-Tconv (209), the simultaneous use of both CD4+

and CD8+ CAR-Treg may prove to be superior to each subset alone.
Treg will likely be modified using new T cell engineering

strategies, such as synthetic Notch receptors that have an
extracellular single-chain antibody and intracellular transcriptional
domains that are released and activate expression of target
genes (210).

Immune humanized immunodeficient animal models will
continue to be useful to address many questions in preclinical
studies (211). Moreover, human and/or patient organoids, may
gain more importance and are promising candidates for
examining Treg function in disease models (212).

Biomarker studies will be important to define not only the
effects of Super-Treg therapy but also the timing and doses of
their administration.

The knowledge of Treg biology, their success in animal
models and early clinical trials as well as the explosion of
genome editing techniques are synergistic approaches to treat
immune-mediated diseases in the future.
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CRISPRa-mediated FOXP3 gene upregulation in mammalian cells. Cell
Biosci (2019) 9:93. doi: 10.1186/s13578-019-0357-0

105. Kim H-P, Leonard WJ. CREB/ATF-dependent T cell receptor-induced
FoxP3 gene expression: a role for DNA methylation. J Exp Med (2007)
204(7):1543–51. doi: 10.1084/jem.20070109

106. Janson PCJ, Winerdal ME, Marits P, Thörn M, Ohlsson R, Winqvist O.
FOXP3 promoter demethylation reveals the committed Treg population in
humans. PloS One (2008) 3(2):e1612. doi: 10.1371/journal.pone.0001612
Frontiers in Immunology | www.frontiersin.org 14125
107. Polansky JK, Kretschmer K, Freyer J, Floess S, Garbe A, Baron U, et al. DNA
methylation controls Foxp3 gene expression. Eur J Immunol (2008) 38
(6):1654–63. doi: 10.1002/eji.200838105

108. Okada M, Kanamori M, Someya K, Nakatsukasa H, Yoshimura A.
Stabilization of Foxp3 expression by CRISPR-dCas9-based epigenome
editing in mouse primary T cells. Epigenet Chromatin (2017) 10:24. doi:
10.1186/s13072-017-0129-1

109. Tao R, de Zoeten EF, Ozkaynak E, Wang L, Li B, Greene MI, et al. Histone
deacetylase inhibitors and transplantation. Curr Opin Immunol (2007) 19
(5):589–95. doi: 10.1016/j.coi.2007.07.015

110. Tao R, de Zoeten EF, Ozkaynak E, Chen C, Wang L, Porrett PM, et al.
Deacetylase inhibition promotes the generation and function of regulatory T
cells. Nat Med (2007) 13(11):1299–307. doi: 10.1038/nm1652

111. Samanta A, Li B, Song X, Bembas K, Zhang G, Katsumata M, et al. TGF-beta
and IL-6 signals modulate chromatin binding and promoter occupancy by
acetylated FOXP3. Proc Natl Acad Sci USA (2008) 105(37):14023–7. doi:
10.1073/pnas.0806726105

112. van Loosdregt J, Vercoulen Y, Guichelaar T, Gent YYJ, Beekman JM, van
Beekum O, et al. Regulation of Treg functionality by acetylation-mediated
Foxp3 protein stabilization. Blood (2010) 115(5):965–74. doi: 10.1182/blood-
2009-02-207118

113. Xiao Y, Li B, Zhou Z, Hancock WW, Zhang H, Greene MI. Histone
acetyltransferase mediated regulation of FOXP3 acetylation and Treg function.
Curr Opin Immunol (2010) 22(5):583–91. doi: 10.1016/j.coi.2010.08.013

114. Chen Z, Barbi J, Bu S, Yang H-Y, Li Z, Gao Y, et al. The ubiquitin ligase Stub1
negatively modulates regulatory T cell suppressive activity by promoting
degradation of the transcription factor Foxp3. Immunity (2013) 39(2):272–
85. doi: 10.1016/j.immuni.2013.08.006

115. Ni X, Kou W, Gu J, Wei P, Wu X, Peng H, et al. TRAF6 directs FOXP3
localization and facilitates regulatory T-cell function through K63-linked
ubiquitination. EMBO J (2019) 38(9). doi: 10.15252/embj.201899766

116. Xu Y, Melo-Cardenas J, Zhang Y, Gau I, Wei J, Montauti E, et al. The E3
ligase Hrd1 stabilizes Tregs by antagonizing inflammatory cytokine-
induced ER stress response. JCI Insight (2019) 4(5). doi: 10.1172/jci.
insight.121887

117. Deng G, Nagai Y, Xiao Y, Li Z, Dai S, Ohtani T, et al. Pim-2 Kinase
Influences Regulatory T Cell Function and Stability by Mediating Foxp3
Protein N-terminal Phosphorylation. J Biol Chem (2015) 290(33):20211–20.
doi: 10.1074/jbc.M115.638221

118. Morawski PA, Mehra P, Chen C, Bhatti T, Wells AD. Foxp3 protein stability
is regulated by cyclin-dependent kinase 2. J Biol Chem (2013) 288
(34):24494–502. doi: 10.1074/jbc.M113.467704

119. Semenza GL. Hypoxia-inducible factor 1 (HIF-1) pathway. Sci STKE (2007)
2007(407):cm8. doi: 10.1126/stke.4072007cm8

120. Nakamura H, Makino Y, Okamoto K, Poellinger L, Ohnuma K, Morimoto C,
et al. TCR engagement increases hypoxia-inducible factor-1 alpha protein
synthesis via rapamycin-sensitive pathway under hypoxic conditions in
human peripheral T cells. J Immunol (2005) 174(12):7592–9. doi: 10.4049/
jimmunol.174.12.7592

121. Shehade H, Acolty V, Moser M, Oldenhove G. Cutting Edge: Hypoxia-
Inducible Factor 1 Negatively Regulates Th1 Function. J Immunol (2015) 195
(4):1372–6. doi: 10.4049/jimmunol.1402552

122. Lee JH, Elly C, Park Y, Liu Y-C. E3 ubiquitin ligase VHL regulates hypoxia-
inducible factor-1a to maintain regulatory T cell stability and suppressive
capacity. Immunity (2015) 42(6):1062–74.

123. Shi LZ, Wang R, Huang G, Vogel P, Neale G, Green DR, et al. HIF1alpha-
dependent glycolytic pathway orchestrates a metabolic checkpoint for the
differentiation of TH17 and Treg cells. J Exp Med (2011) 208(7):1367–76.
doi: 10.1084/jem.20110278

124. Feldhoff LM, Rueda CM, Moreno-Fernandez ME, Sauer J, Jackson CM,
Chougnet CA, et al. IL-1b induced HIF-1a inhibits the differentiation of
human FOXP3+ T cells. Sci Rep (2017) 7(1):465.

125. Ben-Shoshan J, Schwartz S, Luboshits G, Maysel-Auslender S, Barzelay A,
Polak-Charcon S, et al. Constitutive expression of HIF-1alpha and HIF-
2alpha in bone marrow stromal cells differentially promotes their
proangiogenic properties. Stem Cells Dayt Ohio (2008) 26(10):2634–43.

126. Clambey ET, McNamee EN, Westrich JA, Glover LE, Campbell EL, Jedlicka P,
et al. Hypoxia-inducible factor-1 alpha-dependent induction of FoxP3 drives
February 2021 | Volume 11 | Article 611638

https://doi.org/10.1016/j.isci.2019.100764
https://doi.org/10.1016/j.omtm.2017.04.002
https://doi.org/10.1093/nar/gkz605
https://doi.org/10.1038/mt.2016.1
https://doi.org/10.1038/nbt.4192
https://doi.org/10.1038/s41467-019-09006-2
https://doi.org/10.18632/oncotarget.15218
https://doi.org/10.1126/science.aba7365
https://doi.org/10.1007/s40259-019-00354-5
https://doi.org/10.1007/s40259-019-00354-5
https://doi.org/10.1186/s40425-017-0222-9
https://doi.org/10.1038/s41591-018-0204-6
https://doi.org/10.1038/s41591-018-0204-6
https://doi.org/10.1002/eji.200838904
https://doi.org/10.1038/ni.1774
https://doi.org/10.1073/pnas.1112722108
https://doi.org/10.1073/pnas.1112722108
https://doi.org/10.1038/sj.mt.6300341
https://doi.org/10.1002/eji.200737590
https://doi.org/10.1186/s13578-019-0357-0
https://doi.org/10.1084/jem.20070109
https://doi.org/10.1371/journal.pone.0001612
https://doi.org/10.1002/eji.200838105
https://doi.org/10.1186/s13072-017-0129-1
https://doi.org/10.1016/j.coi.2007.07.015
https://doi.org/10.1038/nm1652
https://doi.org/10.1073/pnas.0806726105
https://doi.org/10.1182/blood-2009-02-207118
https://doi.org/10.1182/blood-2009-02-207118
https://doi.org/10.1016/j.coi.2010.08.013
https://doi.org/10.1016/j.immuni.2013.08.006
https://doi.org/10.15252/embj.201899766
https://doi.org/10.1172/jci.insight.121887
https://doi.org/10.1172/jci.insight.121887
https://doi.org/10.1074/jbc.M115.638221
https://doi.org/10.1074/jbc.M113.467704
https://doi.org/10.1126/stke.4072007cm8
https://doi.org/10.4049/jimmunol.174.12.7592
https://doi.org/10.4049/jimmunol.174.12.7592
https://doi.org/10.4049/jimmunol.1402552
https://doi.org/10.1084/jem.20110278
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Amini et al. Genetic Modification for Treg Therapy
regulatory T-cell abundance and function during inflammatory hypoxia of the
mucosa. Proc Natl Acad Sci USA (2012) 109(41):E2784–2793.

127. Ye J, Qiu J, Bostick JW, Ueda A, Schjerven H, Li S, et al. The Aryl
Hydrocarbon Receptor Preferentially Marks and Promotes Gut Regulatory
T Cells. Cell Rep (2017) 21(8):2277–90. doi: 10.1016/j.celrep.2017.10.114

128. Gandhi R, Kumar D, Burns EJ, Nadeau M, Dake B, Laroni A, et al. Activation
of the aryl hydrocarbon receptor induces human type 1 regulatory T cell-like
and Foxp3(+) regulatory T cells. Nat Immunol (2010) 11(9):846–53.

129. Zamali I, Rekik R, Belhadj Hmida N, Ben Hmid A, Kammoun O, Barbouche
M-R, et al. An endogenous aryl hydrocarbon receptor ligand enhances de
novo generation of regulatory T cells in humans. J Leukoc Biol (2019) 105
(2):291–5.

130. Li Z, Lin F, Zhuo C, Deng G, Chen Z, Yin S, et al. PIM1 kinase
phosphorylates the human transcription factor FOXP3 at serine 422 to
negatively regulate its activity under inflammation. J Biol Chem (2014) 289
(39):26872–81. doi: 10.1074/jbc.M114.586651

131. Korn T, Mitsdoerffer M, Croxford AL, Awasthi A, Dardalhon VA, Galileos
G, et al. IL-6 controls Th17 immunity in vivo by inhibiting the conversion of
conventional T cells into Foxp3+ regulatory T cells. Proc Natl Acad Sci USA
(2008) 105(47):18460–5. doi: 10.1073/pnas.0809850105

132. Fujimoto M, Serada S, Mihara M, Uchiyama Y, Yoshida H, Koike N, et al.
Interleukin-6 blockade suppresses autoimmune arthritis in mice by the
inhibition of inflammatory Th17 responses. Arthritis Rheumatol (2008) 58
(12):3710–9. doi: 10.1002/art.24126

133. Jones SA, Scheller J, Rose-John S. Therapeutic strategies for the clinical
blockade of IL-6/gp130 signaling. J Clin Invest (2011) 121(9):3375–83. doi:
10.1172/JCI57158

134. Hagenstein J, Melderis S, Nosko A, Warkotsch MT, Richter JV, Ramcke T,
et al. A Novel Role for IL-6 Receptor Classic Signaling: Induction of ROR g t +

Foxp3 + Tregs with Enhanced Suppressive Capacity. JASN (2019) 30
(8):1439–53. doi: 10.1681/ASN.2019020118

135. Schenk U, Frascoli M, Proietti M, Geffers R, Traggiai E, Buer J, et al. ATP
inhibits the generation and function of regulatory T cells through the
activation of purinergic P2X receptors. Sci Signal (2011) 4(162):ra12. doi:
10.1126/scisignal.2001270

136. Figliuolo VR, Savio LEB, Safya H, Nanini H, Bernardazzi C, Abalo A, et al.
P2X7 receptor promotes intestinal inflammation in chemically induced
colitis and triggers death of mucosal regulatory T cells. Biochim Biophys
Acta Mol Bas is Dis (2017) 1863(6) :1183–94. doi : 10 .1016/
j.bbadis.2017.03.004

137. Huang S, Apasov S, Koshiba M, Sitkovsky M. Role of A2a extracellular
adenosine receptor-mediated signaling in adenosine-mediated inhibition of
T-cell activation and expansion. Blood (1997) 90(4):1600–10. doi: 10.1182/
blood.V90.4.1600

138. Ohta A, Kini R, Ohta A, Subramanian M, Madasu M, Sitkovsky M. The
development and immunosuppressive functions of CD4(+) CD25(+) FoxP3(+)
regulatory T cells are under influence of the adenosine-A2A adenosine receptor
pathway. Front Immunol (2012) 3:190. doi: 10.3389/fimmu.2012.00190

139. Saraiva M, Vieira P, O’Garra A. Biology and therapeutic potential of
interleukin-10. J Exp Med (2020) 217(1). doi: 10.1084/jem.20190418

140. Levings MK, Sangregorio R, Sartirana C, Moschin AL, Battaglia M, Orban
PC, et al. Human CD25+CD4+ T suppressor cell clones produce
transforming growth factor beta, but not interleukin 10, and are distinct
from type 1 T regulatory cells. J Exp Med (2002) 196(10):1335–46. doi:
10.1084/jem.20021139
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Background: Inflammatory bowel disease (IBD) involves an increase in T effector cells

in the intestines that disrupts the normal balance with T regulatory cells (Tregs). A

therapy that restores this balance has the potential to treat IBD. We have shown that

epicutaneous exposure to OVA induces Tregs that are able to induce tolerance. The

Tregs also migrate to the intestines where they alleviate colitis in mice, demonstrating

the potential for skin induced Tregs to treat intestinal inflammation. We investigated

the role of Foxp3, IL-10, and TGF-β in the suppression of colitis by epicutaneous

immunotherapy (ET).

Methods: RAG1−/− mice were transferred with CD4+CD45RBhi T cells from wild type

mice to induce colitis. To determine whether Foxp3+ Tregs, IL-10-, or TGF-β-producing

Tregs were necessary, Foxp3-DTR, IL-10−/−, or CD4-dnTGFBRII mice were immunized

with OVA and OVA TCR enriched T cells were added. As control groups, somemice were

given OVA TCR enriched T cells from wild type mice or no OVA TCR enriched T cells. Half

of the mice in each group were then exposed on the skin to Viaskin patches containing

OVA weekly for 3 weeks. Mice given OVA TCR enriched T cells from Foxp3-DTR mice

were given diphtheria toxin (DT) or not in addition to ET. Mice were assessed for weight

loss, colon length, colonic cytokine production, and histological inflammation.

Results: ET, after injection with OVA TCR enriched T cells derived from wild type

mice, prevented weight loss, decreased colonic inflammatory cytokine production and

histological colitis. ET in the absence of the OVA TCR enriched T cells did not alleviate

colitis. ET, after injection with OVA TCR enriched T cells derived from Foxp3-DTR

mice, prevented weight loss, decreased colonic inflammatory cytokine production, and

histological colitis. Ablation with DT did not impair the ability of ET to alleviate colitis. ET

failed to alleviate colitis when OVA TCR enriched T cells were derived from IL-10−/− or

CD4-dnTGFBRII mice.

Conclusions: ET through induction of Tregs, which produce IL-10 and TGF-β, could

be a promising treatment for IBD.

Keywords: epicutaneous immunotherapy, regulatory T cells, tolerance, colitis, IBD, immunotherapy
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INTRODUCTION

Inflammatory bowel disease (IBD), which consists of Crohn’s
disease (CD) and ulcerative colitis (UC), is a chronic
inflammatory gastrointestinal disease. With the rapid growth
of industrial society, the incidence of IBD has increased
widely across developed countries (1). It affects over 2 million
individuals in North America, and 3.2 million in Europe. Newly
industrialized countries also have an increasing prevalence of
IBD, making it a major public health problem in the world (2).
Abdominal pain, growth failure, nausea, diarrhea, vomiting,
anorexia, rectal bleeding, and weight loss are common symptoms
of IBD. The current medical treatment of IBD includes
salicylates, corticosteroids, immune-suppressants (thiopurine
analogs and methotrexate), biologics, and surgery based upon
the severity and extent of the disease. Many of these therapies
work by suppressing aspects of the immune system and can thus
have potentially severe side effects, such as myelosuppression,
pancreatitis, hepatitis, and an increased risk of malignancies
or infections (3). Thus, there is an urgent need to develop
new therapies to mitigate or eliminate these potentially serious
side effects.

It is believed that IBD is caused by abnormal immune
responses to environmental factors and/or intestinal microbiota
in genetically predisposed individuals (4). Under normal
conditions, people develop immune tolerance in which T
regulatory cells (Tregs) play a critical role to help prevent
autoimmunity, induce tolerance against dietary antigens, protect
against commensal bacteria in the intestine, and suppress allergy
and pathogen-induced immunopathology (5). However, in IBD
patients, there is an increase in T effector cells that disrupts
the normal balance resulting in many more effector T cells as
compared to Tregs (6, 7). A therapy that could restore this
balance may have the potential to treat IBD.

Many studies have sought to remedy autoimmune diseases,
like rheumatoid arthritis and encephalomyelitis, by inducing
oral tolerance which is actively mediated by Tregs (8, 9).
However, IBD patients have defective oral tolerance responses
(10). It is, therefore, necessary to find alternative routes
of tolerance induction to treat IBD. Several studies have
shown the skin to be a highly active immune organ through
which tolerance induction by epicutaneous application can
be used to treat food allergies and various autoimmune
diseases such as experimental autoimmune encephalomyelitis
and collagen-induced arthritis (11–13). In our previous study, we
demonstrated that epicutaneous immunotherapy (ET) induced
the formation of Tregs that could migrate to the small intestine
and colon and could block subsequent immune reactions (14).
This tolerance was dependent on transforming growth factor beta
(TGF-β) (14). We then showed that intestinal inflammation in
different mouse models can be abrogated by ET using a Viaskin R©

patch containing the model antigen ovalbumin (OVA) (14). In
the DSS colitis and SAMP/YITFc ileitis models, ET alleviated
colitis without any additional manipulation. In contrast, the
CD45RBhi model required the addition of OVA specific T cells
because RAG1−/− mice do not produce mature T or B cells and
the injected population of CD45RBhi (naïve T cells) cells is small

(3.5 × 105) and thus unlikely to contain any T cells that would
recognize OVA. In the CD45RBhi T cell transfer model, there
was increased expression of Foxp3, TGF-β1 and TGF-β2 along
with increases in CD4+CD25+Foxp3+ and CD4+CD25+LAP+

T cells in the colons of treated mice. However, the mechanism of
how ET alleviated colitis was not clear.

Tregs are necessary to maintain tolerance with commensal
bacteria and innocuous food antigens found in the gut. The
transcription factor forkhead box protein P3 (Foxp3) is an
important marker for Tregs, as many studies have shown that
defective Foxp3 leads to lethal immune dysregulation (15, 16).
Importantly, gut-homing Foxp3 Tregs are required for intestinal
tolerance in the lamina propria. IL-10 is an important cytokine
produced by a large number of Tregs in the gut and helps
to inhibit immune responses and maintain immune tolerance
(17). Its importance in the intestinal immune milieu is apparent
in both mice and humans as IL-10 deficient mice develop
spontaneous inflammation of the colon, and humans with
mutations in IL-10 or IL-10 receptor (IL-10R) also develop colitis
at an early age (18). Another important immunosuppressive
cytokine secreted by Tregs is TGF-β which can suppress Th1
and Th2 cells. TGF-β deficient mice develop spontaneous
colitis and dysregulated TGF-β signaling is observed in IBD
patients (19). Both IL-10 and TGF-β have been shown to be
necessary cytokines to help maintain peripheral and intestinal
tolerance (20, 21).

Here we utilized the adoptive T cell transfer colitis model that
uses RAG1−/− mice, which do not produce mature T and B cells,
and determined which immunosuppressive elements involved in
achieving tolerance were necessary for ET to suppress colonic
inflammation. This model was chosen due to the ease of altering
the various populations of cells fromwhich ET induces Tregs that
can alleviate colitis. As an extension of our previous studies and
given the relevance of the CD4+CD45RBhi T cell transfer model
of colitis to human disease, we examined the necessity of Foxp3,
IL-10, and TGF-β in suppressing colitis in mice and show that ET
required the presence of TGF-β and IL-10 but not Foxp3+ Tregs
to alleviate colitis.

MATERIALS AND METHODS

Mice
RAG1−/− (CD45.2), C57BL/6 (CD45.1 and CD45.2), Foxp3-
GFP-DTR, IL10−/−, and CD4-dnTGFBRII mice were obtained
from the existing colonies at The Icahn School of Medicine
at Mount Sinai which were originally purchased from Jackson
Laboratories (Bar Harbor, ME). Experimental mice were age
and gender matched in each experimental group and a
mix of both males and females was used. All experiments
were repeated at least twice to confirm any results. All
mice were housed with food and water ad libitum, 12 h
light/dark cycle, and 20 ± 2◦C room temperature. All
procedures and protocols were approved by the Icahn School
of Medicine at Mount Sinai Institutional Animal Care and Use
Committee (IACUC).
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FIGURE 1 | ET abrogated colitis when OVA TCR enriched T cells from wild-type mice were present but not in their absence. (A) Schematic demonstrating the design

of the experiments: ET, Epicutaneous immunotherapy. RAG1−/− mice were injected with colitogenic T cells (CD4+CD45RBhi) from wild-type mice. Once mice

(Continued)
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FIGURE 1 | exhibited symptoms (weight loss, loose stool, or blood in the stool) of colitis at week 3 or 4, mice were injected or not injected with OVA TCR enriched T

cells from C57BL/6 mice that were immunized with IP OVA with alum followed by gavage feeding with OVA with cholera toxin (CT). After this injection, mice were

exposed on the skin (+ET) with Viaskin containing OVA or vehicle alone (–ET) weekly for 3 weeks. All mice then received an oral dose of OVA given by gavage. (B) The

percentage of initial body weight of mice with colitis with (+OVA T cells) or without (–OVA T cells) the addition of C57BL/6 OVA TCR enriched T cells and exposed to

OVA-Viaskin (+ET) or not (control). (C) The final percentage of initial body weight as measured when sacrificing them. (D) Colon length of the mice after sacrificing

them. (E) Histological score of colonic tissue as determined by a pathologist blinded to the treatment group. Representative H&E sections of colon at 40×

magnification demonstrating the control group that did not receive OVA TCR enriched T cells [control (–OVA TCR Enriched T cells)] and the treated group that did not

receive OVA TCR enriched T cells [+ET(–OVA TCR Enriched T cells)] with similar inflammation (total histological scores of 12 and 11, respectively), with diffuse

infiltration of the colonic mucosa and expansion of the submucosa by numerous inflammatory cells with necrosis and loss of mucosal epithelium (erosions) and loss of

crypts. The inflammatory cells are a mixture of lymphocytes, plasma cells, and lesser numbers of neutrophils. The control sample that did received OVA TCR enriched

T cells [Control (+OVA TCR Enriched T cells)] had diffuse infiltration of the colonic mucosa and submucosa by numerous inflammatory cells with loss of mucosal

epithelium (erosions), loss of crypts, distortion of the remaining crypts, and a few crypt abscesses. The inflammatory cells are a mixture of lymphocytes, plasma cells,

and lesser numbers of neutrophils. The treated sample that received OVA TCR enriched T cells [+ET (+OVA TCR Enriched T cells)] shows multifocal infiltration of the

colonic mucosa and submucosa by mild numbers of inflammatory cells composed mainly of lymphocytes and plasma cells. The total histological score of the

representative section of control and +ET that received OVA TCR enriched T cells were 14 and 10, respectively. (F) Cytokine production by cultured colon samples (2

pooled experiments of 5–8 mice/group; *p<0.05; ns, not significant).

CD4+CD45RBhi T Cell Transfer Colitis
Model
Naïve CD4+ T cell were isolated from C57BL/6 (CD45.1) mouse
spleens and lymph nodes with a mouse CD4+ T cell isolation
kit as per the manufacturer’s instructions (Stemcell Technology,
Canada). The isolated CD4+ T population was labeled with
CD45Rb-FITC, CD62L-PE, and CD4-APC (eBiosciences, San
Diego, CA). CD4+CD62L+CD45RBhi T cells were sorted by
flow cytometry. Then 3.5 × 105 cells were injected into
RAG1−/− mice by intraperitoneal (IP) injection. Mouse body
condition, the form of their stool and weight were monitored
at least weekly. Mice started to lose weight and develop looser
stools around 3–4 weeks in our facility indicating that colitis
was present.

OVA TCR Enriched T Cell Transfer
To ensure the presence of OVA-specific T cells in the model,
our original model utilized an additional transfer of CD4+

T cells from OT-II/RAG−/− mice a day prior to beginning
exposure with OVA-Viaskin (14). Here wild-type [C57BL/6
(CD45.2)], Foxp3-GFP-DTR, IL10−/−, or CD4-dnTGFBRII mice
were immunized with OVA and OVA TCR enriched T cells
from these mice were used in place of the OTII/RAG−/− cells
so that we could utilize the various knockouts in the model.
The immunization was performed by IP injection of 200 µL of
1 mg/mL OVA mixed with Alum in a 1:1 ratio weekly for 2
weeks. This was followed by gavage feeding of 1mg OVA with
10 µg cholera toxin weekly for 2 weeks. Immunization served
to induce OVA TCR enriched T cells that could be a source of
OVA responsive T cells which could be induced by ET to form
OVA-specific Tregs. T cells from immunized mouse spleens and
lymph nodes were isolated using Stemcell Technology mouse
memory CD4+ T cells isolation kit (Stemcell Technology).
The isolated CD4+ CD62L−CD44hi/int T cell subpopulation
was then injected into the mice that had shown symptoms
consistent with the development of colitis (week 3–4). As a
control experiment, mice were not given OVA TCR enriched T
cells but still treated as if they had been given OVA TCR enriched
T cells.

Ablation of Foxp3+ Tregs
Foxp3-GFP-DTR mice on a C57BL/6 background (22) were used
as noted above (23). In the colitic mice that received OVA
TCR enriched T cells from these mice, experimental groups
were injected with 75 ng per gram body weight of diphtheria
toxin (DT) (Sigma) to deplete any OVA-specific Foxp3+ Tregs
induced by each application of Viaskin. Control mice were not
given DT. Depletion of Foxp3+ cells was confirmed by flow
cytometry 48 h after injection using antibodies against CD4 and
CD25 and examining CD4+CD25+ cells for GFP positivity by
flow cytometry.

Epicutaneous Exposure
The day after the OVA TCR enriched T cells were injected into
the RAG1−/− mice with colitis, all the mice were anesthetized
and dorsal fur removed with depilatory cream (Veet; Reckitt
Benckiser, Parsippany, NJ), which has been shown to not
induce inflammation in prior studies (14). Mice were then
exposed to Viaskin R© (DBV Technologies, Bagneux, France),
which has a central transparent plastic membrane with an
electrically charged polyethylene coating. The antigen protein
is maintained on the membrane by electrostatic forces and
then solubilized and released when attached to skin (24). The
treatment group received Viaskin containing 100 µg OVA. The
control group received Viaskin containing vehicle alone. Both
groups were treated with corresponding patches weekly for 48 h
for 3 consecutive weeks (14). After the last Viaskin application, all
the mice were gavage fed with 1mg OVA to increase gut homing
and activation of Tregs. Two weeks later all mice were sacrificed.

Histological Scoring
Colons were cut longitudinally, flattened, rolled and then fixed
in 4% formalin. Two complete cross sections of each Swiss roll
were stained with hematoxylin-eosin (H&E). One cross-section
was then assessed for the severity of colitis by a pathologist
blinded to the treatment group. The extent of involvement of the
epithelium, mucosa, submucosa and muscularis were scored. A
total score was calculated by adding the individual scores for a
maximum of 20 (25).
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FIGURE 2 | Induced Foxp3+ Tregs were not necessary for ET to abrogate colitis. (A) Schematic demonstrating the design of the experiments: ET, Epicutaneous

immunotherapy. RAG1−/− mice were injected with colitogenic T cells (CD4+CD45RBhi) from wild-type mice. Once mice exhibited symptoms (weight loss, loose stool,

(Continued)
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FIGURE 2 | or blood in the stool) of colitis at week 3 or 4, mice were injected with OVA TCR enriched T cells from Foxp3-DTR mice that were immunized with IP OVA

with alum followed by gavage feeding with OVA with cholera toxin (CT). After this injection, mice were exposed on the skin (+ET) with Viaskin containing OVA or

vehicle alone (–ET) weekly for 3 weeks. Mice were then injected or not with DT to deplete any induced Foxp3+ T cells. All mice then received an oral dose of OVA

given by gavage. (B) Depletion of Foxp3+ T cells after administration of DT. (C) The percentage of initial body weight of mice with colitis induced via the

CD4+CD45RBhi transfer with the addition of OVA TCR enriched T cells from Foxp3-DTR mice without or with DT (+DT) and exposed to OVA-Viaskin (+ET) or not

(control). (D) The final percentage of initial body weight as measured when sacrificing them. (E) Colon length of the mice after sacrificing them. (F) Histological score of

colonic tissue as determined by a pathologist blinded to the treatment group. Representative H&E sections of colon at 40× magnification that demonstrate both

control groups (control and control+DT) with areas of complete loss of mucosa (ulceration) with replacement by abundant inflammatory cells that also infiltrate the

submucosa and muscularis and both treated groups (+ET and +ET+DT) with less inflammation and preservation of normal architecture including an intact mucsoca.

The total histological score of the representative section of control, control+DT, +ET, and +ET+DT were 17, 17, 10, and 11, respectively. (G) Cytokine production by

cultured colon samples (3 pooled experiments of 4–5 mice/group; *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant).

Cytokine Measurement
A piece of colon tissue (0.5 × 0.5 cm) was taken from the same
portion of colon of each mouse and cultured overnight in RPMI
with 1× protease inhibitors (Thermo Fisher Scientific, MA)
and 1× phosphatase inhibitors (Thermo Fisher Scientific, MA).
Cytokine secretion was measured in the supernatant (IL-10, IL-
17A, TNF-α, IFN-γ, IL-6, IL-4, IL-2) by Cytometric Bead Array
(CBA) using a Th1/Th2/Th17 kit (BD Biosciences, San Jose,
CA) per the manufacturer’s instructions. Samples were acquired
using a Cytoflex flow cytometer (Beckman Coulter life sciences,
Indianapolis, IN) and data was analyzed with FlowJo software
(Becton, Dickinson & Company, Franklin Lakes, NJ).

Quantitative Real-Time (RT) PCR
RNA was extracted from the same part each colon sample
using TRIZOL (Invitrogen, Carlsbad, CA) followed by
isopropanol precipitation. RNA was then reverse transcribed
to complementary DNA (cDNA) using a PrimeScriptTM RT
Reagent Kit (TaKaRa, Mountain View, CA). Real-time PCR was
performed using SYBRTM Green Master Mix (Thermo Fisher
Scientific, Fair lawn, NJ) as previously described. The sequences
of primers were listed in Supplementary Table 1. The target
gene mRNA expression was normalized to the control group and
calculated using the 11CT method.

Statistics
The differences between 2 groups were analyzed by Mann–
Whitney t-test, and comparisons between multiple groups were
done using one-way ANOVA. This was followed by either non-
parametric Mann–Whitney U-test or Bonferroni analysis when
appropriate. All data were analyzed by using Prism software
(GraphPad, San Diego, CA). The results are presented as
the mean ± SD with a P < 0.05 considered as statistically
significant different. P-values are indicated by ∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001.

RESULTS

ET Alleviated Colitis When OVA TCR
Enriched T Cells From Wild-Type Mice
Were Present but Not in Their Absence
In our previous study, the CD4+CD45RBhi transfer model
was utilized with the addition of T cells from OT-II/RAG−/−

mice to ensure the presence of OVA-specific T cells in the

model. ET treated mice had less severe colitis as evidenced
by reduced weight loss, colonic inflammation, and production
of inflammatory cytokines (TNF-α, IFN-γ, and IL-17A) from
the colon (14). Here, the CD4+CD45RBhi transfer model was
used but with the addition of OVA TCR Enriched T cells
(CD4+CD62L−CD44hi/int) from OVA immunized wild type
mice [C57BL/6 (CD45.2)] instead of T cells from OT-II/RAG−/−

mice. This was done to set the stage for using various knockout
models as the source of OVA specific T cells without having
to generate new strains of mice. Upon development of colitis
mice were injected or not with OVA TCR enriched T cells. Then
treated mice were exposed to Viaskin containing OVA while
control mice were exposed to Viaskin with vehicle alone. All mice
then received a one-time oral dose of OVA to ensure gut homing
of T cells and their activation (Figure 1A).

In the mice given OVA TCR enriched T cells, ET significantly
reduced weight loss (Figures 1B,C). Colon shortening which
occurs with colonic inflammation trended toward being
significantly reduced in the ET group (Figure 1D). Total
histological scores were reduced in the ET group compared to
controls (Figure 1E). The decrease in histologic score in the ET
group is apparent in the representative H&E slides showing the
control sample with diffuse infiltration of the colonic mucosa
and submucosa by numerous inflammatory cells with loss of
mucosal epithelium (erosions), loss of crypts, distortion of the
remaining crypts, and a few crypt abscesses. The ET group shows
less inflammation with multifocal infiltration of the colonic
mucosa and submucosa by mild numbers of inflammatory cells
(Figure 1E). The production of the inflammatory cytokines
TNF-α and IFN-γ, were also decreased in the ET group
(Figure 1F). IL-6 and IL-10 production were not statistically
different between the groups (Figure 1F). IL-2, IL-4, and IL-
17A were not detectable (data not shown). Regulatory factors
were examined by rtPCR and not found to be significantly
different in their expression between the ET group and controls
(Supplementary Figure 1A). Like our original studies, these data
demonstrate that ET can alleviate colitis.

To demonstrate that ET is affecting cells within the injected
OVA TCR enriched T cell population and thereby alleviating
colitis, mice were not given OVA TCR enriched T cells and ET
was performed or not. In the absence of OVA TCR enriched
T cells, there were no differences between ET and control
groups in all parameters including body weight (Figures 1B,C)
and colon length (Figure 1D). Histological scores were similar
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FIGURE 3 | IL-10 was necessary for ET to abrogate colitis. (A) Schematic demonstrating the design of the experiments: ET, Epicutaneous immunotherapy. RAG1−/−

mice were injected with colitogenic T cells (CD4+CD45RBhi) from wild-type mice. Once mice exhibited symptoms (weight loss, loose stool, or blood in the stool) of

(Continued)

Frontiers in Immunology | www.frontiersin.org 7 February 2021 | Volume 12 | Article 637630135

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Chen et al. Epicutaneous Immunotherapy Requires TGF-β, IL-10

FIGURE 3 | colitis at week 3 or 4, mice were injected with OVA TCR enriched T cells from IL-10−/− mice that were immunized with IP OVA with alum followed by

gavage feeding with OVA with cholera toxin (CT). After this injection, mice were exposed on the skin (+ET) with Viaskin containing OVA or vehicle alone (–ET) weekly

for 3 weeks. All mice then received an oral dose of OVA given by gavage. (B) The percentage of initial body weight of mice with colitis induced via the CD4+CD45RBhi

transfer with the addition of OVA TCR enriched T cells from IL10−/− mice and then exposed to OVA-Viaskin (+ET) or not (control). (C) The final percentage of initial

body weight as measured when sacrificing them. (D) Colon length of the mice after sacrificing them. (E) Histological score of colon samples as determined by a

pathologist blinded to the treatment group. Representative H&E sections of colon at 40x magnification that demonstrate both control and treated groups (control and

+ET) with areas of complete loss of mucosa (ulceration) with replacement by abundant inflammatory cells that also infiltrate the submucosa and muscularis. The total

histological score of the representative section of control and +ET were 15 and 15, respectively. (F) Cytokine production by cultured colon samples (3 pooled

experiments of 4–5 mice/group; ns, not significant).

as demonstrated by representative H&E slides showing the
control group and ET group with similar diffuse infiltrations
of the colonic mucosa and expansion of the submucosa by
numerous inflammatory cells with necrosis and loss of mucosal
epithelium (erosions) and loss of crypts (Figure 1E). There were
no differences in colon cytokine production (Figure 1F) and
regulatory element expression (Supplementary Figure 1B). This
indicates that OVA TCR enriched T cells are necessary for ET to
alleviate colitis in our model and that this group of cells is the
source of the Tregs that alleviate colitis.

ET Alleviated Colitis Even in the Absence
of Foxp3+ Tregs
Here, we used the CD4+CD45RBhi T cell transfer model where
RAG1−/− mice were injected with OVA TCR enriched T cells
(CD4+CD62L−CD44hi/int) from Foxp3-GFP-DTR mice instead
of from C57BL/6 mice and were treated or not with DT to deplete
any induced Foxp3+ T cells after each exposure to Viaskin with
OVA (Figure 2A). Depletion was confirmed by flow cytometry
on peripheral blood (Figure 2B and Supplementary Figure 2).
All mice then received a one-time oral dose of OVA to ensure
gut homing of T cells and their activation (Figure 2A).

Control groups lost weight to an equal extent regardless of
whether Foxp3+ Tregs were ablated or not. ET significantly
reduced body weight loss in the presence or absence of
Foxp3+ Tregs (Figures 2C,D). Colon shortening which occurs
with colonic inflammation was significantly reduced in ET
groups independent of Foxp3+ Treg depletion (Figure 2E).
Consequently, total histological scores were reduced in the ET
groups compared to control groups (Figure 2F). The histology
is apparent in the representative H&E slides with both control
groups with areas of complete loss of mucosa (ulceration)
with replacement by abundant inflammatory cells that also
infiltrate the submucosa and muscularis and both ET groups
with less inflammation and preservation of normal architecture
including an intact mucosa (Figure 2F). The production of the
inflammatory cytokines TNF-α, IFN-γ, and IL-6 from colons
were decreased in the ET groups independent of Foxp3+ Treg
depletion (Figure 2G). IL-10 production was not statistically
different between the groups (Figure 2G) and IL-2, IL-4, and IL-
17A were not detectable (data not shown). Expression of TGF-β1
and TGF-β2 were increased in ET groups as compared to controls
but Foxp3 and IL-10 were not significantly different between
the two groups (Supplementary Figure 1C). These data indicate
that even in the absence of induced Foxp3+ Tregs, ET could
alleviate colitis.

IL-10 Was Necessary for ET to Alleviate
Colitis
To determine the role of IL-10 in ET mediated protection
from colitis, RAG1−/− mice in the CD4+CD45RBhi T cell
transfer model were injected with OVA TCR enriched T
cells (CD4+CD62L−CD44hi/int) from IL-10−/− mice prior to
initiating ET. After the injection of OVA TCR enriched T cells,
treated mice were exposed to Viaskin containing OVA while
control mice were exposed to Viaskin with vehicle alone. All mice
then received a one-time oral dose of OVA to ensure gut homing
of T cells and their activation (Figure 3A).

In these experiments, mice had minimal weight loss but
still exhibited significant histological inflammation indicating
that they had colitis. There were no differences between ET
and control groups in all parameters including body weight
(Figures 3B,C) and colon length (Figure 3D). Histological scores
were similar and are apparent in the representative H&E
slides showing both control and ET groups with areas of
complete loss of mucosa (ulceration) with replacement by
abundant inflammatory cells that also infiltrate the submucosa
and muscularis (Figure 3E). There were no differences in
colon cytokine production (Figure 3F) and colon regulatory
expression (Supplementary Figure 1D). This indicates that IL-
10 was necessary for ET to alleviate colitis in this model.

TGF-β Was Necessary for ET to Alleviate
Colitis
To understand the implication of TGF-β in this process, the
same CD4+CD45RBhi T cell transfer model was employed
where RAG1−/− mice were injected with OVA TCR enriched
T cells (CD4+CD62L−CD44hi/int) from CD4-dnTGFBRII mice
that have a T cell-targeted inactivation of TGF-β prior to ET.
After the injection of OVA TCR enriched T cells, treated mice
were exposed to Viaskin containing OVAwhile control mice were
exposed to Viaskin with vehicle alone. All mice then received a
one-time oral dose of OVA to ensure gut homing of T cells and
their activation (Figure 4A).

There were no differences between ET and control groups
in all parameters including body weight (Figures 4B,C) and
colon length (Figure 4D). Histological scores were similar in
control and ET groups as demonstrated by the representative
H&E slides showing both groups with erosions, loss of crypts,
an expansion of the submucosa and infiltration of the muscularis
by inflammatory cells (Figure 4E). There were no differences
in colon cytokine production (Figure 4F) and colon regulatory
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FIGURE 4 | TGF-β was necessary for ET to abrogate colitis. (A) Schematic demonstrating the design of the experiments: ET, Epicutaneous immunotherapy.

RAG1−/− mice were injected with colitogenic T cells (CD4+CD45RBhi) from wild-type mice. Once mice exhibited symptoms (weight loss, loose stool, or blood in the

stool) of colitis at week 3 or 4, mice were injected with OVA TCR enriched T cells from CD4-dnTGFBRII mice that were immunized with IP OVA with alum followed by

gavage feeding with OVA with cholera toxin (CT). After this injection, mice were exposed on the skin (+ET) with Viaskin containing OVA or vehicle alone (-ET) weekly

for 3 weeks. All mice then received an oral dose of OVA given by gavage. (B) The percentage of initial body weight of mice with colitis induced via the CD4+CD45RBhi

transfer with the addition of OVA TCR enriched T cells from CD4-dnTGFBRII mice and exposed to OVA-Viaskin (+ET) or not (control). (C) The final percentage of initial

(Continued)
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FIGURE 4 | body weight as measured when sacrificing them. (D) Colon length of the mice after sacrificing them. (E) Histological score of colon samples as

determined by a pathologist blinded to the treatment group. Representative H&E sections of colon at 40× magnification that demonstrate both control and treated

groups (control and +ET) with erosions, loss of crypts, an expansion of the submucosa and infiltration of the muscularis by inflammatory cells. The total histological

score of the representative section of control and +ET were 13 and 14, respectively. (F) Cytokine production by cultured colon samples (3 pooled experiments of 4–5

mice/group; ns, not significant).

expression (Supplementary Figure 1E). This indicates that TGF-
β was necessary for ET to alleviate colitis in this model.

DISCUSSION

In this study, we verified first that ET alleviates colitis in the
adoptive transfer model. Since our goal was to examine the
mechanism by which this occurs by looking at the necessity of
Foxp3+ Tregs and the regulatory cytokines IL-10 and TGF-β in
our model, we first had to determine if the added memory T
cells from OVA immunized mice were the source of the Tregs
that were alleviating colitis. We found that without the addition
of memory T cells (OVA TCR enriched T cells), colitis was not
alleviated in the treated mice. This indicates that Tregs which are
alleviating colitis are being formedwithin this population and not
from the initial transfer of naïve T cells. We then found that both
regulatory cytokines, IL-10 and TGF-β, played an essential role in
this process, but induced Foxp3+ Tregs were dispensable.

Using Tregs for immunological therapy has been studied
in many fields, such as solid organ transplantation, type 1
diabetes mellitus, and systemic lupus erythematosus (26). For
IBD, studies in murine models have shown that the adoptive
transfer of Tregs will suppress intestinal inflammation and
alleviate symptoms (27). Similar studies in humans have also
shown that giving Tregs to CD patients can alleviate symptoms
(28). CD patients have a defect in oral tolerance induction
(10). Therefore, it is necessary to look for other routes to
achieve immunotherapy, which have high response rates and
are easy to access. As a highly active immunologic organ,
the skin may induce protection, sensitization, and tolerance.
A previous study for food allergy treatment using ET with
Viaskin found that antigen was taken up by Langerhans cells
and dermal dendritic cells, which when depleted block the
induction of Tregs (29). Epicutaneous Viaskin application in
a murine allergy model generated gut-homing LAP+Foxp3−

Tregs that could suppress food-induced anaphylaxis (30). Our
previous study demonstrated that ET treatment with Viaskin-
OVA prevented or halted intestinal inflammation and there was
an increase in expression of Foxp3 and TGF-β and an increase
in CD4+CD25+Foxp3+ and CD4+CD25+LAP+ T cells in the
intestines of treated mice (14). Our current study demonstrates
that while an increase in Foxp3 may help alleviate colitis, it is not
necessary. On the other hand, the increases in TGF-β and LAP+

T cells in the intestines of treated mice appear to be indispensable
to ET’s ability to treat colitis.

Our initial investigations examining the ability of ET to block
subsequent immune responses contrasted with the mechanisms
understood in oral tolerance that show a requirement for
Foxp3+ Tregs (14, 31). Like our previous findings, we found

that ET could alleviate colitis independent of the presence
of Foxp3+ Tregs. These results were surprising given that
peripherally induced Foxp3+ Tregs have been shown to be
necessary for the induction of oral tolerance (31). Additionally,
mutations in Foxp3 can lead to severe food allergies and the
development of two severe autoimmune syndromes: XLAAD
(X-linked autoimmunity-allergic dysregulation syndrome)
and IPEX (immunodysregulation, polyendocrinopathy,
enteropathy, X-linked syndrome) in which oral tolerance is
abrogated (32, 33). Without Foxp3, ET could still suppress
colonic inflammation. This indicated that tolerance through
the skin does not require Foxp3 and that it was mediated
by other Tregs. This makes sense given that expression of
TGF-β1 and TGF-β2 in the colons of the treated mice was
increased. Other researchers have also found that Foxp3
was not essential for immuno-suppressive activity. For
example, in one experiment monospecific CD4+ T cells
were transferred to RAG1−/− mice and recolonizing cells did
not express significant Foxp3, but had acquired a regulatory
capacity (34).

Given the ability to alleviate colitis independent of the
presence of Foxp3+ Tregs, Tregs that can secrete TGF-β and
mediate oral tolerance were likely involved (35). Our initial
investigations examining the ability of ET to block subsequent
immune responses were similar to oral tolerance in regards to
the requirement of TGF-β (14) and this again held true for the
ability of ET to alleviate colitis. TGF-β has multiply functions in
regulation of T cell proliferation and differentiation. The CD4-
dnTGFbRII mouse strain used in this study has a T cell-targeted
inactivation of TGF-β that leads to spontaneous colitis with a
massive infiltration of lymphocytes and activation of T cells in
the intestine and other organs (36). The absence of TGF-β in
T cells is known to lead to reductions in CD4+Foxp3+ Tregs
as evident in another conditional knockout, CD4-Cre Tgfbr2fl/fl

mice (19). This suggests that TGF-β signaling is necessary for
maintaining the population of Tregs and for intestinal tolerance.
Recent evidence points to the essential and non-redundant role
of TGF- β in peripheral tolerance (37). In addition, TGF- β

(and IL-10) can inhibit antigenic presentation to stimulate the
generation of tolerogenic dendritic cells that can lead to the
production of Tregs (38). In IBD, TGF-β appears to be important
in the pathogenesis and therapies that target restoration of
TGF-β could suppress inflammation. One example is a Smad7
antisense oligonucleotide which inhibits Smad7 and has been
shown to restore TGF-β-induced Smad3 phosphorylation in CD
and UC (39).

In our previous experiments, we found that the ability of ET to
block systemic immune responses was not impaired when IL-10
was neutralized by IL-10R antibody (14). However, in this study,
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IL-10 was necessary for ET to alleviate colitis. This indicates
that IL-10 was not necessary for ET to block systemic immune
responses but is necessary in the gut for ET to alleviate colitis.
This is concordant with what is known about the role of IL-10 in
the gut and its role in the prevention of colitis. IL-10−/− mice
develop an inflammatory infiltrate consisting of lymphocytes,
macrophages and neutrophils in the colon around 4–8 weeks of
life due to failure to regulate Th1-mediated responses (40). In
one murine study, a cell population, which produces IL-10 but
does not express Foxp3 could inhibit T cell proliferation (41). In
another experiment, T cells from transgenic mice expressing a
dominant-negative IL-10 receptor specifically in T cells (CD4-
dominant negative IL-10R transgenic mice) were transferred
into a colitis mouse model, and similar to our experiments,
they found that IL-10Rimpaired Tregs failed to block colitis
compared with the wild type Tregs (42). Humans with IL-10
or IL-10R mutations also suffer from severe colitis at early age
(18). These all indicate the important role of IL-10 in intestinal
immune responses.

Our study has several limitations. First, the study sought
to determine the necessity of various regulatory elements in
the ability of ET to treat colitis. In doing so, we utilized the
CD45RBhi transfer model and that necessitated a complicated
protocol. The model required the addition of OVA TCR enriched
T cells from which OVA-specific Tregs could develop, thus
our need to immunize mice and inject memory T cells into
the model prior to ET. A more straightforward model would
eliminate any confounders that this might have caused. In
our initial studies, we used multiple models, two (DSS and
SAMP/YITFc) of which did not require the addition of OVA-
specific T cells, but these models do not lend themselves
well to studying the regulatory elements involved. Second, in
the Foxp3 experiments we confirmed depletion of Foxp3+ T
cells by examining the peripheral blood and this might not
represent what is occurring in the intestines. Prior studies,
however, have shown that depletion in the peripheral blood
correlated with that in the spleen, lymph nodes and intestines
(43). In this model, we also ablated Foxp3+ T cells that
were induced by ET but conventional Foxp3+ T cells may have
been present within the OVA TCR enriched T cell population.
The conventional Foxp3+ T cells likely played little role in
alleviating inflammation given that control groups also received
OVA TCR enriched T cells and still had significant histological
inflammation that was similar to that seen in our experiments
done with CD4+ T cells from OTII/RAG mice (14). Finally,
we inferred that the mechanism involves both IL-10 and TGF-
β based upon the inability of ET to alleviated colitis when OVA
TCR enriched T cells came from IL-10 and TGF-β knockout
mice. This result ideally should be confirmed in experiments
where each cell type is isolated and demonstrated to restore
ET responsiveness.

In summary, the intestinal immune environment in IBD is
unbalanced with excessive and continuous immune responses to

antigenic triggers that lead to structural and functional damage
of the intestine. Current treatments for IBD have various degrees
of potential side effects due to their focus on suppressing
immune responses. A therapy that can augment the suppressive
or Treg responses, could minimize side effects and be much
safer by inducing patients’ own Tregs and thus reestablishing a
balance in the intestinal immune system. Our study verifies this
concept by inducing Tregs with ET in a colitis mouse model
and differentiating some of the regulatory elements that may be
involved in helping Tregs to alleviate colitis. We found that ET
could alleviate colitis in the adoptive T cell transfer model of
colitis if TGF-β and IL-10 were present but Foxp3+ Tregs were
dispensable. Thus, ET has potential to augment Tregs to suppress
inflammation in the intestine and could be a potential treatment
strategy for IBD.
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Corneal transplantation (CT) is the most frequent type of solid organ transplant (SOT)

performed worldwide. Unfortunately, immunological rejection is the primary cause of graft

failure for CT and therefore advances in immune regulation to induce tolerance remains

an unmet medical need. Recently, our work and others in pre-clinical studies found

that cyclophosphamide (Cy) administered after (“post-transplant,” PTCy) hematopoietic

stem cell transplantation (HSCT), i.e., liquid transplants is effective for graft vs. host

disease prophylaxis and enhances overall survival. Importantly, within the past 10 years,

PTCy has been widely adopted for clinical HSCT and the results at many centers

have been extremely encouraging. The present studies found that Cy can be effectively

employed to prolong the survival of SOT, specifically mouse corneal allografts. The results

demonstrated that the timing of PTCy administration is critical for these CT and distinct

from the kinetics employed following allogeneic HSCT. PTCy was observed to interfere

with neovascularization, a process critically associated with immune rejection of corneal

tissue that ensues following the loss of ocular “immune privilege.” PTCy has the potential

to delete or directly suppress allo-reactive T cells and treatment here was shown to

diminish T cell rejection responses. These PTCy doses were observed to spare significant

levels of CD4+ FoxP3+ (Tregs) which were found to be functional and could readily

receive stimulating signals leading to their in vivo expansion via TNFRSF25 and CD25

agonists. In total, we posit future studies can take advantage of Cy based platforms to

generate combinatorial strategies for long-term tolerance induction.
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INTRODUCTION

The use of cyclophosphamide administered post-transplant
(PTCy) has recently provided a major advance in tolerance
induction following hematopoietic stem cell transplantation
(HSCT) (1, 2). Administration of 50 mg/kg Cy on days 3
and 4 post-HSCT involving HLA mismatched or HLA-matched
transplants has been shown to be effective for graft vs. host
disease (GVHD) prophylaxis (2–5). However, its use in Solid
organ transplants (SOT) has been limited (6, 7) and reportedly
did not significantly protect from immune destruction (8–
10). Based on our and others previous and ongoing work in
experimental HSCT), PTCy can delete or functionally suppress
rapidly dividing allo-reactive (allo-rx) T cells while sparing some
of the regulatory T cell (Treg) compartment, thus promoting an
immune-regulatory environment (11–14). Notably, its early use
to ameliorate GVHD is critically time-dependent and our studies
demonstrated that deletion of rapidly (but not slowly) dividing
allo-reactive T cell clones occurs following cyclophosphamide
administration precisely on days 3, 4 post-HSCT (15). In the
present study, we provide findings which support the notion that
PTCy can be effectively employed to prolong the survival of SOTs,
specifically mouse corneal allografts.

Corneal transplantation (CT) is the most common form of
SOT (>180,000) performed worldwide (16, 17). Immunological
rejection is the most common cause of graft failure in high
risk vascularized corneal transplants and therefore advances
in immune regulation to induce tolerance remains an unmet
medical need as determined by the National Eye Institute
(18–20). The results demonstrate that the timing of PTCy
administration is critical for these CT and distinct from the
kinetics employed following allogeneic HSCT. We also observed
that PTCy can interfere with neovascularization, a process
critically associated with immune rejection of corneal tissue
that ensues following the loss of ocular immune privilege (21).
Importantly, systemic PTCy treatment at doses which diminished
T cell rejection responses, was observed to spare significant levels
of CD4+ FoxP3+ (Tregs). Experiments also demonstrated that
following such PTCy treatment, Tregs which persisted could
be expanded and were functionally suppressive. In total, the
present studies advance the notion that combinatory tolerance
applications can be tested which involve deletional and regulatory
strategies using cyclophosphamide and in vivo Treg expansion
via stimulation of TNFRSF25 and CD25 receptors (22). Here,
these receptors were, respectively targeted using a TL1A-Ig fusion
protein and low dose IL-2 (23, 24). Through the optimization
of delivery kinetics for both Cy and any applicable Treg
expansion protocols, we posit this approach can be developed for
application to both solid organ and liquid tissue transplants.

METHODS

Mice
C57BL/6J (B6; stock: 000664), B6-CD45.1 breeder (stock:
002014) (H2b) were purchased from the Jackson laboratory
and maintained in University of Miami animal facilities. The
FoxP3 reporter mice on a C57BL/6 background (B6-FoxP3RFP)

were originally provided by R. Flavell (Yale University, New
Haven, CT). Wild-type BALB/c (H2d) mice and C3H (H2k) were
purchased from Taconic or Jackson Laboratory. Mice were used
at 6–12 weeks of age and were maintained in pathogen-free
conditions at the University ofMiami animal facilities. All animal
procedures used were performed under protocols approved by
the UM IACUC.

Antibodies Used and Flow Cytometric
Analysis/Phenotype
Commercial antibodies for use in flow cytometry were purchased
from BD Biosciences (San Jose, CA), Biolegend (San Jose,
CA), or eBioscience/ThermoFisher (Waltham, MA). Single-cell
suspensions were prepared from different organs (spleen, lymph
nodes [mesenteric, inguinal, axillary, and cervical]). Peripheral
blood was collected in heparinized tubes. Peripheral blood
mononuclear cells were isolated by standard Ficoll density
gradient centrifugation. Next, 106 cells were pre-blocked with
anti-mouse CD16/CD32 and stained with different antibody
combinations. Intracellular staining was performed according
to standard procedures. The following mAbs to the indicated
molecules and their fluorescent labels were used in this study:
CD4, CD8, CD19, CD25, CD44, CD62L, KLRG1, CD39, CD73,
I-COS, Nrp-1, PD-1, CTLA-4, Ly-6C, Ki-67, Annexin V, H2kb,
H2kd, CD45.1, and CD45.2.

Hematopoietic Stem Cell Transplantation
(HSCT)
For HSCT using a major MHC-mismatch model (B6BALB/c),
female BALB/c mice (H2d) received ablative conditioning with
a single dose of 8.5Gy total body irradiation 1 day prior
to transplant. Bone marrow (BM) cells were obtained from
femurs, tibias, and vertebrae from sex-matched B6-CD45.1 (H2b;
Thy1.2) donor animals. A single-cell suspension of marrow
cells was prepared by flushing bones with a 21-gauge needle
and the cells were filtered through a 100-µm nylon mesh. T
cell depletion (TCD) of donor marrow cells was achieved via
complement-mediated lysis using anti-T-cell-specific antibody
HO-13-4 (hybridoma supernatant, mouse anti-Thy1.2 IgM;
ATCC), anti-CD4 (clone 72.4) mAb, anti-CD8 (clone H02.2)
mAb (initially provided by Dr. Bruce Blazar, University
of Minnesota, Minneapolis, MN), and rabbit complement
(Cedarlane Laboratories, Burlington, Ontario, Canada). The
marrow cells were incubated at 37◦C for 45min, washed twice
in RPMI, and resuspended for hematopoietic cell transplant.
Marrow TCD was routinely >99%. Donor T cells were prepared
from spleens obtained from B6-FoxP3rfp animals. Donor cells
were stained for T cells (anti-CD4, clone RM4-5; anti-CD8, clone
53-6-7) and adjusted to 1.1 × 106 T cells per mouse prior to
mixing with BM. Recipient mice were transplanted (day 0) with
TCD BM (5 × 106) and 1.1 × 106 T cells IV in a 0.2mL volume
via tail vein injection.

GVHD was assessed by monitoring recipients for changes in
total body weight, clinical signs, and overall survival. The clinical
signs of GVHD were recorded for individual mice. Recipients
were scored on a scale from 0 to 2 for 6 clinical parameters
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modified from Cooke et al. (25): (1) weight loss; (2) diarrhea; (3)
fur texture; (4) posture; (5) alopecia; and (6) mobility.

Orthotopic Corneal Transplantation
Mice were anesthetized with ketamine (100 mg/kg) and xylazine
(10 mg/kg) i.p. before the surgical procedure. Orthotopic corneal
transplants were performed in non-vascularized and high-risk
vascularized C57BL/6 or BALB/c mice as previously described
(26, 27). Initially, a central 2-mm full-thickness trephination
of the recipient cornea was performed, followed by excision
with corneal scissors. Corneas from donor mice were then
prepared in a similar fashion and secured to the recipient bed
using eight interrupted 11-0 nylon sutures (Sharppoint, Dallas,
TX). Erythromycin ointment was applied, and transplants were
examined 72 h after surgery. Corneal grafts with flat anterior
chamber, ulceration, or other complications related to surgical
difficulties were excluded as technical failures. All corneal sutures
were removed at postoperative day (POD) 7. After suture
removal, corneal grafts were evaluated twice a week using slit
lamp biomicroscopy and clinical scoring of clarity. A standard
scoring system of 0–4 was used for corneal opacification:
0 = clear, 1 = slight haze, 2 = increased haze but anterior
chamber structures are visible, 3 = advanced haze with difficult
view of anterior chamber structures, and 4 = opaque cornea
without view of anterior chamber structures. Grafts that received
two consecutive scores ≥ 3 without resolution were considered
rejected (26, 27).

Induction of High-Risk Vascularized
Corneal Recipients
Vascularization of the corneal bed in mice used as high-risk
recipients was induced as previously described (28, 29). Briefly,
three interrupted intrastromal 11-0 nylon sutures (Sharppoint,
Dallas, TX) were placed in the central cornea of one eye of normal
BALB/c mice for 14 days and these vascularized corneas were
used as recipients for CT.

Cyclophosphamide Treatment
Cyclophosphamide (MilliporeSigma, Burlington, MA) was
administered i.p. (90–125 µL/injection) using varying doses
between 50 and 200 mg/kg on day 3 or 3 + 4 post-HSCT (2, 15).
Doses between 50 and 90 mg/kg were administered (i.p.) at the
indicated times following vaccination with allogenic cells or
corneal transplants.

In vivo Treg Expansion Protocol
The fusion protein TL1A-Ig (50 µg) was administered i.p. on 4
consecutive days (23). Low dose IL-2 was administered as ether
rmIL-2 (1.5 µg) bound to α-IL-2 mAb (clone JES6-5H4; 8 µg) or
free human IL-2 (10,000U) was injected on the final day of TL1A-
Ig injection and again, 2 days later. Mice were bled or sacrificed
the day following the last IL-2 injection (22).

Alloantigen Priming and
Cyclophosphamide Treatment
Alloantigen priming was performed using 107 thymocytes
isolated in PBS from BALB/c (H2d) mice injected SQ into

B6-FoxP3RFP (H2b) mice at the left lateral thoracic location.
Post Vaccination Cyclophosphamide (PVCy) was given at 50
mg/kg/dose on days 3, 4, and 6 after BALB/c thymocyte
SQ injections to the indicated treatment groups. Alloantigen
exposed and PVCy treatment B6-FoxP3RFPmice were euthanized
at day 21 after alloantigen vaccination. Splenocytes were
harvested to establish in vitromixed lymphocyte reaction (MLR)
assays. Responders (CD4+ and CD8+ lymphocytes) from the
alloantigen and PVCy B6-FoxP3RFP treatment groups were
plated in 96 well flat-bottom plates at 1 × 105 cell/well in
triplicate cultured in RPMI media with 2% Fetal Bovine Serum.
Responders were co-cultured in the presence of stimulator
antigen presenting cells (APC’s) irradiated with (20 Gray) from
BALB/c (H2d) or C3H (H2k) splenocytes at 2 × 105 cells/well.
Cultures were incubated for 60 or 132 h. and pulsed with [3H]-
thymidine (0.5 Ci/well) for 12 h. Responders were harvested at
days 3 and 6 for CPM counts of incorporated [3H]-thymidine
isotope measured by liquid scintillation counting (Micro Beta
TriLux Counter, Perkin Elmer, Waltham, MA) (30).

Mixed Lymphocyte Response
Mixed lymphocyte responses (MLR) were performed using
PMCS (2 × 105) from BALB/c CT recipients or splenocytes
from B6 animals were used as responders and were stimulated
with 1 – 2 × 105 irradiated B6 (H2b, donor), BALB/c (H2d,
host), or C3H/HeJ (H2k, third party) splenocytes. Responders
and stimulators were co-cultured in 96-well round-bottom
plates for 120 h and pulsed with [3H]-thymidine (0.5 µCi/well;
Perkin Elmer, Waltham, MA) for the final 16 h. Incorporated
isotope was measured by liquid scintillation counting (Micro
Beta TriLux counter; Perkin Elmer) and results presented as
mean cpm/group.

Statistical Analyses
All graphing and statistical analysis were performed using
GraphPad Prism (San Diego, CA). Values shown in graphs
represent the mean of each group ± SEM. Survival data were
analyzed with the Mantel-Cox log-rank test or Gehan–Breslow–
Wilcoxon. Non-parametric unpaired two-tailed t-test was used
for comparisons between two experimental groups, and multiple
variable analysis was performed using 2-way ANOVA. A p< 0.05
was considered significant with Bonferroni or Turkey correction
for repeated measures of multiple comparisons. Brackets (or as
described in the legends) identifying the groups being compared
are presented in each figure where appropriate accompanied by
the level of significance or absence of significance (ns).

RESULTS

Cyclophosphamide Treatment
Post-hematopoietic Stem Cell Transplant
Ameliorates GVHD or Post-corneal
Transplant Can Delay Allograft Rejection
Times
Our work and others have shown that administration of post-
transplant cyclophosphamide (PTCy) can improve outcomes in

Frontiers in Immunology | www.frontiersin.org 3 March 2021 | Volume 12 | Article 636789144

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Lightbourn et al. Post-transplant Cyclophosphamide for Tolerance Induction

FIGURE 1 | PTCy treatment early post-transplant ameliorates GVHD

long-term/delays allograft rejection in a major MHC mismatch model of

pre-clinical HSCT. A HSCT utilizing a B6 BALB/c donor/recipient mouse model

involving a complete MHC mismatch was performed on day 0. Lethally

irradiated (8.5Gy) BALB/c mice received 5 × 106 TCD B6-CD45.1 BM cells

alone or with spleen cells from B6-FoxP3RFP donor mice adjusted to contain

1.1 × 106 total T cells. Cyclophosphamide was given on day 3, 1 × 200

mg/kg or day 3 and 4 post-HSCT at 133, 80 and 50 mg/kg i.p., respectively.

Survival of the different groups is shown (BM n = 5; BM + T n = 10; BM + T

+ 1 × 200 mg/kg n = 5; BM + T + 2 × 133 mg/kg n = 3; BM + T + 2 × 80

mg/kg n = 9; BM + T + 2 × 50 mg/kg n = 14). BM vs. 1 × 200 p = **; BM

vs. 2 × 133 p = *; BM vs. 2 × 80 p = ns; BM vs. 2 × 50 p = ns; BM + T +

No PTCy vs.: 1 × 200 p = *; 2 × 133 p = ns; 2 × 80 p = ***; 2 × 50 p = ****;

1 × 200 vs. 2 × 133 p = ns; 1 × 200 vs. 2 × 80 p = **; 1 × 200 vs. 2 × 50

p = ****; 2 × 133 vs. 2 × 80 p = ns; 2 × 133 vs. 2 × 50 p = ns; 2 × 80 vs. 2

× 50 p = ns. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Data for

these transplants represents 2 pooled independent experiments for all groups

except BM only and BM + T + 2 × 133 mg/kg.

FIGURE 2 | Kinetics of PTCy treatment following MHC mismatched corneal

allografts (B6 BALB/c). Groups of BALB/c recipients received

MHC-mismatched B6 corneal grafts and on either days 5, 6 or 6, 7, or 6, 7, 9

were i.p. injected with cyclophosphamide (70 mg/kg). PTC D5, 6 (n = 6) vs.

Control (n = 5) p = ns; PTC D6, 7 with or without PTC D9 (n = 14) vs. Control

(n = 5) p = *. *p < 0.05.

MHC-mismatched pre-clinical and clinical aHSCT (31–33). To
more precisely address the dose of PTCy which can ameliorate
pre-clinical GVHD in this model, transplants were performed
across a completeMHCdisparity and varying doses of PTCywere
administered on days 3+ 4 to BALB/c (H2d) recipients following
transplant with B6 (H2b) donor cells (Figure 1). Reduced GVHD
clinical scores were observed at each treatment dose assessed.
The single D.3 application of 200 mg/kg resulted in the lowest

improvement of survival time. Days 3 and 4 (D3+ 4) dosing of 50
or 80 mg/kg clearly reduced mortality (0 % survival in untreated
group vs. 80–90% survival in PTCy 50–80 mg/kg treated). These
findings demonstrate that D3+ 4 delivery of Cy following donor
bone marrow plus T cell replete allografts can markedly diminish
GVHD and improve HSCT outcomes.

Based on these findings, we asked if use of cyclophosphamide
post-transplant may prolong survival of solid tissue allografts.
We are interested in corneal transplants (CT) because of the high
annual numbers performed clinically and the ready accessibility
of the ocular compartment lends itself for local delivery
of reagents and therefore translational application. Complete
MHC-mismatched CT were performed using B6 (H2b) donor
tissue and BALB/c (H2d) recipients. Because corneal transplants,
specifically those that have non-vascularized recipient beds or
low risk CT, relative to other SOTs lack the ability to elicit
rapid rejection through the direct antigen presentation pathway
(34), we anticipated that D3 + 4 PTCy may not be optimally
effective. Reportedly the cervical lymph nodes (CLN) are a
draining tissue for corneal allografts (35) and examination of
CLN at days 3, 4, 5, 6 found a transient decrease in CD4+ and
CD8+ T cells on day 4 post-Cy injection and then immediate
return to normal levels (Supplementary Figure 1). We reasoned
that application of cyclophosphamide beyond days 3 and 4
may be more effective to regulate corneal graft rejection so Cy
was administered at different time points post-CT (Figure 2).
Compared to untreated (“control”) recipients, treatment with 70
mg/kg at D6, 7 ± 9 significantly prolonged CT whereas earlier
PTCy, i.e., at D.5 + 6 did not. Next, transplant experiments
compared the administration of 70 and 90 −50 mg/kg, the latter
which effectively inhibited B6BALB/c hematopoietic stem cell
grafts (Figure 1) (31). Results from BALB/c recipients receiving
70 mg/kg on D6 + 7 post-transplant of B6 CT allografts
indicated that this dose was superior to 50 mg/kg for prolonging
these CT allografts and 90 mg/kg was found to have the
most pronounced effect on prolonging graft survival (Figure 3).
Additionally, Cy treatment at D3 + 4, despite a 70 mg/kg dosage
failed to prolong graft survival in high risk vascularized CT
(Supplementary Figure 2).

PTCy Treatment Following Corneal
Allografts Also Reduces
Neovascularization and Diminishes
Anti-donor Alloantigen MLR Responses
Vascularization of the corneal bed accompanies and is required
for immune rejection of these allografts. Neovascularization of
corneas were examined approximately 2 months post-transplant
in untreated and PTCy treated allograft recipients to validate that
acceptors vs. rejectors were being assessed. High risk vascularized
corneal beds were induced by intrastromal sutures applied 2
weeks prior to transplant (Supplementary Figure 3). B6 corneal
tissue was transplanted onto these BALB/c recipients followed by
earlier or later PTCy treatment. Slit lamp examination of grafted
corneas from recipients of cyclophosphamide administered on
days 6, 7 and 9 (D6, 7 + 9) exhibited the fewest vessels in the
central corneal region (Figure 4). Thus, the treatment timing of
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FIGURE 3 | Post-orthotopic corneal allograft treatment with PTCy significantly

delays graft rejection. BALB/c mice received MHC-mismatched B6 corneal

grafts and groups did not receive PTCy treatment (n = 26, 5 pooled

independent experiments) or on days 6 and 7 received either 50 (N = 20, 4

pooled independent experiments), 70 (N = 14, 3 pooled independent

experiments) or 90 (N = 5) mg/kg cyclophosphamide i.p. No PTCy treatment

vs. 50 p = ns; No PTCy treatment vs. 70 p = ***; No PTCy treatment vs. 90

p = **. **p < 0.01; ***p < 0.001.

FIGURE 4 | Slit-Lamp images of post-transplant cyclophosphamide effect on

neovascularization day 60 post high-risk corneal transplant. BALB/c mice

were vascularized (using 3 corneal sutures) 14 days prior to receiving a B6

corneal allograft. (A) untreated recipients, (B) PTCy treated on days 3, 4 and 6

post-CT with 75 mg/kg; (C) PTCy treated on days 6, 7, and 9 post-CT with 75

mg/kg. Newly formed blood vasculature appears as red vessels (white arrows)

in the central cornea.

PTCy was found to significantly prolong allograft survival and
was associated with substantially diminished neovascularization
compared to untreated control recipients.

Since neovascularization is directly associated with CT
rejection (36, 37) and neovascularization can be promoted by
anti-graft alloreactive T cells (26) we reasoned that Cy treatment
resulted in diminishing these anti-donor alloantigen specific
T cell responses (13). To initially investigate the effect of
cyclophosphamide administration on host alloantigen responses,
mice were vaccinated with an MHC-mismatched cell inoculum.
Groups of B6 mice unvaccinated or vaccinated against BALB/c
alloantigen (splenocytes + thymocytes), received vehicle or 50
mg/kg Cy (D3, 4 + 6). Three weeks after BALB/c inoculation,
MLRs were performed using spleen cells from vaccinated or
unvaccinated mice (Figure 5). Results demonstrated that, after
alloantigen exposure (vaccinated mice) as anticipated, spleen
cells from non-Cy treated mice demonstrated a strong MLR
response to the specific immunizing antigen. In contrast, mice

FIGURE 5 | Cyclophosphamide treatment reduces recipient T cell response to

alloantigen. Spleen cells were harvested from B6 animals who were

unimmunized or received allogeneic vaccination with BALB/c spleen +

thymocytes (see Methods). Some groups also received cyclophosphamide (50

mg/kg) 3, 4, and 6 days following immunization. Spleen cells were obtained 21

days after vaccination and cultured for 120 h with irradiated B6 (syngeneic) or

BALB/c (allogeneic) spleen cells. Cells were pulsed with 3[H]-Thymidine for the

final 18 h and results are presented as mean cpm/6 well replicates. Groups

were compared using two-way ANOVA: ns, not significant; ***p < 0.001;

****p < 0.0001.

receiving post-vaccination Cy (PVCy) had a diminished MLR
response after stimulation with the specific immunizing antigen
(Figure 5).

The effect of PTCy on host T cell responses against alloantigen
following a solid tissue transplant was then investigated. PTCy
(70 mg/kg) was administered on D6 + 7 to BALB/c recipients
of MHC-mismatched B6 corneas. Approximately 2 months
following transplant, PBMCs were obtained from recipients and
co-cultured together with donor (H2b) or autologous (H2d)
stimulating cells. Similar to the vaccinated mice above, untreated
transplant recipients who had rejected their grafts responded
strongly to stimulation with donor but not “autologous” (self)
antigen (Figure 6). In contrast, PTCy treated recipients who had
maintained their grafts (acceptors) generated significantly lower
responses following stimulation with donor antigen (Figure 6).

PTCy Treatment That Effectively Inhibits
Allo-Antigen Responses Arising After
Liquid and Solid Tissue Grafts Does Not
Ablate—and Allows for Expansion of the
Treg Compartment
To examine the Treg compartment after Cy exposure mice
were administered alloantigen and then cyclophosphamide. Mice
were vaccinated with complete MHC disparate allogeneic spleen
+ thymocytes, administered 50 mg/kg cyclophosphamide D3,
4 + 6 days later and then assessed for Treg presence and
phenotype (Figure 7A). As anticipated, animals treated with
PVCy exhibited a significant loss of B cells (CD19+) but not
CD8+ T cells (Figure 7B). Two days following the last injection
of cyclophosphamide (D6), some animals received agonistic
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reagents which target TNFRSF25 (TL1A-Ig fusion protein) and
CD25 (IL-2LD) receptors that can selectively stimulate rapid

FIGURE 6 | MLR using pooled peripheral blood (PB) of recipients after PTCy

demonstrates decreased response against donor antigen by CT acceptors but

not rejectors. PB was obtained from BALB/c recipients of B6 corneal allografts

and treated with PTCy (70 mg/kg) on days 6 and 7 (as described Figure 2) or

un-transplanted BALB/c. Following ficoll hypaque separation, PBMC were

harvested and stimulated with irradiated B6 (donor) or BALB/c (self) spleen

cells. MLR cultures were pulsed with 3[H]-Thymidine for the final 18 h. and

assessed following 5 days in culture. Data obtained using pooled PB from

each group: n = 2–3\g. Data is presented as the mean cpm from triplicate

microwell cultures. Data represents an individual experiment.

Treg expansion (22). Following a 6-day TL1A-Ig + IL-2LD (“2-
pathway”) treatment protocol, Treg expansion was assessed. In
contrast to mice not receiving this treatment, animals receiving
the 2-pathway expansion protocol exhibited significantly elevated
CD4+ FoxP3+/CD4+ lymph node and splenic Treg levels, 15–
25% vs. 38–43%, respectively (Figures 7C,D). Notably much
higher numbers of Tregs were also induced post-expansion with
or without Cy treatment (Figure 7C). Treg central and effector
subset distribution, analyzed by CD62-L and Ly-6C expression
(38, 39), and KLRG1 expression marking terminal differentiation
were found unaltered in vaccinated mice who did and did
not receive PVCy treatment (Supplementary Figures 4A,B). We
also examined vaccinated mice receiving the Treg expansion
protocol. Mice who did or did not receive Cy treatment,
similarly exhibited no differences in Treg subset distribution
(Supplementary Figures 4A,B).

Following Cy treatment, Tregs obtained from vaccinated
animals receiving the TL1A-Ig + IL-2LD expansion protocol
exhibited suppressor activity comparable to animals not
receiving Cy treatment (Supplementary Figure 4C). Notably,
Cy treatment following priming reduced the MLR response
by spleen cells against the priming antigen but not against a
third-party alloantigen (Figure 7E). Treg expansion following
Cy treatment further reduced the inhibition observed by Cy
alone (Figure 7E). In total, these experiments demonstrated that
using doses of cyclophosphamide that diminished responses
against alloantigen resulted in: (a) some Tregs persisting after

FIGURE 7 | The effect of cyclophosphamide treatment on the Treg compartment: persistence and function. (A) Experimental design of the allogenic immunization

model used in these studies. B6-FoxP3RFP reporter mice were immunized with allogeneic BALB/c 10 × 106 splenocytes and thymocytes. Following immunization,

some groups also received cyclophosphamide (50 mg/kg = PVCy) on days 3, 4, and 6 and/or TL1A-Ig + IL-2LD on days 8–13 as indicated in the figure. (B) Mice

were bled on day 7 and frequency of CD19 + and CD8 + cells was determined (n = 2–4 mice/gr.). (C–E) On day 14 mice were sacrificed and assessed. (C) Splenic

overall Treg frequency (%) within the CD4 fraction (CD4+ FoxP3+/CD4 +) cells (left) and total numbers splenic Tregs (right) are shown (n = 2–3 mice/gr.). (D) Treg

(CD4+ FoxP3+) frequency (%) of total CD4+ cells in LN (n = 2–3 mice/gr.). (E) Spleen cells were cultured for 120 h with irradiated BALB/c (allogeneic) or C3H (third

party) spleen cells. The number of cells/mL (all groups were plated in total volume of 0.2mL) was determined for each group. Results are presented as mean cpm/4

well replicates. Groups were compared using one-way ANOVA with Tukey’s multiple comparisons test for multiple groups. **p < 0.01; ***p < 0.001; ****p < 0.0001.

Data represents 1 of 2 independent experiments.
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PTCy treatment and (b) persisting Tregs capable of undergoing
marked expansion following stimulation via TNFRSF25 and
CD25 stimulation.

Treg presence following PTCy for aHSCT was required
for optimal amelioration of preclinical GVHD (11–13). We
examined the Treg compartment following doses of PTCy
found effective to inhibit GVHD following aHSCT for: (a)
CD4+ FoxP3+ cell presence and (b) Treg function. Experiments
analyzed the homeostatic Treg compartment post-HSCT and
after administration of TL1A-Ig + IL2LD as above. In
these experiments, recipients received 8.5Gy TBI conditioning
followed by PTCy (50 or 80 mg/kg) on D3 + 4. Transplanted
donor CD4+ FoxP3+ Tregs were detected, i.e., 2–3% and 10–15%

FIGURE 8 | Tregs survive cyclophosphamide treatment post-HSCT and can

be expanded. HSCT utilizing a B6 BALB/c complete MHC mismatch was

performed on day 0. Lethally irradiated (8.5Gy) BALB/c mice received 5 × 106

TCD B6-CD45.1 BM cells and spleen cells from B6-FoxP3RFP donor mice

adjusted to contain 1.1 × 106 total T cells. Cyclophosphamide was

administered i.p. on days 3 and 4 post-HSCT (A) at 80 mg/kg and (B) 50

mg/kg. (A) Treg expansion was initiated on day 2 post PTCy (D.6 post-HSCT)

by giving 50 µg TL1A-Ig for 4 consecutive days and IL-2 (complex of 1.5 µg

rmIL-2 bound to 8 µg α-IL-2 mAb (clone JES6-5H4) on the final day of

TL1A-Ig and 2 days later. Donor Treg expansion analyzed by flow cytometry 1

day after the last IL-2 dose does not reach significance (p = ns). (B) Treg

expansion was initiated on day 50 post PTCy (D.54 post-HSCT) by giving 50

µg TL1A-Ig on 4 consecutive days and IL-2 (free, hu10,000U) on the final day

of TL1A-Ig and 2 days later. Donor Treg frequency analyzed by flow cytometry

1 day after the last IL-2 dose is presented as the % CD4+ FoxP3+/total CD4+

T cells in recipient peripheral blood. ns = p > 0.05; ***p < 0.001. Data

represents 2–3 pooled independent experiments.

of CD4 + donor cells in recipient blood 1 and 7 weeks following
PTCy, respectively (Figure 8). Administration of TL1A-Ig fusion
protein and IL-2LD initiated 2 days after PTCy (i.e., on D6)
or 50 days after PTCy (D54) resulted in minimal expansion of
the surviving transplanted splenic donor Tregs at 1 week. but
significant expansion at 8 weeks, respectively (Figure 8). These
findings indicated that some populations of donor Tregs persist
following PTCy in TBI conditioned aHSCT recipients and both
the levels of Tregs following PTCy and their subsequent ability to
be expanded were dependent on the time following conditioning
and HSCT.

Regulatory T cells also play a critical role in regulating
responses to SOTs (9, 40, 41). Treg presence following CT and
PTCy treatment would provide opportunity to manipulate these
cells as an approach to augment tolerance to graft antigens. A key
question to address is whether activation of the co-stimulatory
TNFRSF25molecule to expand Tregsmay unwantedly drive anti-
graft effectors accelerating graft rejection. Mice were therefore
transplanted with MHC-mismatched corneal tissue and groups
were treated with 70 mg/kg Cy on D6, 7 + 9. One day
later, a group received TL1A-Ig and IL-2LD over 6 days as
described above. CT recipients who did not or did receive
PTCy contained 7–10% Tregs within their PB CD4+ T cells ∼
2 weeks post-CT (Figure 9A). Notably, TNFRSF25 and CD25
stimulation significantly expanded the Tregs present in these
PTCy treated animals but did not significantly alter the overall
CD4 compartment (Figure 9). These findings demonstrate that
some Tregs also clearly persisted after solid tissue grafting and
the Cy treatment administered and expanded following the 2-
pathway stimulation protocol.

Combining Use of PTCy Together With
Expansion of Tregs Following Corneal
Transplant
To begin addressing the potential application of a combinatorial
tolerance strategy, B6 corneal grafts were placed on groups
of BALB/c animals and some were administered 70 ms/kg
PTCy on D6, 7 + 9. These PTCy recipients (Figure 10) again
demonstrated a significant increase in graft survival time vs.
untreated animals (see Figure 2). PTCy treated CT recipients

FIGURE 9 | TL1A-Ig + IL-2 induces significant Treg expansion in blood following post-orthotopic corneal transplant administration of PTCy. Recipient B6-FoxP3RFP11

mice were transplanted with BALB/c corneal grafts and injected with TL1A-Ig + IL-2LD beginning D10 post-CT (see Methods). PTCy was administered i.p. on D6, 7 +

9. Mice were bled on D16 and PBMC were stained to assess FoxP3 (A) and CD4 (B) expression by flow cytometry: ANOVA: ns = p > 0.05; ****p < 0.0001.
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FIGURE 10 | Post orthotopic corneal allograft treatment with PTCy and

TL1A-Ig + IL-2 delays graft rejection. BALB/c mice transplanted with B6

corneal grafts. Mice were untreated (n = 30, 5 pooled independent

experiments) or PTCy only (70 mg/kg) on days 6, 7 + 9 (n = 8, 3 pooled

independent experiments) or PTCy followed by TL1A-Ig + IL-2LD beginning

D.10 post-CT (n = 5). PTC D6, 7 + 9 vs. No treatment p = **; PTC D6, 7 + 9

and Treg vs. No treatment p = *; PTC D6, 7 + 9 vs. PTC D6, 7 + 9 and Treg

p = ns. *p < 0.05; **p < 0.01.

who subsequently received our brief 6-day TL1A-Ig + IL-2LD
treatment protocol initiated immediately following PTCy (days
10–15) also significantly differed from untreated recipients and
demonstrated no significant decrease in graft survival vs. CT
recipients treated with PTCy alone (Figure 10). In summary,
these findings do not support the notion that TNFRSF25
stimulation after PTCy drives anti-graft effector cells accelerating
graft rejection but alternatively, this strategy can be applied to
expand as well as maintain Tregs following Cy treatment to
further suppress immune mediated graft rejection.

DISCUSSION

PTCy has been found to be an effective graft vs. host disease
prophylactic treatment strategy following pre-clinical and clinical
HSCT (1, 2, 5, 13). The present study investigated if application of
cyclophosphamide following a pre-clinical solid tissue transplant,
i.e., corneal allografts could delay host vs. graft rejection
and prolong survival. Prior studies using cyclophosphamide
following CT did not observe prolonged allograft survival (8, 9).
In contrast, the findings here demonstrated that PTCy usage
can prolong survival of these CT when administered at selective
times distinct from optimal Cy kinetics post-HSCT (1, 31, 42).
Results also identified the presence of Treg cells following PTCy
treatment in both the pre-clinical liquid and solid tissue graft
models. Additionally, these persisting Tregs could be expanded
at different time periods following Cy treatment providing
opportunity to implement combinatorial strategies to augment
immune tolerance toward permanent graft acceptance.

Administration of cyclophosphamide for other solid tissue
graft tolerance has been previously considered and was reported
to prolong murine allogeneic skin grafts (6, 7, 43, 44). The
application of PTCy following liquid and SOT must take
into account several differences between the two procedures.
First, for successful solid organ/tissue transplant outcomes,
vascularization must occur delivering local oxygen and nutrients

to the allograft. Results here found that unlike HSCT where
GVHD can be suppressed, administration of PTCy on D3 + 4
post-transplant of corneal tissue was ineffective at prolonging
graft survival. Examination of D3, 4 treated CT grafts several
days later demonstrated poor wound closure (data not shown)
suggesting PTCy administered too early post-keratoplasty may
have negative or deleterious impact on ocular parenchymal tissue
(45) as well as inadequate immune suppression of alloreactive
T cells. It should be noted that corneal neovascularization and
lymphangiogenesis leads to loss of immune privilege in the
anterior compartment thereby contributing to graft rejection (21,
26, 37, 46). We detected diminished corneal neovascularization
in recipients following later cyclophosphamide administration,
i.e., day 6, 7, and 9 (75 mg/kg) which was associated with
extended graft survival. Thus, the timing of PTCy is likely
critical regarding angiogenic inhibition. Cyclophosphamide has
been found to reduce neovascularization in the absence of
alloreactive T cells (47). Additionally, PTCy deletes/suppresses
effector T cell populations which likely include those subsets
found to produce angiogenic factors driving neovascularization.
Thus, PTCy administration at this time (D6, 7 + 9) post-
grafting may provide additional benefit through the ability to
inhibit neovascularization by either direct inhibition of vascular
endothelial cells and/or via immune mediated signals driving
angiogenesis and lymphangiogenesis. Together suchmechanisms
could contribute to extending the survival of CT allografts.

The kinetics of the immune responses leading to graft
rejection also likely differ following liquid bonemarrow and solid
corneal tissue transplants. Following T cell replete HSCT, donor
T cells almost immediately encounter host APC in lymphoid
compartments initiating activation leading to proliferation
and elicitation of anti-recipient effector cell responses (48).
Concerning solid organ allografts, non-vascularized corneal
tissue grafts compared to skin grafts possessing high levels of
APC/DC, involve slow lymphoid and vascular drainage delaying
antigen presentation following these transplants. These low risk
CT relative to other SOT also lack the ability to elicit rejection
through direct allo-responses by CD4+ T cells and therefore
reject through the slower indirect pathway (34). Thus, it is
not surprising that the timing of administration of effective Cy
treatment to prolong these CT grafts compared to HSCT was not
identical, i.e., D6, 7 + 9 for the former and D3 + 4 for the latter.
This delayed treatment schedule was fortuitously beneficial also
avoiding as noted above, direct corneal graft damage early post-
surgical implant. PTCy administration on days 6 and 7 following
CT which prolonged allograft survival also diminished in vitro
anti-donor alloantigen T cell responses in mice which accepted
their grafts, in contrast to non-Cy treated graft rejectors.

Treatment with cyclophosphamide is anticipated to damage
rapidly dividing lymphoid cells as a consequence of DNA
alkylation and recent studies also report that Tregs persisting
following PTCy treatment possess suppressive function
important in overall immune regulation following liquid HSCT
(13). Tregs have been found to augment survival of solid organ
allografts including CT (49–51). Combining T cell deletion
and immune regulation involving the manipulation of Tregs
following cyclophosphamide treatment may represent an
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advance toward inducing and maintaining immune tolerance.
A number of studies have reported cyclophosphamide effects
on Tregs which are dependent on the dosing and timing of
drug delivery (52, 53). Some earlier reports discussed the use
of cyclophosphamide to eliminate Tregs and augment cancer
vaccine effectiveness in antitumor immune responses (54).
However, our and others prior reports demonstrated that
significant levels of Tregs can persist after Cy administration
dependent on dose and duration following TBI conditioning
and hematopoietic stem cell transplantation (11, 12, 42).
These findings are consistent with reports showing some
Tregs are resistant to genomic insults which include TBI
(55–57). Moreover, these Tregs were required for optimal
PTCy protection from GVHD post-HSCT indicating some
functionality was retained (12). Elevated levels of ALDH are
present in Tregs and promote catabolism of the drug preventing
generation of the alkylating mustard compound (11). Together
with the doses used (<200 mg/kg total) here and brief exposure
≤3 injections), Tregs clearly persisted after Cy administration
following vaccination with alloantigen and application of both
solid (CT) and liquid (HSCT) allogeneic transplants. Results
in the present study showed that CD4+ FoxP3+ Tregs can be
expanded in CT and vaccinated recipients almost immediately
following cessation of PTCy treatment through stimulation with
TNFRSF25 and CD25 receptor agonists. This is an important
finding as we have observed immediately following TBI and allo
HSCT, Treg expansion cannot be similarly accomplished (DW,
RBL unpublished observations). Such observations suggest that
the microenvironment necessary for Tregs to expand in response
to appropriate receptor stimulation is not obviated by certain
Cy treatment schedules. In total, these findings suggest that
strategies to combine Cy treatment with Treg expansion can
be developed to strengthen tolerance protocols. We recently
began to develop such protocols using multiple injections of
a new agonistic anti-TNFRSF25 mAb (generated by a biotech
company) together with Cy following corneal transplants
that shows significant promise (unpublished data, Liwen Lin,
CL,VLP, RBL).

A potential complication to such approaches could occur if
effector cells were unintentionally co-stimulated by our Treg
expansion protocol driving effector cell expansion and function
resulting in rapid rejection or accelerated GVHD. TNFRSF25
has been shown to be expressed on activated T cell populations
(58). Early application of an agonistic TNFRSF25 mAb alone
have been found to result in enhancedGVHDwhen administered
peri-transplant (59). Importantly, our protocol of TL1A-Ig fusion
protein + rIL-2 utilized low dose IL-2 which has been shown
to selectively stimulate Treg cells vs. conventional CD4 and
CD8T cells (60–62). Notably, we did not identify a heightened
rejection response against CT following PTCy administration.
We posit this may be a result of the deletion and/or Treg
mediated suppressive environment regulating anti-graft effector
cells which may have persisted. While not statistically significant,
slower rejection may have occurred following PTCy treatment
together with the immediate and one-time Treg expansion
treatment compared to PTCy treatment alone. Our overall
objective is to develop protocols which combine PTCy treatment
and TNFRSF25 stimulation together with ultra-low dose IL-2

to optimize and extend the kinetics of Treg cell presence and
function to prevent activation of any residual or future anti
donor graft effector cells. This could be approached by employing
prolonged Treg expansion regimens.

Overall, the findings presented here show that PTCy can be
effective in prolonging both liquid and solid tissue allografts.
Our data supports the notion that the timing of treatment
and concentration of Cy is crucial for both the protection
of solid organ grafts from direct drug damage as well as
effective suppression of anti-graft T cell responses during the
period when they are sensitive to regulation. The studies also
demonstrated that some Tregs persist after CT following Cy
treatment dependent on the dose and importantly, can readily
receive stimulating signals leading to their expansion. The
observation that Tregs can prolong the survival time of these
allografts together with PTCy treatment is consistent with a
recent report that sustained (i.e., 6 weeks post-CT) systemic
administered IL-2 treatment alone could prolong CT allografts
(50). In the present studies, only short-term expansion of
Tregs was interrogated using 3 injections which concluded
only 15 days post-CT. As previously mentioned, our data
using both a TL1A fusion protein (TNFRSF25) and IL-2LD
(CD25) stimulation, do not demonstrate aggravation of anti-
graft effector cells that may have survived PTCy treatment.
Therefore, we propose studies extending the period of Treg
expansion by providing continued low dose IL-2 treatment
or intermittent application with TNFRSF25 + CD25 agonists.
We are interested in investigating if local administration of
TNFRSF25/CD25 agonists, specifically within the ocular adnexa
may be particularly effective at targeting and limiting Treg
expansion to this compartment and our preliminary observations
using peri-ocular or subconjunctiva delivery support such a
strategy (CL, VLP, RBL). In total, we posit future studies across
multiple types of SOTs may take advantage of Cy based platforms
to generate combinatorial strategies for long-term tolerance
induction based on PTCy + Treg suppression of inflammation,
neovascularization and T cell responses. Addition of compounds
to this platform, such as bromodomain inhibitors which diminish
inflammatory cytokines and inhibit neovascularization (39, 63)
may be particularly worthwhile.
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Despite many decades of investigation uncovering the autoimmune mechanisms
underlying Type 1 Diabetes (T1D), translating these findings into effective therapeutics
has proven extremely challenging. T1D is caused by autoreactive T cells that become
inappropriately activated and kill the b cells in the pancreas, resulting in insulin insufficiency
and hyperglycemia. A large body of evidence supports the idea that the unchecked
activation and expansion of autoreactive T cells in T1D is due to defects in
immunosuppressive regulatory T cells (Tregs) that are critical for maintaining peripheral
tolerance to islet autoantigens. Hence, repairing these Treg deficiencies is a much sought-
after strategy to treat the disease. To accomplish this goal in the most precise, effective
and safest way possible, restored Treg functions will need to be targeted towards
suppressing the autoantigen-specific immune responses only and/or be localized in the
pancreas. Here we review the most recent developments in designing Treg therapies that
go beyond broad activation or expansion of non-specific polyclonal Treg populations. We
focus on two cutting-edge strategies namely ex vivo generation of optimized Tregs for re-
introduction in T1D patients vs direct in situ stimulation and restoration of endogenous
Treg function.

Keywords: type 1 diabetes (T1D), immunotherapy, autoimmune disease (AD), T cells, Tregs (regulatory T cells),
nanotechnology/nanomaterials, antigen-specific therapies, cell-based therapeutics
INTRODUCTION

T1D is an autoimmune disease resulting in loss of the insulin-producing b cells in the pancreas,
leading to hyperglycemia. Although T1D can appear at any age, it is mostly prevalent in children
and is considered to be one of the most common childhood chronic diseases, with an increasing
incidence of 3-4% over the past three decades (1). A loss of immune regulation caused by a
combination of underlying genetic susceptibilities and as yet undefined environmental factors
enables autoreactive CD4+ and CD8+ T cells to destroy the pancreatic b cells (2–5). Hence, the
ultimate goal for the treatment of T1D is to restore the defects in immune regulation to achieve
durable tolerance to islet autoantigens. Regulatory T cells (Tregs) are an extremely attractive cell
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population to utilize for restoring tolerance in T1D since these
cells are known to be functionally deficient in T1D, and this
defect contributes to disease progression (6). In the NOD mouse
model of T1D, as well as in T1D patients, deficiencies in the Treg
TCR repertoire (7), the IL-2/IL-2Ra pathway (8–11) and
suppressor mechanisms such as CTLA-4 (12) may all
contribute to reduced Treg functionality. Animal studies have
demonstrated that bolstering the Treg compartment through
adoptively transferring polyclonal or islet antigen-specific Tregs
(13–16) or by administering low-dose IL-2 can prevent and
reverse T1D (11, 17–19). Hence, transforming Tregs into highly
efficient, targeted and localized suppressors of autoreactive T
cells carries enormous potential as the nec plus ultra for using
Tregs to cure T1D and other autoimmune diseases. Here, we
focus on emerging strategies with high potential for clinical
translation to not just increase Tregs indiscriminately but to do
so in a precisely targeted way with minimal side effects. We weigh
the advantages and disadvantages of manipulating Tregs ex vivo
to optimize their specificity and function before re-introducing
the cells into patients vs approaches to directly target antigen-
specific Tregs for expansion and functional enhancement in
disease-relevant tissues, using cutting-edge delivery systems
such as nanomaterials.
CELL-BASED THERAPIES USING
POLYCLONAL TREGS

Cell-based therapies areanewfrontier in the treatmentof autoimmune
diseases and cancer. Although different immunosuppressants and
biologic treatments have greatly improved in the past decade and are
getting more efficient in ameliorating disease manifestations, cell-
based therapies carry tremendous promise due to their diversified
and adaptable array of therapeutic activities, and their capacity to
locate to the site of lesion. In autoimmune diseases, current
treatments are often alleviating symptoms and promote episodes
of remission but do not fundamentally cure the disease. Cell-based
approaches on the other hand hold the power to provide a cure for
autoimmunity by durably establishing therapeutic cell populations
in patients to tolerize and eliminate autoreactive immune cells and
permanently heal tissues. Tregs, due to their documented
dysfunctionality in T1D, are ideal candidates for cell-based
therapies aiming to strengthen their numbers and/or function
(Figure 1). Increased enthusiasm for this approach stems in part
from success in clinical trials in other conditions such as graft versus
host diseases (GvHD), where the beneficial impact of Tregs has been
shown in prophylaxis and during its chronic state (20–22). This
success is even more impressive given the obstacles that accompany
the use of these cells, namely their potential impurity upon isolation
(e.g. contamination with effector T cells (Teff)), limited in vitro
expansion capacity, potential to differentiate into other cells types,
and their post-transplantation survival capacity. These issues will
need to be resolved before becoming part of standard care.

To test Treg therapy in T1D, recent phase l clinical trials have
evaluated the safety and efficacy of adoptive transfer of polyclonal
Tregs (23–25), (NCT01210664, ISRCTN06128462) to reverse
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recent onset T1D in patients. Patients received infusions of
autologous ex vivo expanded polyclonal Tregs (identified by the
markers CD4+CD127lo/-CD25+) in several doses. Both trials
showed that the treatment was well-tolerated and safe. One of
the studies (25) showed that cells remained mostly true to their
identity with minor surface marker changes, and with no evidence
of converting into Teff cells. Approximately 3 months following
the infusion, a quarter of the maximal cell number that was
detected shortly after infusion could still be traced in the
circulation, followed by a period of stabilization where cells
could still be detected 1 year post-infusion. In terms of disease
outcome, the number of participants and heterogeneity of diabetes
make it hard to draw conclusions, but the trial reported several
individuals with unchanged C-peptide levels while others showed
decline. Of note, these results are within the expected decline
compared to the natural history of the disease. The other clinical
trial (23, 24) showed significantly higher C-peptide levels in
treated children compared to non-treated. Moreover, some
children were less dependent on exogenous insulin (24). At a 2
year follow up, some treated subjects required significantly lower
doses of insulin and had higher C-peptide levels, especially
children that received two doses of Tregs.

The safety and success of transferring autologous ex vivo
expanded Tregs to recent onset T1D patients was also tested in a
recent phase ll clinical trial (NCT02691247). However, even though
the treatment was well-tolerated, patients failed to show
improvement in C-peptide levels. It is hard to speculate at this
point, whether the mixed results from these studies are due to
differences in patients (e.g. age of the patient and type of islet
autoantibodies present) and study design (e.g. different dosages of
Tregs) or whether this treatment in its current setting is not efficient
enough. Noteworthy, a new trial is currently evaluating whether
results can be improved by administrating IL-2 to recipients of
autologous polyclonal Tregs to improve survival and function of the
transferred cells (NCT02772679). Unfortunately, early results
presented at the meeting “The Promise of Interleukin-2 Therapy”
in Paris 2019 indicated that patients treated with IL-2 may show
increased decline of C-peptide, cautioning that significant
challenges remain to use IL-2 in the clinic for T1D.
EMERGING APPROACHES TO GENERATE
ANTIGEN-SPECIFIC TREGS EX VIVO

Although the studies above managed to overcome some major
technical hurdles, the difficulties for broad usage of adoptive
transfer of polyclonal Tregs in the clinic due to their very low
frequency in circulation and difficulty to expand the cells in vitro
while maintaining their identity and functionality, still stand. In
addition, some individuals may have inherent defects in their
Treg population, rendering them ineffective for treatment.
Importantly, preclinical studies in animal models of T1D
suggest that the use of antigen-specific, rather than polyclonal,
Tregs will be more efficacious in controlling the disease (13, 26–
29). However, isolating sufficient numbers of islet autoantigen-
specific Tregs from patients for in vitro expansion is even more
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FIGURE 1 | Overview of selected emerging ex vivo and in situ Treg enhancement approaches for T1D. The depicted therapeutic strategies to enhance Tregs in T1D
patients are currently being implemented both pre-clinically as well as in clinical trials. The interventions are designed to (1) increase autologous Treg cell numbers, ex vivo,
with or without modification prior to transplanting them back into the patient or (2) reinforce Tregs within the patient by stimulating/re-activating them via nano-particles
carrying specific auto-antigens and/or by converting the pathogenic cells to protective, regulatory cell populations. Arrows denote stimulatory/activating effect.

Volfson-Sedletsky et al. Treg Therapies for Type 1 Diabetes
challenging than polyclonal Tregs, since most of them are located
in the target tissue, in this case the pancreas, limiting their
accessibility. Moreover, extremely limited information about
their TCR epitope specificity is available. Therefore, potential
solutions to these obstacles are being developed. To increase the
numbers of Treg cells for adoptive therapy, Honaker et al. (30).
developed a method to convert autologous CD4+ effector T cells
into Treg-like cells. To do so, they implemented a gene editing
approach, homology-directed repair (HDR), to insert a strong
promoter in the forkhead box P3 (FOXP3) locus, the master
transcriptional regulator for Tregs, of polyclonal CD4+ T cells, in
a strategic location that would bypass potential epigenetic
silencing. This will lead to expression of endogenous FOXP3 in
bulk CD4+ T cells (Figure 1). These edited Tregs (edTregs)
expressed many of the canonical Treg markers and were more
sensitive to low doses of IL-2 compared to mock-edited cells, and
edTregs were capable of suppressing Teff proliferation in vitro.
Remarkably, human edTregs were able to substantially
ameliorate xenogeneic GvHD caused by human CD4+ Teff
cells in immunodeficient NOD mice. In addition, the
investigators showed that adoptive transfer of antigen-specific
edTregs from TCR transgenic 2D2 mice resulted in a reduction
of CD45+CD4+ T cells in the EAE model of Multiple Sclerosis
(MS), as compared to polyclonal edTregs. Finally, the authors
Frontiers in Immunology | www.frontiersin.org 3156
were able to recapitulate their successful technique with human-
derived antigen-specific edTregs. These cells were able to inhibit,
in vitro, the proliferation of Teff cells with the same TCR
specificity as well as with different specificities. Importantly,
edTregs could be expanded 48-fold in 14 days, underlining
their translational feasibility for the clinic.

In an effort to generate a well-defined and uniformly
functional antigen-specific Treg population, Tenspolde et al.,
have turned their efforts into generating chimeric antigen
receptor (CAR) Tregs (Figure 1). While there are a few FDA
approved CAR T-cell therapies in cancer treatment, CAR Tregs
have not been used in the clinic yet. With their off-the-shelf
usability and customized design, generating CAR-Tregs to treat
T1D is a very promising avenue, especially in terms of avoiding
off-target systemic suppression. Tenspolde et al., have carefully
selected insulin-specific (a well-known autoantigen in T1D (31))
scFvs that showed the strongest binding to insulin, using a phage
display library (32). Next they transduced CD4+ Teff cells with a
CD28/CD3 second generation CAR construct that contained the
insulin-specific scFvs, and a Foxp3 sequence, leading to the
reprogramming of CD4+ T cells into insulin-specific Tregs
(CAR-cTregs). A T cell hybridoma cell line that was
transduced with the CAR constructs successfully expressed a
GFP reporter downstream of an NFAT-sensitive IL-2 promoter
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after insulin stimulation, demonstrating the functionality of the
design. Moreover, CAR-cTregs were phenotypically and
functionally similar to natural Tregs: they proliferated in the
presence of insulin and inhibited the proliferation of allospecific
CD8+ Teff cells (32). However, although these CAR-cTregs were
unable to prevent progression to diabetes in NOD females, they
could still be detected up to 17 weeks following the adoptive
transfer, constituting 2-4% of all splenic Tregs (32). This study is
the first proof of concept for using CAR technology to convert
Teff cells to Tregs, in an attempt to treat T1D.

As promising as all of the therapeutic advancements in Treg
adoptive transfer might be, a caveat and a long term concern is
the potential of these cells to convert back into autoreactive Teff
cells. This is a major issue given that these cells are present in
high numbers, and thus thorough long term monitoring to make
sure that these cells remain true to their new identity will be
critical before moving to clinical trial protocols. Altogether,
Treg-based interventions designed to restore self-tolerance in
T1D and other autoimmune diseases carry great hope due to
their proven capacity to block disease progression in many
animals models, their highly specialized and multifaceted
immune suppressive functions and the emerging capacity to
design these live drugs in ways that assure target specificity,
optimally tailored functionality, and durability. Moreover, the
potential risk associated with ex vivo engineered Tregs is
mitigated by the capacity to extensively characterize and test
the properties of these cells before they are re-introduced in
the patients.
NOVEL METHODS TO PROMOTE IMMUNE
REGULATION IN SITU

There are a lot of reasons why many of the past and current
therapeutic approaches that seem promising at first pre-clinically
ultimately fail to prove efficacious in clinical trials. One such
classic approach, that uses auto-antigen presentation to induce
immune tolerance has been thoroughly examined for a variety of
autoimmune diseases, including T1D (33, 34). Insulin is one of
the main pancreatic auto-antigens targeted by T cells in T1D,
and tolerance induction towards insulin showed promise in
young NOD mice and in the transgenic mouse model, RIP-
LCMV (35–37). However, translating these results into the clinic
has been challenging (38). Hence converting this and other
existing approaches using more refined drug presentation can
plausibly overcome bench-to-bedside barriers. The integration of
nanotechnology and biomaterials in immunotherapy holds great
promise for such improved efficacy (Figure 1). Precise cell
targeting, delivery and controlled release of drugs, and
suppression and/or activation of select aspects of the immune
system are just a few of the potential strengths of such
immunomodulatory agents (39, 40). In 2019, Dul et al., have
shown that gold nanoparticles (AuNPs), covalently attached to
PIC19-A3, a proinsulin peptide (Figure 1), were extensively
internalized by Langerhans cells after injection into ex vivo
Frontiers in Immunology | www.frontiersin.org 4157
human skin, demonstrating that antigen-presenting cells can
successfully uptake these nano-complexes (41). Gold itself is
known to possess anti-inflammatory capabilities, whereas PIC19-A3
was previously shown to have an immunosuppressive effect on
autoreactive CD4+ T cells (42). Importantly, monocyte-derived
dendritic cells (moDCs) treated with AuNPs showed reduced
ability to stimulate proliferation of naïve, but not memory,
T cells, suggesting that this treatment may be more useful for the
priming stage of the disease where immature DCs can promote
Tregs. These promising results have led to test an AuNP-peptide
formulation in an ongoing clinical trial (NCT02837094).

An alternative approach to induce a tolerogenic milieu by
targeting DCs focused on activating the aryl hydrocarbon
receptor (AhR), which was shown to impart tolerogenic
properties to DCs, subsequently promoting the differentiation
of naïve CD4+ T cells into Tregs (43, 44). Based on this
premise, the authors generated gold-NPs covered with the AhR
ligand, 2-(1′H-indole-3′-carbonyl)-thiazole-4-carboxylic acid
methyl ester (ITE), and proinsulin (NPITE+Ins) (Figure 1).
NPITE+Ins were able to suppress the development of
spontaneous T1D in NOD mice. Moreover, T-bet and RORgT
levels were reduced while Foxp3 expression was upregulated in
pancreatic lymph nodes, indicating decreased presence of
proinflammatory effector cells (Th1 and Th17) and an increase
in Tregs. Splenic DCs from NOD mice that were stimulated with
LPS showed a reduction in major histocompatibility complex
(MHC II), CD40, CD86 and IL-12a and IL-6 levels, while
upregulating anti-inflammatory IL-10. Similar tolerogenic
characteristics were observed in human moDCs that became
less potent in stimulating IFN-g production by GAD-specific
CD4+ T cells after treatment with NPITE+GAD. Moreover, DCs
that were incubated with NPITE+BDC2.5p showed reduced
capability at inducing proliferation and cytokine production of
TCR transgenic islet antigen-specific BDC2.5 T cells, while
FoxP3+ CD4+ T cells were expanded. The authors
demonstrated that the underlying mechanism for creating
tolerogenic DCs was achieved by inhibition of NF-kB signaling
in DCs, through AhR-mediated upregulation of SOCS2,
successfully reestablishing antigen-specific tolerance (45).

An important breakthrough in the field of in situ induction of
immune regulation came from Dr. Santamaria’s laboratory
where they generated NPs coated with disease-related peptides
bound to MHCII (46). Treatment of NOD mice, and humanized
mice engrafted with patients’ lymphocytes, with these NP
complexes promoted the differentiation of autoreactive T cells
into antigen-specific regulatory CD4+ T cell type 1 (Tr1)-like
cells (Figure 1), and contributed to the development of disease-
suppressing regulatory B cells (Breg). Disease reversal was
achieved without negatively affecting systemic immunity. In
another novel approach, Ag-associated carboxylated
biodegradable poly(lactide-co-glycolide) nanoparticles (Ag-
PLG) (Figure 1) restored tolerance in NOD.SCID mice that
were adoptively transferred with diabetogenic Ag-specific CD4+
and CD8+ T cells (47). The authors showed that treatment with
Ag-PLG nanoparticles affected autoreactive T cell trafficking.
Treated mice had an intact pancreas architecture with the few T
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cell infiltrated areas mostly composed of Foxp3+ Tregs, when
compared to mice treated with a non-diabetogenic antigen. PD-1
and CTLA-4 were involved in imparting protection against T1D
in Ag-PLG treated mice. Furthermore, the authors demonstrated
that Ag-PLG treatment expanded the peptide-specific Treg
population among the adoptively transferred T cells (47). Most
importantly, the induced tolerance was shown to be Ag-specific
and PLG particles can carry several diabetogenic peptides
simultaneously, which can be useful when numerous self
epitopes are eliciting an autoimmune response, or if the exact
auto-antigen is not known.

An interesting novel delivery vehicle for immunotherapeutic
payloads are genetically modified Lactococcus lactis (L. lactis)
bacteria, which are safe for consumption (Figure 1). These live
medicines are administered orally and exert their activities in the
gut, an organ that likely plays a critical role in T1D etiology
through mechanisms involving diet, the gut microbiota an gut
barrier integrity. Changes in gut biology enables local activation
of islet-reactive T cells and/or mucosal-associated invariant T
cells (48–50). To induce auto-antigen based tolerance and Tregs,
Dr. Mathieu’s group generated an L. lactis that secreted GAD65
(51) or proinsulin (52) together with IL-10 and a low dose of
anti-CD3 mAb. This combination successfully reversed disease
in NOD mice, which was associated with expansion of antigen-
specific Foxp3+ Tregs. Based on these results, a clinical trial is
currently underway (NCT03751007). This approach also
highlights the importance of directing therapies towards the
organs involved in pathophysiology, and, as such, there is great
interest in developing technologies to localize treatments in
the pancreas.

While an in situ approach to expand antigen-specific Tregs
has the advantage of being less labor-intensive and likely more
cost-effective than ex vivo engineering, a concern may be that the
targets are less directly controllable due to the diverse and
variable states of endogenous immune cell populations and
ongoing responses in human subjects.
CONCLUSIONS

With no currently available therapeutic interventions to treat the
underlying pathophysiology of T1D, this disease continues to
pose a weighty impediment both medically and financially. Even
with rigorous monitoring and regulation of blood glucose, many
patients still suffer from a wide range of debilitating clinical
manifestations such as atherosclerosis and thrombotic events,
nephropathy, neurocognitive decline, neuropathy and
retinopathy (4), emphasizing the urgent need for innovative
immunotherapies. Hence, emerging clinical interventions could
potentially become tomorrow’s cure for T1D. Tregs which are
known to be an Achilles heel in many T1D patients due to their
low numbers and/or impaired functionality, constitute an
attractive therapeutic target. More specifically, expanding this
immunoregulating, tolerance-inducing population of cells in
patients is a sough-after clinical goal. One approach would be
Frontiers in Immunology | www.frontiersin.org 5158
to adoptively transfer ex vivo expanded Tregs back into the
patient. In fact clinical trials in kidney transplantation showing
improved clinical outcomes in some patients suggest that
transfer of autologous Tregs can be promising across multiple
immune-dysfunctional conditions (53–55). In addition,
modifying the Tregs ex vivo before transplanting them back
into the patient may increase efficacy and avoid potential
systemic immunosuppression. The first in-human autologous
CAR-Treg cell therapy, developed by Sangamo Therapeutics, was
recently authorized for end-stage renal disease (ESRD) patients.
The idea is that the CAR-Tregs will recognize the donor’s HLA-
A2 molecule and localize within the transplant and induce
immunosuppression, thus preventing kidney rejection. There is
an extensive list of pre-clinical studies to support it that showed
promising results both in vitro and in vivo (56–59).

The era of bioengineering, encompassing nanotechnology,
biomaterials and more, is not only adding another layer of
potential advancement and precision to some of the most
promising therapies that currently lack significant efficacy in
humans, but is also more practical in use than ex vivo cell
engineering. As described in this review, novel delivery
methods and materials may allow for precise targeting of cell
types, such as Tregs that need to be stimulated and enhanced in
order to restore a tolerizing milieu in target tissues. For example,
targeted antigen-specific therapies such as NPs covered with the
AhR ligand, ITE, and proinsulin that were developed by
AnTolRx, became a licensed therapy that was recently acquired
by Pfizer, emphasizing their potential. Given their promising
results, AnTolRx is working on adapting their NPs to other
autoimmune disease such as MS, rheumatoid arthritis, psoriasis
and more. Altogether, both frontiers, ex vivo and in situ Treg
expansion and enhancement, despite each having their own
advantages and limitations, carry great promise as emerging,
perhaps soon to be implemented in the clinic, therapeutics.
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Antigen-specific tolerance induction aims at treating multiple sclerosis (MS) at the root of
its pathogenesis and has the prospect of personalization. Several promising tolerization
approaches using different technologies and modes of action have already advanced to
clinical testing. The prerequisites for successful tolerance induction include the knowledge
of target antigens, core pathomechanisms, and how to pursue a clinical development
path that is distinct from conventional drug development. Key aspects including patient
selection, outcome measures, demonstrating the mechanisms of action as well as the
positioning in the rapidly growing spectrum of MS treatments have to be considered to
bring this therapy to patients.

Keywords: multiple sclerosis, immune tolerance, therapy, antigen-specific, target antigens
INTRODUCTION

Therapeutic interventions in medicine should provide the highest possible specificity and well-
known mechanisms when targeting the pathogenic processes underlying a specific disease. In the
evolving era of precision medicine, this aspect has become the most important goal of treatment
development and is driven by advances in the understanding of disease etiology and relevant
pathomechanisms. Immune-mediated diseases, including autoimmune disease (AIDs) and allergies,
which together affect up to 20% of the population in industrialized countries, are important
examples, in which the field aims to move from broadly immunomodulatory to highly
specific treatments.

Organ-specific AIDs are characterized by acute or chronic inflammation driven by an
autoreactive immune response against self-antigens. Although the relative contribution of
different cellular and humoral immune effector mechanisms differ between diseases and even
individual patients, the selective abrogation of the autoreactive immune response offers the
opportunity to specifically treat and potentially cure an AID (1). The concept of reverting
autoimmunity by induction of antigen-specific immune tolerance stands in contrast to currently
available therapies, which target the inflammatory immune response broadly, often compromise
protection against infections and may even lead to secondary autoimmunity. This is particularly
org March 2021 | Volume 12 | Article 6409351161
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relevant in chronic diseases affecting young patients with
consequential need for long-term immunosuppression. One
such example is multiple sclerosis (MS).

MS is considered a prototypic, organ-specific AID
characterized by chronic inflammation of the brain and spinal
cord leading to variable neurologic signs and symptoms
and often persisting disability (2). Although the development
of effective therapies has been very successful over more
than two decades, it has come at the cost of sometimes
severe safety concerns related to the lack of specificity and
global immunosuppression.

Approaching therapeutic immune tolerance in MS requires a
sound understanding of its autoimmune pathogenesis including
the main target antigens as well as the mechanisms of immune
tolerance and suitable methods to assess the effects of a
tolerization regimen. The clinical development of tolerization
poses several challenges, which are related to the disease itself,
the mechanisms of the tolerizing approach and clinical trial
design, which all need to be mastered for successfully advancing
tolerization to the clinic.

Here, we will provide an overview about the current state of
knowledge of target antigens and immune tolerance mechanisms
in MS, discuss lessons learned from previous attempts towards
tolerization and what we consider the main hurdles during
clinical development of antigen-specific therapies (ASTs).
While several innovative tolerization approaches are currently
in pre-clinical development [reviewed in (3)], we will focus only
on those that have already entered clinical phases.
TARGET ANTIGENS IN MS—OLD
CANDIDATES AND NEW DEVELOPMENTS

One core prerequisite for developing antigen-specific tolerization
is the firm knowledge of the relevant target autoantigens.
Although this aspect has received a lot of attention in the past,
the antigen specificity of autoreactive T cells and also of
autoantibodies in MS has been examined only by a few groups
during recent years comprehensive reviews in (1, 4–8). Since
demyelination is one hallmark of MS lesions, the search for
targets focused initially on myelin proteins such as myelin basic
Frontiers in Immunology | www.frontiersin.org 2162
protein (MBP), proteolipid protein (PLP) and myelin
oligodendrocyte glycoprotein (MOG), which had been shown
to be encephalitogenic in the animal model experimental
autoimmune encephalomyelitis (EAE) (7, 8). Several of the
encephalitogenic peptides of MBP, PLP and MOG are also
immunodominant in MS patients (4, 7, 9), and peptides of
other myelin- (2’-3’ cyclic nucleotide phosphodiesterase
(CNPase), myelin oligodendrocyte basic protein (MOBP),
oligodendrocyte-specific protein (OSP), myelin-associated
glycoprotein (MAG)) and non-myelin proteins (alpha-B
crystallin, transaldolase H, S100 beta, contactin 2/TAG-1, RAS
guanyl-releasing protein 2, RASGRP2, GDP L-fucose synthase,
TSTA3, KIR4.1, anoctamin 2) have been described (5, 6, 10–12),
but not yet studied to the same extent.

To assess the biological relevance of putative target
autoantigens, the criteria outlined in Box 1 can be used, which
we have weighed based on current knowledge (see also Table 1).
The selection of target antigens is based on the consideration that
autoreactive and proinflammatory CD4+ T cells that are
restricted by MS-associated HLA-DR molecules are the drivers
of the disease, and hence that antigen-specific tolerization should
silence/eliminate these cells (4, 7). Table 1 summarizes the
antigens that have been identified and which properties
support their importance. We consider the following
autoantigens most important in the moment due to the fact
that: (i) they are targets of high avidity autoreactive T cells in MS
[MBP13-32; MBP111-129, MBP146-170; PLP139-154, MOG1-
20 and MOG35-55 (14)], (ii) their encephalitogenicity has been
shown with humanized mice expressing T cell receptors (TCRs)
of MS patient-derived T cell clones (MBP 83-99), or (iii) because
they have been shown to be targeted by brain- and CSF-
infiltrating T cells of MS patients (GDP L-fucose synthase,
TSTA3, and RASGRP2) (11, 12) (for details see Box 1 and
Table 1). Reactivity against the above mix of high avidity myelin
peptide targets and MBP 83-99 has been examined in MS
patients in North America (14), Germany (15), Spain (16) and
Switzerland (own unpublished data), and between 74% and
100% of patients have shown reactivity. This cocktail is a good
start since the majority of patients reacts to one or more peptides,
and it has been used by us (15) and also adopted by other groups
(17) for tolerization trials. It is not clear in the moment, how
BOX 1 | Criteria to judge the relevance of target autoantigens (key criteria in bold).

• Recognized by CSF- and/or brain-infiltrating T cells; recognized by autoproliferating T cell fraction
• Use of the respective peptide or protein or derivative thereof has shown tolerizing activity in tolerance trial in MS
• Immunodominant for (proinflammatory) CD4+ T cells in MS patients in the context of one or several MS-associated HLA-DR molecules
• Recognized with high(er) avidity by T cells of MS patients
• Encephalitogenic in EAE models
• MS patient-derived TCR with specificity for the antigen is encephalitogenic in humanized mouse models; or encephalitogenic in HLA-DR

humanized tg mice
• “Encephalitogenic” in MS patients*
• T cell cross-reactivity between autoantigen and MS-associated pathogen/s, e.g. EBV, Akkermansia
• Autoantibody cross-reactivity between autoantigen and MS-associated pathogen/s, e.g. EBV, Akkermansia
• Target of autoantibodies in MS and pathogenicity shown in EAE:
• Exclusive expression in the brain (relative)
• Generation of peptide is independent of antigen processing and mimics naturally occurring sequences

* Refers to the special case of increased disease activity following vaccination with an altered peptide ligand of MBP 83-99 (13).
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TABLE 1 | Autoreactive T cell targets in multiple sclerosis: evidence for relevance.

Protein Peptide Recognized by brain-
and/or CSF-infiltrating T

cells

Tolerizing
activity in
humans

Immuno-
dominant in
MS patients

High
avidity

recognition

Encephalitogenic
(EAE)

Encephalitogenic
in humanized

models

References
(see supplement
for detailed list)

MBP Protein S1,S2
Ac 1-9 S3-S7
13-31 S3-S8
30-44
(p.i.)

S9, S10

69-86 S4
79-87 S4, S11, S12
83-99*
(p.i.)

S9, S13-S19

96-109 S4
110-
118

S20

111-
129

S8, S21, S22

130-
144
(p.i.)

S9, S10

140-
154
(p.i.)

S9, S10

146-
170

S9, S23

PLP Protein S24, S25
40-60 * S26-S29
56-70 S27, S30
89-106 S31-S34
95-117 S31
139-
154

S35, S36

178-
197

S26, S37

190-
208

S25

184-
209

S25, S37

217-
233

S38

MOG** Protein S39-S45
1-20 S46-S48
11-30 S47
21-40 S20, S49
31-50 S20, S49
35-55 S8, S46, S49-S51
63-87 S47, S48
64-96 S46, S49, S52-S56
97-108 S52-S56
119-
132

S58, S59

146-
154

S56, S58

181-
195

S58, S59

186-
200

S58, S59

MOBP 15-36 S60-S62
21-39 *** S60, S63
37-60 S63
65-86/
55-77

S61, S64

CNPase Protein S60, S65
S66

(Continued)
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many peptides are ideal, but we assume that including as many
relevant target antigens as possible will increase the likelihood of
successful tolerization, particularly if the disease is already
ongoing for longer time, and hence it is likely that the
autoimmune response is directed against multiple peptides of
one (intramolecular) or several proteins (intermolecular), known
as epitope spreading (18–20). In this context, the ability of the
tolerization approach to prevent epitope spreading is crucial. The
use of myelin peptide-coupled splenocytes has been very effective
in that respect (21), but to our knowledge prevention of epitope
spreading are less well or not examined and shown for other
tolerization modalities (22).

An additional criterion to select peptides for tolerization is
their independence of antigen processing. During antigen
processing, proteins are digested by specific proteases, and it
has been demonstrated that peptides that are generated by the
naturally occurring processing mechanisms are protected from
degradation (23, 24) and that this aspect is relevant for tolerance
induction. Peptides MBP30-44, MBP83-99, MBP131-145 and
MBP140-154 fulfill these criteria and have been tested clinically
(see below).
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Regarding targets of autoantibodies identified in MS such as
KIR4.1 (25) and anoctamin 2 (26), it will be important to
examine whether these autoantigens are also recognized by
autoreactive CD4+ T cells and if further evidence supports
their pathogenetic relevance before including them in
tolerization trials.

In summary, careful examination of disease-relevant target
antigens, which shall be used for tolerance induction, is
warranted. Based on the criteria outlined in Box 1 and Table 1,
we will soon add immunodominant peptides derived from TSTA3
(12) and RASGRP2 (11) to the tolerizing cocktail of high-avidity
myelin peptides that we currently use for tolerization.
MECHANISMS OF IMMUNE TOLERANCE
—KNOWLEDGE IN ANIMAL MODELS
AND HUMANS

Unresponsiveness of the adaptive immune system against self-
antigens is generated by so-called central tolerance mechanisms
TABLE 1 | Continued

Protein Peptide Recognized by brain-
and/or CSF-infiltrating T

cells

Tolerizing
activity in
humans

Immuno-
dominant in
MS patients

High
avidity

recognition

Encephalitogenic
(EAE)

Encephalitogenic
in humanized

models

References
(see supplement
for detailed list)

343-
373
356-
388

S66-68

MAG S65, S69-S75
OSP/claudin
11

S65, S76-S81

TSTA3**** 51-65 S82 Own
unpublished data

136-
150

S82 Own
unpublished data

242-
251

S82 Own
unpublished data

296-
310

S82 Own
unpublished data

RASGRP2**** 78-87 S83 Own
unpublished data

Transaldolase
H

S84-S87

a-B Crystallin S88-S95
Neurofascin
*****

S96-S98

Contactin-2/
TAG-1

S98-S100
March 2021 | Volume
green color indicates that the respective evidence has been shown, red color that it has been tested and was negative. White = not known and/or not done. For some peptides,
independence of antigen processing has been documented. If this was the case, it is indicated after the amino acid number by “(p.i.)”. The table only mentions T cell antigens. Antibody
targets, e.g. KIR4-1 or anoctamin-2, have been omitted. MBP, myelin basic protein; PLP, proteolipid protein; MOG, myelin oligodendrocyte glycoprotein; MOBP, myelin associated
oligodendrocyte basic protein; CNPase, 2’,3’-Cyclic-nucleotide 3’-phosphodiesterase; MAG, myelin-associated glycoprotein; OSP, oligodendrocyte-specific protein; RASGRP2, Ras-
guanyl releasing protein 2; TSTA3, GDP L-fucose synthase.
*Humanized TCR and A*03:01 transgenic mouse.
**Exclusive expression in the CNS debated (Pagany et al. Neurosci. Lett. 2003).
***Encephalitogenic epitope in EAE different.
****Immunodominant epitopes in part mapped, but studies ongoing.
*****Anti-neurofascin antibodies lead to axonal damage when combined with co-transfer of myelin-specific T cells.
Extensive additional information on the topic can be found reviews from group (S2, S20).
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in the thymus for T cells and in the bone marrow for B cells.
Central tolerance assures that T cells that recognize self-antigens
with high avidity are eliminated by apoptosis, a process called
negative selection, while T cells that respond with low avidity
(that is only at high antigen concentration) are positively selected
into the peripheral immune system to protect the host from
pathogens. This mechanism destroys potentially dangerous
T cells with specificity for most self-antigens, however, it also
implies that all peripheral blood T cells are able to recognize
autoantigens and are to some extent autoreactive. Peripheral
tolerance mechanisms including anergy, a state of functional
silence when T cells are stimulated in the absence of
costimulatory molecules, non-responsiveness at low antigen
concentrations and the deletion of autoreactive T cells by
activation-induced cell death (AICD) assure under
physiological conditions that pathologic autoreactivity is
avoided [reviewed in (27)]. The latter mechanisms are antigen-
specific, but not expected to mediate long-lasting non-
responsiveness. Further control mechanisms include several
types of T regulatory cells (Tregs), most notably natural,
thymus-derived Tregs (nTregs), which are characterized
among other markers by expression of the transcription factor
FoxP3 (28), and so-called induced, IL-10-secreting Tregs (iTregs
or Tr1 cells) (29). In the context of therapeutic tolerance
induction, the activation and expansion of Tregs is critical for
actively controlling autoreactive T cells against multiple antigens.
A phase Ib/IIa using autologous Tregs in MS patients has been
reported recently with good safety results (30). Different from the
above elimination of autoreactive T cells by apoptosis or
silencing by anergy, Treg-mediated tolerance is expected to last
long(er) and be able to control a broader range of autoreactive
T cells. An important aspect that has not been addressed well in
humans/MS is, to what extent Tregs need to be antigen-specific.
Finally, there are various other immunoregulatory cell
populations including B regulatory cells (31), regulatory
plasma cells (32), CD56bright natural killer cells (33) and
others, which will not be addressed here.

Manymodalities to induce immune tolerance have been tested
with varying success in animal models (3). These include different
routes of administration (RoA) of autoantigens, for instance oral,
nasal (generally mucosal), transdermal or intravenous
application, coupling of autoantigens (usually peptides) to cells
(white blood cells, red blood cells) or other carriers like
nanoparticles, but also the intramuscular injection of a plasmid
encodingMBP for ectopic expression inmuscle. The experimental
data, mechanism/s of action and potential caveats have been
reviewed (3). Furthermore, not only the RoA, but also the site of
degradation of tolerizing peptides and the context of their
presentation to the immune system, that is tolerogenic or
immunogenic/inflammatory, are critical. The generation and
maintenance of peripheral tolerance against proteins that enter
the body via the gut or the natural degradation of dying cells in the
body occur preferentially in the liver and spleen, while antigen
processing and presentation in lymph nodes or in an
inflammatory context induce proinflammatory immune
responses instead.
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For certain tolerization approaches, for instance peptide-
coupled fixed white or red blood cells and antigen-coated
nanoparticles, the mechanistic data are robust and both
prophylactic and long-lasting therapeutic effects have been
shown (21, 22). Fixed, peptide-coupled cells induce tolerance
by several mechanisms including anergy and the expansion of
Tregs, and further they block epitope spreading (34).

The translation of such a therapy to patients poses multiple
challenges, particularly to demonstrate that autoreactive T cells
are silenced and/or deleted and that the approach is indeed
antigen-specific. Different from anergy induction, which will
require repeated administration of autoantigen over long/er
periods of time, it is desirable and needs to be shown that
active peripheral tolerance mechanisms, particularly the
induction/expansion of Tregs can be achieved. Ideally, the
mechanistic studies that accompany the clinical trials should
be able to demonstrate that the putative mechanism(s) of action
of the respective approach indeed operate in patients.

The main difficulties are outlined in the following. As
described above, autoreactive T cells express low avidity TCRs
and are also present in healthy donors (14, 35, 36).
Distinguishing pathogenic autoreactive T cells from the
“physiological” level of autoreactivity is therefore very difficult.
The functional phenotype of CD4+ T cells, which in the case of
MS are mainly Th1 and Th1* cells based on certain chemokine
receptor profiles, expression of signature transcription factors or
cytokines like IFN-g and IL-17, can in principle be used, but also
are not easy to quantitate reliably. Further, pathogenic
autoreactive T cells are rare. Depending on the assay that is
used, frequencies range between a few percent to 1 in 107 (37,
38). It is therefore difficult to reliably enumerate autoreactive
CD4+ T cells with a certain specificity before therapy, but even
more to show their reduction or change of phenotype after
tolerization. Testing sufficient numbers of cells in vitro and to use
a sensitive assay are both important. We have recently employed
a protocol modified from Geiger et al. (39), primary proliferation
with peripheral blood T cells without pre-selection (15), and a
Fluorospot assay with bead-coupled whole myelin proteins (40)
to successfully quantify these cells (41). Equally demanding and
currently not solved are methods to reliably identify and
enumerate the different Treg populations, most importantly
nTregs and Tr1 cells. Again, their low frequency is one
problem. Further, surface markers of nTregs, CD25 and CD39,
are not specific for these cells (42). Intracellular detection of
FoxP3 is more demanding and, in order to demonstrate
functionally stable Treg differentiation, the methylation status
of the FoxP3 locus is better, but not established for easy detection
of nTreg numbers. Accurate enumeration of Tr1 cells (CD3+,
CD4+, CD45RA-, CD49b+, LAG3+) by flow cytometry (43), is
difficult, again due to their low numbers. IL-10, their signature
cytokine, may be used as a surrogate for Tr1 function, however,
IL-10 is not exclusively produced by Tr1 cells, and serum levels
are at the limit for detection. Finally, biomarkers that are related
to damage of the target tissue (for example neurofilament light
chain) may be used as an indirect measure for a tolerizing effect if
their levels drop after treatment (44).
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In summary, the mechanistic testing should demonstrate
immunosafety, that is the absence of a vaccination response
that induces rather than abrogates autoimmune inflammation as
most important acute safety concern. With respect to proving the
mechanism(s) of action (MoA), the accompanying in vitro
testing should query putative peripheral tolerance effects
including the reduction or elimination of pathogenic,
autoantigen-specific T cells, the induction of regulatory T cells
and their cytokines as well as markers that indicate the reduction
of inflammation and damage in the target organ (see Box 2).
Testing of CSF parameters is highly desirable since they likely
better reflect pathogenic immune mechanisms in the target
organ, but not possible in larger clinical trials. Besides
establishing the MoA of the tolerizing regime and providing
indications for its immunological efficacy, these studies are
important for finding the best dose and dosing interval.
Successful development of tolerization therapies will depend
on whether the above described challenges of mechanistic
studies can be overcome or not.
APPROACHES TO IMMUNE TOLERANCE
AND LESSONS LEARNED

The appeal of selectively silencing the autoimmune response
without impairing protective immunity has prompted numerous
efforts to translate promising results of ASTs from animal models
to the clinic. ASTs employed different approaches ranging from
the use of whole proteins, peptides in various routes of
administration, tolerogenic dendritic cells, DNA, T cell or TCR
vaccinations, all operating via different mechanisms and most of
them targeting the trimolecular complex between HLA-class II
molecule, antigenic peptide and a CD4+ T cell’s TCR (Figure 1
and Table 2). While most of the early tolerization trials failed to
reach their clinical endpoints despite promising mechanistic
results, some of the recent studies have been encouraging in
affecting imaging-based outcomes in early phase clinical trials.
Below, we will summarize the most important observations and
lessons from tolerance trials in MS. A detailed list of all trials and
their main characteristics and findings is given in Table 2.
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A pioneering approach aimed at tolerization through oral
administration of whole bovine myelin. A randomized, placebo-
controlled clinical trial in early relapsing-remitting MS (RRMS)
patients failed the primary endpoint of reducing clinical disease
activity, including the number of relapses and disability
progression, despite promising data on antigen-specific T cells
(47). Both gender and HLA haplotypes were unequally
distributed between the treatment groups, limiting the
interpretation of results and already pointing at the importance
of patient stratification in tolerization trials (68). A double-blind,
phase 3 clinical trial of a single dose of bovine myelin in 515 MS
patients failed to show a reduction in relapses, however, an
extraordinarily strong placebo effect was observed, which might
have influenced the result (69). The formulation and the dose
might have been additional factors leading to the failure of the
approach, since the human equivalent dose was lower than the
effective dose in mice.

Another RoA was explored by intravenous administration of
a soluble MBP82-98 peptide, which was well tolerated and
showed a beneficial effect on disease progression in HLA DR2+
secondary-progressive MS (SPMS) patients (56, 70). An increase
of regulatory T cells up until 6 months post treatment was
shown, and interestingly a reversal of the T cell anergic state was
seen in the high dose group (71). However, a phase 3 trial failed
with no significant benefit over placebo with respect to reducing
disease progression (57). The results of the trial emphasize the
importance of choosing the optimal disease stage for tolerization
approaches. At later stages like SPMS, it is probably not only
challenging to curb a long-lasting autoimmune response, but also
much more difficult to prove an effect in clinical trials.

An important lesson came from a clinical trial with an altered
peptide ligand (APL) of the immunodominant MBP83-99
peptide, which led to induction of new disease activity in
RRMS patients. APLs are generated through modification of
amino acids in TCR contact positions, which can block or alter T
cell responses through serving as partial agonist and antagonist.
Despite compelling evidence from pre-clinical studies (72) a
phase 2a trial using MBP83-99-derived APL was halted due to
induction of MS disease activity through stimulation of
encephalitogenic MBP83-99 reactive T cells (13). Thus far, this
is the only evidence in humans that a MBP-specific immune
BOX 2 | Goals and assays for testing the mechanism/s of action of tolerance induction.

To assess immunosafety and exclude that the respective approach induces disease activity, loss or increase of immune cells
-Standard hematology and flow cytometry testing (or mass cytometry) for the major populations (CD4+ and CD8+ T cells, B cells, monocytes, dendritic cells, NK cells,
NK-T cells)
Assess the loss/decrease of antigen-specific autoreactive T cells and change of phenotype
-Various types of proliferation assays using sufficient numbers of input cells
-Intracellular cytokine staining, chemokine receptor profiles by surface staining
-Combination of the above can be achieved by Fluorospot testing assessing numbers of antigen-specific T cells and their functional phenotype
-Antigen/HLA-DR tetramers for direct enumeration of autoreactive cells
Induction of T regulatory cells
-Flow cytometry testing for nTregs and Tr1 cells
-Support nTreg induction by demonstrating demethylation status of Fox-P3 (quantitative PCR)
-Support Tr1 cell increase by intracellular cytokine staining and/or increase of serum IL-10
-Functional assays
Biomarkers indicating reduced target organ damage and/or reduction of inflammation
-Markers for neuronal/axonal damage or brain inflammation, for example neurofilament light chain (NFL)
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response can trigger inflammatory lesions and relapses in MS
patients. Further, the study demonstrated the importance of
thorough safety monitoring by clinical and imaging measures
in early phase trials. Whether the unusually low number of
DR15+ MS patients contributed to the outcome is currently not
clear, but possible.Hypersensitivity reactions led todiscontinuation
of a second and larger phase 2 trial with the sameAPLgiven at three
doses, although there were signs of a beneficial effect on the number
of contrast-enhancing lesions (54, 73).

A mix of four processing-independent MBP peptides (ATX-
MS-1467) for subcutaneous or intradermal application, was safe
and well tolerated in a phase 1 and successful in a phase 2 trial in
RRMS patients showing a significant reduction of new and total
contrast-enhancing lesions (24, 59). However, the trial also
demonstrated the limitations of an antigen-specific therapy in
patients with very high disease activity. Further trials are
warranted to confirm the beneficial effect of the approach and
to assess whether it might lead to a long-lasting therapeutic effect,
that is persisting immune tolerance, or may need continuous
administration of the AST.

Different from the above modalities, BHT-3009 builds on
ectopic expression of a myelin protein via intramuscular
injection of a plasmid encoding full length MBP, which leads
to muscle cells expressing sustained low levels of MBP. BHT-
3009 demonstrated promising effects on radiological disease
activity in active MS patients in a phase 1/2 study, a reduction
of MBP-specific CD4+ T cells with a Th1 phenotype in
peripheral blood and a decrease of myelin-specific auto-
antibody titers in CSF (45). A subsequent phase 2 trial did not
meet the primary endpoint in reducing the number of new
Frontiers in Immunology | www.frontiersin.org 7167
contrast-enhancing lesions (46). Overall, the approach remains
promising and is currently followed in type 1 diabetes and
neuromyelitis optica (NMO) (https://tolerion.bio/pipeline/).

Inducing immune tolerance to peptides of different myelin
proteins simultaneously, including MBP, MOG and PLP
promises to increase the efficacy of the treatment. Transdermal
administration of three myelin peptides (MBP85-99, MOG35-55
and PLP139-155) via skin patches was one of the first ASTs in
MS to demonstrate efficacy in reducing clinical- and MRI disease
activity in RRMS patients (58). Peptide application led to local
activation of Langerhans cells, reduced myelin peptide-specific T
cell responses and increases of IL-10-secreting T cells (74).

Our group employed chemical coupling of seven myelin
peptides from MOG, MBP and PLP (MOG1-20, MOG35-55,
MBP13-32, MBP83-99, MBP111-129, MBP146-170, PLP139-
154), (see above) to autologous peripheral blood mononuclear
cells (PBMC) (14, 15). The approach targets the highest number
of antigens based on the above considerations (see Table 1,
Box 1) and was safe and well tolerated in a phase 1b study in
RRMS and SPMS patients with T cell reactivity against at least
one of the myelin peptides (15). Mechanistic studies including
immunophenotyping of immune cell populations, cytokine
responses and both ant i -myel in and -non-myel in
autoantibodies did not show any signs of induction of
autoreactivity (15, 75). In patients receiving high doses a
reduction of myelin peptide-specific T cell responses was
observed after treatment. To improve the tolerization regimen
by targeting both liver and spleen as important tolerogenic
organs, we switched to autologous red blood cells (RBC) as
carrier cells and assessed the safety and feasibility of autologous
FIGURE 1 | Main target organs and mechanisms of action depending on route of administration in different immune tolerance strategies. APC, antigen-presenting
cells; DC, dendritic cell; MBP, myelin basic protein; RBCs, red blood cells; s.c., subcutaneous; TCR, T cell receptor; Treg, regulatory T cell.
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TABLE 2 | Antigen-specific tolerization approaches in the clinic.

DNA vaccination

Ref. & year Substance # pat./MS
type

Route of
admin.

Dose/Frequency Study
phase

Study design Trial
duration

Outcome
parameters

Safety/clinical/
immunological
parameters

(45)
2007

BHT-3009
DNA vaccine
encoding full
length human
MBP
combined
with
atorvastatin
calcium

30 (11
RRMS, 19
SPMS)

i.m. 0,5mg, 1,5mg or
3mg at weeks 1,2,5
and 9

Phase
1/2

Randomized,
placebo-
controlled,
double blind
dose
escalation
study

13 w, then
unblinded,
follow up
50 w

Primary endpoint:
safety
Others: immune
response as
measured by T-cell
activity in CSF

Safety results:
safe and well
tolerated
Clinical: trend
toward decrease
of GD-enhancing
lesions on MRI
Immunological:
antigen specific
downregulation of
autoimmune
activity in blood
and CSF, decline
of myelin-reactive,
IFNg-producing
CD4+ T cells
Other: no
beneficial effect of
atorvastatin

(46)
2008

BHT-3009
DNA vaccine
encoding full
length human
MBP

289 RRMS i.m. 1.5mg or 0,5mg at
weeks 0,2,4, then
every 4 weeks until
week 44

Phase
2

Randomized
placebo-
controlled trial

48 w Primary endpoint:
4 week rate of
occurrence of new
Gd-enhancing
lesions on MRI from
weeks 28 to 48
Secondary: total
number and volume
of new Gd-
enhancing lesions

Safety results:
safe and well
tolerated
Clinical: lower
dose led to a
decrease in Gd
lesions, no
beneficial effect on
disease course.
Higher dose
ineffective
Immunological:
lower dose was
associated with
significant
decrease of
autoantibody titers

Peptide- and protein-based approaches
Ref. & year Substance # pat./MS

type
Route of
admin.

Dose/Frequency Study
phase

Study design Trial
duration

Outcome
parameters

Results

(47)
1993 *

Bovine myelin 30 early
RRMS

oral 300mg daily for 1
year

Phase
1

Double blind,
randomized
for age,
disease
duration,
EDSS,
number of
exacerbations
in previous 2y

1y Primary endpoint:
number of major
exacerbations,
change in disability
as measured on
EDSS

Safety: no toxicity
Clinical: overall
change in EDSS in
myelin not greater
than in placebo
Immunological:
no increase of
proliferation to
MBP and PLP in
treated patients,
overall frequency
of MBP reactive T
cells in oral myelin
treated group
decreased

(48)
1994 *

TCR peptide
vaccine
(Vb5.2 and
Vb 6.1)

11
progressive
MS

I.d. Initially: 4 weekly
injections of 100µg,
then incremental
doses every 4
weeks: 100, 200,

Phase
1

Open label No
information

Assessment of
immunogenicity and
safety

Clinical: one
patient improved,
4 stable, 2
worsened among
peptide

(Continued)
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TABLE 2 | Continued

DNA vaccination

Ref. & year Substance # pat./MS
type

Route of
admin.

Dose/Frequency Study
phase

Study design Trial
duration

Outcome
parameters

Safety/clinical/
immunological
parameters

300, 600, 1500 and
3000µg; after dose
escalation patients
were started on
second peptide with
or without first
peptide being
continued

responders
Immunological:
low dose (100 to
300µg) induced T
cell immunity.
Delayed type
hypersensitivity
skin responses in
3 patients;
generation of TCR
peptide-specific ab
in two patients

(49)
1996 *

TCR peptide
vaccine
(Vb5.2
sequence)

23 (8 PPMS;
15 SPMS)
(HLA-
DRb1*1501+)

i.d. 100µg weekly for 4
weeks, then
monthly for 10 mo
(in total 14
injections)

Phase
1

Double blind,
placebo-
controlled

12mo Clinical parameters,
TCR peptide
immunogenicity,
effects on MBP
response

Clinical: no
clinical progression
in TCR responders
Immunological:
boosting of T cell
responses to
Vb5.2, reduced
frequency of MBP-
specific T cells

(50)
1997 *

TCR peptide
vaccine (Vb6
CDR2
peptide)

10 MS i.m. 5 patients: 100µg
2x in 4 weeks.
5 patients: 300µg
2x in 4 weeks

Phase
1

Open label 24 w Assessment of
toxicity,
immunogenicity and
biological effects in
CSF

Overall: safe (no
SAEs)
Clinical: no
significant changes
in physical
examination,
disability score
stable, no increase
in new MRI lesion
load
Immunological:
anti-peptide ab not
detectable,
in high dose
group: marked
decrease of Vb6 T
cells and minor
decrease in CSF
cellularity

(51)
2005

Trivalent TCR
BV5S2,
BV6S5 and
BV13S1
CDR2
peptides with
or without
incomplete
Freund’s
adjuvant

24 RRMS or
SPMS

i.m. or i.d. TCR peptides in
saline (i.d.):
injections on week
2,3,4,8,16,20
TCR peptides/IFA
(i.m.) or IFA alone:
injections 4,8,12,
16, 20

Phase
1/2

Three arm,
randomized,
partially
blinded

24 w Immunogenicity and
safety

Overall: safe
Clinical: no
significant changes
in EDSS, no
significant
differences in MRI
activity between
TCR responders/
non responders
Immunological:
TCR peptide/IFA
strong T cell
response

(52)
2008

Trivalent TCR
BV5S2,
BV6S5,
BV13S1
CDR2
peptides

14 RRMS,
10 SPMS
3 PPMS

i.m. Monthly injections,
12 in total

Phase
1

Open label 54 w Induction of TCR-
specific T cells and
response of PBMC

Clinical: 19
patients stable
EDSS, 4 worse
Immunological:
development of IL-
10 secreting TCR-
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TABLE 2 | Continued

DNA vaccination

Ref. & year Substance # pat./MS
type

Route of
admin.

Dose/Frequency Study
phase

Study design Trial
duration

Outcome
parameters

Safety/clinical/
immunological
parameters

emulsified in
IFA

peptide-specific T
cells, increased
expression of
FoxP3 by Tregs
and PBMC

NCT02057159
Started in 2017

Trivalent TCR
emulsified in
IFA

200 SPMS Phase
2b

Randomized,
double-blind,
placebo-
controlled,
two arm
parallel design

Primary outcome:
cumulative number
of new Gd-lesions
up to 48 weeks
Secondary: clinical
relapses, EDSS
score,
immunological
evaluations

unpublished

(53)
2010

Recombinant
TCR ligand

11 RRMS
23 SPMS

i.v. Doses of
2,6,20,60,200 or
100mg

Phase
1

Double-blind,
placebo-
controlled,
dose-
escalation

3mo Primary
outcomes:
maximum tolerated
dose, safety and
tolerability
Secondary:
evaluation of
pharmacokinetics

Safety: Maximum
tolerated dose was
60mg, doses
>100mg caused
hypotension and
diarrhea. No
evidence of
disease activation,
no worsening of
MS
Clinical: n.a.
Immunology: no
reduction in IL-6,
MIP-1a,

(54)
2000

APL NBI-
5788 derived
from MBP83–

99

142 RRMS s.c. 5, 20 or 50mg
weekly

Phase
2

Double-blind,
randomized,
placebo-
controlled

Primary outcome:
number of new Gd-
enhancing lesions

Safety: trial
suspended due to
hypersensitivity
reaction in 9% of
the patients
Clinical: 5mg
dose reduced
volume and
number of Gd-
lesions
Immunological:
Activation of a
non-
encephalitogenic
autoimmune Th2
response

(13)
2000

APL
1CGP77116

8 RRMS s.c. 50mg weekly, 1
patient 5 mg

Phase
2a

Open label,
MRI-
controlled

Primary outcome:
change in mean
number Gd-
enhancing lesions
Secondary:
change in mean T2
white matter lesion
load, change in
EDSS, relapse rate,
precursor frequency
of MBP- or
CGP77116-specifc
T cells

Safety: trial halted
due to 62%
increase in number
of active lesions
and disease
exacerbations in
two patients
Clinical: n.a,
Immunological:
negative;
“encephalitogenic”
response in 3/8
patients

(55)
2000

Solubilized
MBP84–102

33 SPMS i.v. 0.6, 2.0, 6.0, 20.0,
60.0, 105.0, and

Phase
1

Placebo-
controlled,

Primary outcome:
safety and

Safety: safe and
well tolerated.
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TABLE 2 | Continued

DNA vaccination

Ref. & year Substance # pat./MS
type

Route of
admin.

Dose/Frequency Study
phase

Study design Trial
duration

Outcome
parameters

Safety/clinical/
immunological
parameters

complexed
with MHC
class II
molecule DR2
(DRA/
DRB1*15:01)
AG284

150.0 mg/kg body
weight.

double-
masked, dose
escalation

tolerability
Secondary:
comparison of pre-
and post-treatment
Gd-lesions, EDSS

Clinical: negative,
no effect on clinical
or MRI activity
Immunological:
negative, no
tolerization effect,
no sustained
conversion to
MBP, MOG
reactivity

(56)
1997

MBP75-95

MBP82-98 or
MBP86-95

53 Chronic
progressive
MS

i.v., intra-
thecal or
s.c.

intrathecal:1 to
10mg
iv: single or two
injections of max.
500mg
s.c.: increasing
amounts of 1-
100mg

Phase
1

Open-label 12mo Outcomes:
induction of
antigen-specific
tolerance,
identification of
suitable dose and
route of
administration

Overall: Only i.v.
injection induced
tolerance, no side
effects
Clinical: n.a.
Immunological:
MBP auto-ab
undetectable for 3-
4 mo, after second
injection auto-ab
undetectable after
1 y

(57)
2011
(NCT00468611)

Soluble MBP-
derived
peptide
(MBP8298)

612 SPMS i.v. 500mg once every
6 mo

Phase
3

Randomized,
double-blind,
placebo-
controlled

2y Primary outcome:
time to progression
by 1.0 EDSS point
6 mo later
Secondary: mean
change in EDSS,
MRI changes,
annual relapse rate,
Quality of Life

Safety: overall
safe
Clinical: negative,
no significant
differences
between treatment
groups in both
primary and
secondary
endpoint
parameters
Immunological:
n.a.

(58)
2013

Skin patch
loaded with
MBP85–99,
MOG35–55

and PLP139–155

30 RRMS Transdermal Weekly patch with
1mg or 10mg, then
1x per month for 11
months.

Phase
2

Placebo-
controlled

12mo Primary outcome:
cumulative number
of Gd-lesions in 1y
Secondary: new
T2, T1 lesions
volume change
from baseline to
end of study,
annual relapse rate,
proportion of
relapse-free
patients, proportion
of patients with 3
mo of confirmed
disability worsening
of EDSS at month
12

Safety: Safe and
well tolerated
Clinical: 1mg
patch showed
66% reduction in
cumulative number
of Gd lesions,
annual relapse rate
lower compared to
placebo
Immunology:
induction of IL-10
producing Tr1 cells

(24)
2015

ATX-MS-
1467
(four MBP-
derived
peptides)

6 SPMS i.d. 6 injections at 7 to
14 day intervals
(starting from 25µg,
50, 100,400 and
800µg + second
injection of 800µg)

Phase
1

Open-label
dose
escalation
study

Primary outcome:
safety assessment

Safety: safe and
well tolerated
Clinical: n.a.
Immunological:
trend towards
higher IL-10
expression

(Continued)
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TABLE 2 | Continued

DNA vaccination

Ref. & year Substance # pat./MS
type

Route of
admin.

Dose/Frequency Study
phase

Study design Trial
duration

Outcome
parameters

Safety/clinical/
immunological
parameters

(59)
2018

Apitopes
ATX-MS-146
(consisting of
four MBP-
derived
peptides)

37 RRMS i.d. Dose titration from
50µg on day 1,
200µg day 15,
800µg on day 29,
then biweekly
administration of
800µg for 16 weeks

Phase
2a

Open label
single arm,
baseline-
controlled

36 w Primary outcome:
change in number
of Gd-lesions on
treatment vs.
baseline.
Secondary:
number of new T2,
ARR at week 20,
time to first relapse,
EDSS change,
MSFC
Safety: AEs,
injection site
reaction, Safety and
tolerability number
of Gd at month 3-5
compared to
baseline

Safety: injection
site reactions
Clinical: number
of Gd-lesions
significantly
reduced, changes
in EDSS, MSFC
not significant
Immunological:
n.a.

(60, 61)
2016

MBP
peptides co-
encapsulated
in CD206-
targeted
liposomes

16 RRMS
4 SPMS

s.c. 6x weekly
applications, doses
ascending from
50µg – 900µg. Total
dose 2.675mg

Phase
1/2a

Open label,
dose-
escalating,

18w Primary endpoint:
safety, determined
by frequency and
severity of AEs and
SAEs
Secondary:
number of relapses,
EDSS at end of trial,
number of Gd
lesions, and total
number of T2
lesions,
concentration of
pro- and anti-
inflammatory
cytokines

Safety: positive:
safe and tolerable.
Clinical: negative.
EDSS, T2-
weighted and Gd-
lesions unchanged
Immunological:
monocyte
chemoattractant
protein-1,
macrophages
inflammatory
protein 1b and IL-
7 decreased, TNF-
a increased

Cell-based approaches
Ref. & year Substance Number

patients/
MS type

R. of
admin.

Dose/Frequency Study
phase

Study design Trial
duration

Outcome
parameters

Results

(62)
1995 *

Irradiated T
cells reactive
to myelin
basic

5 RRMS
3 PMS

s.c. 3 injections Phase
1

Open label 2-3y Changes in
exacerbation rate,
EDSS and brain
MRI lesions

Clinical: lesions
and relapses
worsened in 3
cases
reappearance of
MBP-reactive T
cells, MRI:
treatment group
8% increase in
brain lesion size,
39.5% in control
group

(63)
2000

Bovine
myelin-
reactive
irradiated T
cells

4 SPMS s.c. 3-monthly over 24
months

Phase
1

Open label 30-39mo Immunological und
clinical response

Clinical: 2
patients stable
EDSS, one
improved EDDS,
one advancing
EDSS
Immunological:
decrease of
myelin-reactive T

(Continued)
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TABLE 2 | Continued

DNA vaccination

Ref. & year Substance # pat./MS
type

Route of
admin.

Dose/Frequency Study
phase

Study design Trial
duration

Outcome
parameters

Safety/clinical/
immunological
parameters

cells, IL-2 and IFN-y
secreting T cells

(64)
2002

Irradiated
autologous
MBP-reactive
T-cells

28 RRMS
26 SPMS

s.c. 3 injections at 2
months intervals

Phase
1

Open label 24mo Time to onset of
confirmed
progression of
disability, EDSS,
rate of relapse and
MRI lesion, safety
assessment
Others: immune
response as
measured by T-cell
activity in CSF

Overall: depletion
of MBP-reactive T
cells correlated
with a 40%
reduction in
relapse rate
Clinical: minimal
EDSS reduction in
RRMS, slight
increase in EDSS
in SPMS patients.
Accelerated
disease
progression after
12 mo. MRI: slight
reduction in lesion
activity
Immunological:
reappearance of
MBP-specific T
cells after 12
months in 10-12%
of patients

(65)
2003

CSF-derived
autologous
attenuated
CD4+ T cells

4 RRMS
1 CPMS

s.c. 3 times 10 Mio.
Cells, interval of 2
months

Phase
1

Open-label 15mo Safety, feasibility
and immune effects

Safety: well
tolerated, no
toxicity or AEs
Clinical: stable
patients
Immunological:
anti-ergotypic
response in all
patients, anti-
MBP, MOG or
PLP reactivities
low or reduced

(66)
2000

Mixture of
attenuated
myelin
reactive T
cells

9 RRMS
7 SPMS

s.c. Injections at week
0,4,12,20
In 3 different doses

Phase
1

Open-label
dose-
escalation

52 w Clinical parameter
(EDSS, MRI,
relapses), levels of
myelin reactive T
cells.

Safety: AE mild to
moderate
Clinical: trend in
EDSS
improvement,
stable MRI
Immunological:
medium dose
most effective in
reducing myelin-
reactive T cells,
whereas high dose
led to increase

(67)
2012

Irradiation-
attenuated
myelin-
reactive T
cells by

26 relapsing-
progressive
MS

s.c. 4 injections of 10-
30x106 T cells on
day 1,30,90, 180

Phase
1/2

Randomized
double-blind,
controlled

1y Safety and efficacy Overall: safe and
feasible
Clinical: decrease
of EDSS and 10-
Meter walking
time, 94%
remained relapse
free/placebo group
43%)
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myelin peptide-coupled RBCs in a phase 1b trial (41). Following
these promising results, a phase 2 study is currently in preparation.

Besides peptide-coupled fixed carrier cells, several groups
explore antigen-loaded dendritic cells (DCs) with a good safety
and tolerability profile in a phase 1b study in MS (seven myelin
peptides) and NMO (aquaporin-4 peptides) patients (17).
Increased production of IL-10 and of Tr1 cell numbers were
observed. Currently, three different open label phase 1 studies are
conducted to evaluate myelin peptide-pulsed DCs in different
immature/tolerogenic states and given by different routes
Frontiers in Immunology | www.frontiersin.org 14174
(intravenous, intradermally and intranodally; NCT02618902,
NCT02903537, NCT02283671).

An alternative AST strategy aims to induce an immune response
against important effector mechanisms of the autoreactive immune
system, for example the autoreactive T cell clone or its TCRs. The
appeal is that induction versus abrogation of immune responses
might be easier to achieve.Therehavebeenvariouspromising studies
with T cell- or T cell receptor (TCR) vaccination, which were well
tolerated and led to a reduction ofmyelin-reactive and IL-2- or IFN-g
secreting T cells (62–67, 76–79). Renewed disease progression 12
TABLE 2 | Continued

DNA vaccination

Ref. & year Substance # pat./MS
type

Route of
admin.

Dose/Frequency Study
phase

Study design Trial
duration

Outcome
parameters

Safety/clinical/
immunological
parameters

No significant
change in MRI
parameters

NCT01684761 Myelin-
reactive T-
cells (Tcelna)

SPMS s.c. 30-45x106 T cells, 2
annual cycles of 5
doses (at week
0,4,8,12,24)

Phase
2

Double-blind,
placebo-
controlled

2y Primary outcome:
brain atrophy at 2y
Secondary:
disease progression
at 2y

Unpublished

(15)
2013

Autologous
peptide-
coupled
PBMCs

8 RRMS
2 SPMS

i.v. Ten different doses
in 10 patients:
1x103, 1x105,
1x107, 1x108

5x108, 1x109,
1x109

2.5x109

3x109

Phase
1

Open-label
dose
escalation
baseline-to-
treatment
design

6mo Primary outcome:
safety and
tolerability

Safety results:
safe and well
tolerated,
Clinical: n.a.
Immunological
outcomes:
patients in higher
dose group
showed a
decrease in
antigen-specific T
cells responses

(17)
2019

Tolerogenic
dendritic cells

8 MS
(SPMS,
PPMS or
RRMS)
4 NMOSD

i.v. 3 independent
doses (cell doses
ranging from
50x106, 100x106,
150x106, 300x106)
administered every
2 weeks,

Phase
1b

Open-label,
multiple
ascending
dose

24w Primary outcome:
safety and
tolerability
Secondary: clinical
(relapses, disability),
MRI, OCT,
immunological
response

Safety: safe and
well tolerated
Clinical: patients
remained clinically
stable, no new
Gd-enhancing
lesions
Immunological:
increased IL-10
production and
frequency of Tr1
cells

(41)
2019

Autologous
peptide-
coupled
RBCs

10 RRMS i.v. 3 doses ranging
from 1x1010 (2
patients), 1x1011 (3
patients), 3x1011 (5
patients) cells

Phase
1b

Open-label
baseline-to-
treatment
design

6mo Primary: safety and
feasibility

unpublished

NCT02618902
NCT02903537
NCT02283671

Dendritic cells
pulsed with
myelin-
derived
peptides

MS i.v.
or i.d.
or
intra-nodal

Phase
1

Dose-
escalating

Primary: safety and
feasibility
Secondary:
changes in EDSS

ongoing
March 2021 | Volum
e 12 | Article 640935
*older studies not matching current reporting standards.
#, number; ab, antibody; APL, altered peptide ligand; CDR2, complementarity determining region 2; CPMS, chronic progressive MS; EDSS, Expanded disability status scale; Gd,
Gadolinium; IL, interleukin; i.d., intradermal i.m., intramuscular; i.v., intravenous; mo, months; MRI, magnet resonance imaging; n.a., not applicable; NMOSD, Neuromyelitis optica
spectrum disorder; OCT, optical coherence tomography; PBMC, peripheral blood mononuclear cells; PPMS, primary progressive MS; Route of admin, route of administration; ref.,
reference; RBC, red blood cells; RRMS, relapsing-remitting; s.c., subcutaneous; SPMS, secondary progressive MS; TCR, T cell receptor; we, weeks; y, year.
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months after the last vaccination indicated that refresher injections
are needed (65), as did reappearingMBP-specific TCC, which could
be eliminated by additional vaccination (78).

MBP-specific T cells from MS patients frequently express
specific TCR variable chains Vb5.2 and Vb6.1 (80, 81). Several
trials in MS patients using intradermal or intramuscular injections
of syntheticTCRVb5.2 and/or andVb6.1 peptides reported clinical
improvements and reduced frequency of MBP-specific T cells and
the induction of TCR peptide-specific T cells (48–50). The
administration of a trivalent TCR vaccine induced TCR-peptide
specific T cells secreting IL-10 and increased the expression of
FoxP3 in Tregs, which was paralleled by a reduction in MOG145-
160 specificTcells, suggesting the inductionof a regulatorynetwork
by the vaccine (51, 52) (NCT02057159).
CHALLENGES AND PROSPECTS IN THE
CLINICAL DEVELOPMENT OF ANTIGEN-
SPECIFIC THERAPIES

Several tolerization strategies in MS were safe and feasible in
phase 1 studies but the consecutive phase 2 and -3 trials
remained unsatisfying. It has become clear that the clinical
Frontiers in Immunology | www.frontiersin.org 15175
development of antigen-specific therapies poses distinct
challenges that need to be tackled along the clinical trial
program. Several aspects of the disease like inflammatory
activity, progression or disease stage, patient selection,
characteristics of the tolerizing product such as RoA, dose and
interval of administration, concomitant therapies need to be
considered, and each step is difficult (Figure 2). Developing an
optimal trial design therefore remains very demanding.

Certainly, an important challenge in the early proof-of-
concept studies is the heterogeneity of the disease with regard
to genetic background, main pathomechanisms, and clinical
aspects including disease form, course and response to
treatments. The HLA DR-15 haplotype is by far the most
important susceptibility gene and key in shaping antigen-
specific immune responses. Consequently, the individual HLA
background might contribute to heterogeneity of antigen-specific
immune responses and influence the efficacy of ASTs. The
individual’s HLA type therefore needs to be considered as
already demonstrated in the early oral tolerance trial (47), and
particularly during early clinical development, one should assure
that a representative population of patients is included.

Ideally, the tolerization approach should be administered
early in the disease and block epitope spreading (Figure 2).
FIGURE 2 | Positioning of immune tolerance in disease stages of MS and key challenges for treatment development. Considerations how tolerization appears most
meaningful during the different disease stages of MS (represented also graphically at bottom of figure, relapses indicated by open squares). Abbreviations: CIS,
clinically isolated syndrome; RIS, radiologically isolated syndrome; RRMS, relapsing-remitting MS; SPMS, secondary-progressive MS. During RIS and CIS, as well as
following highly active immunomodulatory therapy tolerization aims at preventing further evolution or re-occurrence of disease. As single agent treatment during
RRMS, tolerization aims at replacing currently approved therapies. Its role in SPMS and primary progressive (PP) MS (not shown) is speculative at present.
March 2021 | Volume 12 | Article 640935
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Although several s tudies have reported promising
immunological effects of tolerization in SPMS patients, they
failed to show efficacy on clinical and imaging measures of
inflammatory disease activity and disability progression. Thus,
both disease duration and stage should be considered, and ideally
biomarkers including antigen-specific immune responses should
be used for stratification of patients. The intensity and extent of
inflammatory disease activity, which is often higher during the
early stage of the disease is another important factor. Since it may
take some time until tolerization becomes effective, it may be
necessary to start the tolerizing therapy in combination with an
effective anti-inflammatory treatment to decrease disease activity
and provide the optimal environment for induction of tolerance.
Future trials should consider this aspect particularly in highly
active patients and explore the optimal duration for a
combination therapy before switching to monotherapy with
the tolerizing agent (conceptual considerations shown in
Figure 2). For such sequential application or combined use of
tolerizing therapies the specific immunologic effects of the
conventional immune therapy, its durability and how this
might interfere with the main mechanisms of immune
tolerance induced by the AST are important aspects to keep in
mind. Immune therapies leading to a broad reduction or even
long-term depletion of several or single lymphocyte subsets
might also impede the generation of regulatory cell
populations and thus dampen the tolerizing effects. More
specific inhibition of immune cell activation/proliferation or
trafficking of autoreactive lymphocytes to the CNS is less likely
to interfere with the induction of immune tolerance and in case
of the latter might even act synergistically by providing better
exposure of autoreactive T and B cells to the tolerizing agent (11).
The choice of a combination therapy will also depend on the
timing of the treatment, i.e. whether the AST is applied early in
the disease (for example as first-line therapy) or as part of a de-
escalation strategy where the conventional immune therapy is
already established.

Establishing the dose and frequency of administration of an
AST are important aspects during clinical development. Prior
studies have shown that the antigen dose might influence the
mechanism of immune tolerance induced by the treatment (82).
Extrapolation of an effective dose from rodents to humans is
difficult, since, different from small molecules, accepted formulas
do not exist for cell-based therapies or other novel strategies (e.g.
nanoparticle-based approaches, DNA vaccination, and others).
In addition, almost all animal models are induced and have a
monophasic disease course, or the AST shows long-lasting,
sometimes life-long, efficacy even after a single treatment (21),
thus providing little guidance with respect to frequency of
administration in patients. Consequently, there is a strong
need for biomarkers that can be employed for dose finding and
assessing the duration of the tolerization effect in AST trials.

As mentioned above the RoA of the target antigen is critical. It
influences cell type and organ that take up the tolerizing peptide,
nanoparticle or cell product and affects the type of immune
response that the respective tolerizing approach produces. Oral
application has long been considered ideal for the induction of
Frontiers in Immunology | www.frontiersin.org 16176
tolerance due to the important role of the mucosal immune
system, which assures tolerance to food antigens. However,
clinical studies of oral tolerance did not yet show efficacy in
MS, which may be related to the formulation, dose and choice of
antigen. Subcutaneous (s.c.) administration is usually associated
with immune activation (APL trial) as opposed to intravenous
(i.v.) application (iv MBP 83-99), intradermal (i.d.) and
transdermal (t.d.) application of peptides (59). Hypersensitivity
reactions were an important issue in a phase 2 trial of
subcutaneous administration of an APL (13, 54). The spleen is
important for degradation of aged cells, and particularly the liver
plays a role in immune tolerance to blood borne antigens (83).
Therefore, i.v. application of antigens, peptide-coupled cells or
nanoparticles have been considered most effective in targeting
these organs and to be safe although hypersensitivity reactions
have been observed in animal models (84).

Phase 1 testing of ASTs need to establish safety and
tolerability and exclude proinflammatory activation of immune
responses to the target antigens. Finding the right starting dose is
critical for gene and cell-based approaches, but generally for
ASTs (see above). The efficacy outcomes for early phase 2 clinical
trials in MS are well established and mainly use MRI as a
surrogate for inflammatory disease activity (85). Documenting
efficacy on the surrogate outcome (MRI) should be accompanied
by mechanistic studies, which support the putative MoA of the
AST, and may identify subgroups of patients with strong or poor
responsiveness and the optimal dose range (Figure 2). As
outlined above, there is a need for a consensus on suitable
MoA-oriented outcome parameters for tolerizing therapies.
Approaching this goal, requires coordination and collaboration
between research groups, which could build on ongoing
initiatives like the Immune Tolerance Network in the US and
dedicated scientific networks in Europe (86, 87), ideally with
further involvement of competent authorities. Current highly
active therapies reduce inflammatory MRI activity by 90% or
more, which is unlikely to be improved by ASTs. However, since
tolerance induction would be a completely new treatment
modality and is expected to be superior with respect to safety
and tolerability over short and particularly longer treatment
courses, these aspects should be built into the clinical
development strategy. Experiences in the past have shown that
following the path of clinical testing that is well established for
small molecules and biologics may not be ideal for ASTs. The
current treatment landscape of MS offers several approved
therapies for patients with high disease activity, but there is a
lack of therapies that are safe, do not pose problems for women,
who wish to get pregnant, and do not increase the risk for
infections or damage organs. These considerations are
particularly relevant for the increasing number of patients with
low disease activity and those who are in the very early stages of
the disease. Induction of immune tolerance potentially fills an
unmet medical need for therapies that provide an ideal balance
between efficacy and safety (Figure 2). Furthermore, a group of
patients, which is currently not treated, are patients with
radiological evidence for MS prior to any clinical symptom, i.e.
radiologically isolated syndrome (RIS). RIS patients would
March 2021 | Volume 12 | Article 640935
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greatly benefit from a therapy that does not lead to unspecific
immunosuppression. Thus, tolerance-inducing therapies may fit
best for patients at early or preclinical stages of the disease or as a
sequential therapy after induction with highly effective
immunomodulatory treatments in patients with high disease
activity (Figure 2). Depending on how the identification of
genetic risk profiles and biomarkers evolves, it can even be
envisioned that that tolerance induction may be used
prophylactically to prevent the onset of MS in the future.
FUTURE DIRECTIONS TO IMPROVE
TREATMENT DEVELOPMENT

Induction of antigen-specific immune tolerance is an attractive
treatment goal for MS and other autoimmune diseases, and
different strategies are in pre-clinical and clinical stages. We
outline key points that should be considered to improve the
development of tolerizing therapies and to find the best way how
to fit them into our current treatment algorithms. These include
validation of biomarkers to measure induction of immune
tolerance, definition of relevant MoA of each strategy and
documentation of long-term reduction in antigen-specific
immune responses parallel to effects on clinical outcome
parameters. Clinical trial designs need to be improved and
tailored to the specific challenges that AST pose. Consensus
criteria for AST trials should be developed. If the above
challenges can be mastered, the successful application of AST
in any autoimmune disease would represent a major
breakthrough in medicine and enter a new treatment era that
Frontiers in Immunology | www.frontiersin.org 17177
aims at treating autoimmunity with high specificity and minimal
side effects or even preventing its development.
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The perfect synchronization of maternal immune-endocrine mechanisms and those of the
fetus is necessary for a successful pregnancy. In this report, decidual immune cells at the
maternal-fetal interface were detected that expressed TIGIT (T cell immunoreceptor with
Ig and ITIM domains), which is a co-inhibitory receptor that triggers immunological
tolerance. We generated recombinant TIGIT-Fc fusion proteins by linking the
extracellular domain of TIGIT and silent Fc fragments. The treatment with TIGIT-Fc of
human decidual antigen presenting cells (APCs), the decidual dendritic cells (dDCs), and
decidual macrophages (dMfs) increased the production of interleukin 10 and induced the
decidua APCs to powerfully polarize the decidual CD4+ T cells toward a classic TH2
phenotype. We further proposed that Notch signaling shows a pivotal effect on the
transcriptional regulation in decidual immune cell subsets. Moreover, the administration of
TIGIT-Fc to CBA/J pregnant mice at preimplantation induced CD4+ forkhead box P3+

(Foxp3+) regulatory T cells and tolerogenic dendritic cells and increased pregnancy rates
in an abortion-prone animal model stress. The results suggested the therapeutic potential
of the TIGIT-Fc fusion protein in reinstating immune tolerance in failing pregnancies.

Keywords: TIGIT, targeted therapy, fetomaternal tolerance, RAS, IgG based therapy
INTRODUCTION

A successful pregnancy is a unique type of immunological process in which the semiallogeneic
paternal antigens carried by the fetus are accepted by the maternal immune system, allowing
trophoblasts to invade. Meanwhile, the defense mechanisms against pathogens in the maternal
immune system are preserved. However, the mechanisms regulating these unique immunological
behaviors and maintaining the harmonious coexistence of maternal- and fetal-derived cells remain
poorly understood (1). Given that the dysregulation of maternal–fetal immunity and deficient
placentation have a notable relationship with pregnancy loss and pregnancy complications, such as
fetal growth restriction (FGR) (2), recurrent pregnancy loss (RPL) (3), and pre-eclampsia (PE) (4),
further studies to advance the diagnosis and prevention of these conditions are urgently needed.

Up to 5% of all women attempting to conceive are affected by PRL, which is defined as two or
more miscarriages (5). During the past few decades, growing evidence has proven the inevitable role
of a misdirected maternal immune response in PRL. Because of the disturbance of hematological
org March 2021 | Volume 12 | Article 6491351181
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and immunological homeostasis, both autoimmune diseases and
alloimmune disorders can create a uterine microenvironment
that is difficult for the embryo and invading conceptus-
derived placental trophoblasts. Disappointingly, current
immunotherapies for PRL, including the use of hormones,
antithrombotic drugs, intralipids, intravenous immunoglobulin
(IVIG), cytokine agonists or antagonists, and allogeneic
lymphocytes, have not consistently yielded successful
pregnancy outcomes (6).

T cell immunoreceptor with Ig and ITIM domains (TIGIT,
also known as Vstm3, VSIG9, and WUCAM) is a member of the
immunoglobulin superfamily and belongs to the poliovirus
receptor (PVR)/nectin family. Structurally, the N terminus of
TIGIT is an extracellular immunoglobulin variable-set (IgV)
domain, which is followed by a transmembrane domain and
an intracellular domain. The intracellular domain of TIGIT
contains a canonical immunoreceptor tyrosine-based inhibitory
motif (ITIM) and an immunoglobulin tyrosine tail (ITT) motif
(7). TIGIT was first identified in a genomic search for genes that
encoded potential inhibitory receptors, which were identified
according to the presence of certain protein domain structures
that were expressed specifically in T cells (7). TIGIT expression is
strictly limited to lymphocytes and shows the highest expression
in follicular helper CD4+ T cells, effector and regulatory CD4+ T
cells, effector CD8+ T cells, and natural killer (NK) cells (7–12).
PVR, also known as CD155, Necl5, and Tage4, was identified as a
cognate receptor for TIGIT with high affinity. Despite their
weaker affinities, PVRL3 and CD112 (also known as PVRL2/
nectin 2) were also shown to bind to TIGIT (7). A ‘lock and key’
trans-interaction between the TIGIT IgV domain and cis-
homodimers of PVR was mediated by the distinctive (V/I)
(S/T)Q, AX6G, and T(F/Y)PX1G submotifs (7, 9, 13), which
define the PVR/nectin family comprising TIGIT, CD226, CD96,
CD112R, PVR, CD112, and CD113 (also known as PVRL3/
nectin 3) (7, 13–16). Nectins and nectin-like proteins are a group
of surface receptors that function through homophilic and
heterophilic trans-interactions and consequently mediate cell–
cell adhesion, cell polarization, tissue organization, and signal
transduction (17, 18).

Recently, an increasing number of mechanisms underlying
TIGIT immune suppression have been identified. TIGIT can not
only inhibit natural killer (NK) cell effector function but also
suppress their dendritic cell costimulatory ability. The former
blocks initial target cell death and the release of cancer-related
antigens, and the latter results in increases in anti-inflammatory
cy tok ines such as IL-10 and reduced targe t c e l l
antigen presentation.

TIGIT could also stimulate PVR signaling on other cells, such
as tumor cells. Suppressed CD8+ T cell effector function or
skewed CD4+ T cell polarization could be provoked by TIGIT,
PVR-stimulated myeloid cells, and TIGIT+ regulatory T cells
(Tregs), which can also inhibit CD8+ T cells and prevent the
elimination of target cells (19).

Previously, we showed that the administration of the TIGIT-
Fc fusion protein to NZB/W F1 mice decreased the production of
anti-double-stranded DNA antibodies, alleviated proteinuria and
Frontiers in Immunology | www.frontiersin.org 2182
prolonged survival compared with that in mice treated with
control IgG. The TIGIT-Fc fusion protein showed an IgG-like
stability that was similar to that of CTLA-4-Fc. Here, we found
that TIGIT was also expressed by decidual immune cells at the
maternal-fetal interface during early pregnancy. The TIGIT-Fc
fusion protein with silent Fc fragments guided dDCs to strongly
polarize decidual CD4+ T cells toward a classic TH2 phenotype.
In a mouse model, we obtained new experimental evidence to
support the administration of TIGIT-Fc to promote fetomaternal
tolerance and demonstrated the therapeutic potential of TIGIT-
Fc to restore immune tolerance in failing pregnancies.
MATERIAL AND METHODS

Primary Human Cells, Cell Lines
and Reagents
PBMCs and decidual samples were isolated from the same patients
of clinically normal pregnancies, which were terminated for
nonmedical reasons (first-trimester, 7–12 wk gestation, n = 20)
and 15 miscarriages (7–8 wks gestation, n = 15), which were
classified as unexplained after the exclusion of maternal anatomic
or hormonal abnormalities, or paternal and maternal
chromosomal abnormalities. All specimens were collected by
using a protocol approved by the Second Military Medical
University Review Board, and written informed consent was
obtained from each donor.

Pieces of decidual tissue were homogenized and digested with
0.5% collagenase type IV/20% heat-inactivated fetal calf serum
overnight, or 2% collagenase type IV for 1 h at room temperature
with gentle rotation. A single cell suspension was obtained by
passing the supernatant through a series of cell separators to
40 mm and then layering the cells and performing density
gradient separation with the standard Ficoll-Hypaque method,
as reported previously (20, 21). T cells, NK cells and T cell
subsets were further sorted by flow cytometry with different
makers: CD3 (HIT3a), CD4 (SK3), CD45RA (L48), CD45RO
(UCHL-1), and CD56 (B159). CD14+ macrophages were sorted
by magnetic beads (Miltenyi Biotec). Decidual DC (dDC) were
sorted use previous reported immunofluorescence label (22)
(CD3-CD14-CD56-CD19-HLA-DR+) (CD19: SJ25C1, CD14:
MjP9, HLD-DR: TU36). All antibodies are from BD
Biosciences. Decidual NK cells (dNK) were further sorted as
previous reported marks (CD45+ CD14− CD3−CD56bright) (23)
before analysis. For all subsets, at least 98% purity were
confirmed based on reanalysis immediately after sorting. 0.5%
BSA and 2% normal fetal bovine serum in PBS were used as
blocking reagent. JEG-3 cells and HTR-8/SVneo were purchased
from the American Type Culture Collection (ATCC, Manassas,
VA). The identities of the cell lines were verified by STR analysis,
and the cell lines were confirmed to be mycoplasma free. The
cells were maintained in DMEM/1640 medium with 10% fetal
bovine serum. Cell culture media and supplements were
obtained from Life Technologies, Inc. LPS was purchased from
Sigma. A FDA-approved Drug Library of 360 compounds was
purchased from Selleck.
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Real-Time Polymerase Chain
Reaction (PCR)
Total RNA was isolated with the RNeasy Mini Kit (Qiagen)
according to the manufacturer’s instructions. Real-time
quantitative PCR was performed with an ABI PRISM 7900HT
instrument with the commercially available TaqMan probes
Hs00545087 (TIGIT), Hs00197846 (CD155), Hs01071562
(CD112) and Mm03807522 (Tigit). Data were normalized to b-
actin (24), which served as an endogenous control, and analyzed
using SDS v2.3 (Applied Biosystems).

Flow Cytometry
Cell surface staining was performed for 30 min at 4°C and was
analyzed using a FACSCalibur flow cytometer (BD Biosciences)
and CellQuest Software (BD Biosciences). Cellular staining was
performed for 60 min on ice after using a fixation/
permeabilization kit (eBioscience). A minimum of 1 × 104

events were examined. The experiments were repeated
independently three times with similar results.

Fusion Proteins
As previously reported (7, 25), a recombinant plasmid was
constructed by fusing the Fc segment of human IgG1 or
murine IG2a, encoding the hinge-CH2-CH3 segment, to the
C-termini of the extracellular domains (ECDs) of human and
murine TIGIT, respectively. The LALA-PG Fc variant was
constructed as previously described (26). All fusion proteins
were obtained via the FreeStyle 293 expression system
(Invitrogen) according to previously reported methods (27, 28)
and subsequently purified using protein A-sepharose from the
harvested cell culture supernatant. The purity of the fusion
protein was determined by polyacrylamide gel electrophoresis.
The protein concentration was measured according to the UV
absorbance at a wavelength of 280 nm.

Affinity Measurement
By using standard amine-coupling chemistry, we immobilized an
anti-murine Fc polyclonal antibody (Jackson ImmunoResearch
Europe Ltd.) on a CM5 chip (~150 RU) by using a previously
reported method (25). The measurement of the monovalent
binding affinity of the fusion protein was calculated by using
surface plasmon resonance (SPR) (BIAcore-2000).

IgG Biological Effect Assays
For the in vitro ADCC assay, SupT1 cells expressing murine PVR
and A431 cells (high-expressing PVR cells) were labeled with 5
mM carboxyfluorescein succinimidyl ester (CellTrace CFSE Cell
Proliferation Kit, Life Technologies) and co-cultured with
murine or human macrophages overnight, respectively, at the
indicated ratios in the presence of TIGIT-Fc fusion proteins.

For C1q ELISA, an ELISA sandwich-type immunoassay was
used to analyze the binding of the different fusion proteins to
C1q. Each fusion protein was coupled to a hydrophobic
Maxisorp 96-well plate at eight different concentrations
between 10 and 50 mg/ml. After washing, the C1q samples
were incubated on the plate to allow C1q to bind to the fusion
Frontiers in Immunology | www.frontiersin.org 3183
proteins. The bound C1q molecules were further washed and
detected by anti-C1q antibodies followed by an HRP-labeled
secondary antibody.

Animal Studies
In vivo experiments were approved by the Institutional Animal
Care and Use Committee (IACUC) of Second Military Medical
University. C.B-17SCID; DBA/2J and CBA/J mice were provided
by the Animal Center of the Second Military Medical University.
All animals were treated in accordance with the guidelines of the
Committee on Animals of the Second Military Medical
University. The pharmacokinetic parameters (PK) of the fusion
proteins were determined in female C.B-17 SCID mouse models.
The fusion proteins were administered to eight-week-old mice at
a dose of 1 mg/kg body weight by tail vein injection. Blood was
collected in heparin-containing tubes and centrifuged to obtain
the plasma samples. The serum concentration of the fusion
proteins was determined by ELISA.

For the drug treatment studies, all mice were used at 10–12
weeks of age. To explore the protective role of TIGIT-Fc during
pregnancy, an immunological model of abortion was used in
which DBA/2J-mated CBA/J females were randomized and
divided into different treatment groups. The day of vaginal
plug formation was taken as day 0.5 of coitus. Selected mice
were treated with 20 mg/kg fusion proteins or control IgG (i.v.)
on 1.5 and 3.5 day postcoitum (dpc). Mated females were killed
on 6.5 dpc and Paraaortic lymph nodes (PALN) and uterus cells
were analyzed. Thereafter, 8 mice per group were killed at 12 dpc
to assess the pregnancy and abortion rates.

For the single cell suspensions from PALN, the tissue was
carefully squeezed through a 40-µm nylon cell strainer and
washed with PBS. After washing, the cell suspension was
filtered a second time with a 40-mm cell strainer. For the
preparation of uterus cells, briefly, uteri were collected, cut into
small pieces, and digested for 30 min at 37°C in HBSS buffer
containing 1 mg/mL collagenase, 0.5 mg/mL hyaluronidase, 0.2
mg/mL DNase I, and 1 mg/mL BSA. HBSS buffer solution
containing uterus cells was passed through a 100-mm strainer
(SPL), and suspended cells were collected and washed. To
analyze the Foxp3+ regulatory T-cell population, isolated
uterine and PALN cells were first incubated with an anti-
CD16/32 antibody (eBioscience) to block Fc receptors (FcRs),
followed by incubation with anti-CD4 and anti-CD25 antibodies.
Cells were then fixed, washed, permeabilized and incubated with
anti-Foxp3 antibody. FcR-blocked uterus cells were incubated
with antibodies against CD11c, MHC-II, and CD80 to
characterize uterine DC phenotypes. All antibodies are
from eBioscience.

Cytokine Analysis and Multiplex
Bead Array
Cytokine analysis was also performed on supernatants from
indicated treatment using a human cytokine 10-plex panel
(Thermo Scientific) per the manufacturer’s instructions, and
read on a Luminex Analyzer. For the detection of IL-10,
IL-12, IL-4, IL-5, TNF and IFN-g, the supernatant of cells was
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harvested and measured according to the manufacturer’s
instructions (Biolegend).

Compound Library Screen
The established co-cultured cells were screened against 360
compounds f rom an FDA-approved drug l ib ra ry
(SelleckChem, Houston, USA) to identify potent TIGIT
enhancer. Co-cultured cells were plated in 96-well plates and
treated with vehicle (0.01% DMSO) or the compound library
(average compound concentration of the library in medium was
10 µM). After a one-day incubation with the drug library, TIGIT
expression was detected by qPCR.

Statistical Analysis
Unless otherwise specified, Student’s t test was used to evaluate
the significance of the differences between two groups, and
ANOVA was used to evaluate differences among three or more
groups. Differences between samples were considered statistically
significant when P < 0.05.
RESULTS

TIGIT Is Expressed on Primary Human
Decidual Lymphocyte Cells
We first detected TIGIT expression by quantitative RT-PCR in
decidual immune cell subsets from early pregnancy (Figure 1a).
The high expression of TIGIT was detected in CD4+CD25hi T
cells, memory CD45RO+ cells and dNK cells, while naive
CD45RA+ T cells, DC cells and decidual CD14+ monocytes/
macrophages showed low levels of TIGIT mRNA expression
(Figure 1A). Moreover, we detected very low TIGIT expression
in decidual epithelial cells or decidual stromal cells, as well as the
cell line JEG-3 and HTR-8/SVneo. Further flow cytometry
analysis confirmed that TIGIT expression was absent in
Frontiers in Immunology | www.frontiersin.org 4184
decidual CD45RA+ CD4+ T cells and CD11c+ DC cells and
was highest in CD4+CD25hi Treg cells and CD45RO+ T cells
(Figure 1B).

The expression of CD155 and CD112, the TIGIT functional
receptors, was also evaluated (Figure S1). Both CD155 and
CD122 are extensively expressed in trophoblastic cells,
decidual epithelial cells, or decidual stromal cells. In decidual
immune cell subsets, both CD155 and CD122 are highly
expressed in the decidual CD14+ monocytes/macrophages and
DC cells, while very low expressed in T cells and NK cells.

TIGIT-Fc Modifies Decidual APC Cytokine
Production and Polarized Decidual CD4+

T Cells Toward a TH2 Phenotype
To investigate the therapeutic potential of TIGIT, we developed
and generated a fusion protein by linking the extracellular
domain of human TIGIT to the human IgG1 Fc region
(hTIGIT-Fc_wt). For the possibility of investigation of such
recombinant fusion protein in mouse models, a recombinant
protein counterpart of murine TIGIT fused with murine IgG2a
Fc chain (mTIGIT-Fc_wt) was also developed in our study. The
antibody Fc region regulates the antibody serum half-life and
cytotoxic activity. As the TIGIT functional receptor, PVR, is
ubiquitously expressed in the human placenta as showed in our
study and previously report (29). Within the relevant therapeutic
context, the cytotoxicity of an antibody is not desirable and can
lead to safety issues by initiating native host immune defenses
against cells with receptor antigen expression. Therefore, we used
LALA-PG Fc variants (hTIGIT-Fc_ LALA-PG; mTIGIT-Fc_
LALA-PG) that block complement binding and fixation as well
as Fc-g-dependent, antibody-dependent, and cell-mediated
cytotoxity caused by both murine IgG2a and human IgG1. As
previously reported, the fusion proteins showed high affinity for
binding to CD155 (Figure S2A). We also found that hTIGIT-Fc
bound to murine CD155, but such binding could not be detected
between mTIGIT-Fc and human CD155 (Figure S1A). We
next assessed the capacity of these fusion proteins to deplete
A B

FIGURE 1 | Expression of TIGIT protein in decidual immune cells. (A), qPCR of the expression of TIGIT mRNA in total CD4+, CD4+CD45RO+, CD4+CD45RA+,
CD4+CD25hi, NK, DC, CD14+ monocyte/macrophages, decidual epithelial cells (DECs), decidual stromal cells (DSCs), trophoblasts, JEG-3, and HTR-8/SVneo cells
relative to TIGIT expression in naive CD4+CD45RA+ cells. Data are mean ± s.d. of four independent biological replicates. (B), Membrane-bound TIGIT expression in
different subsets of immune cells. The expression of TIGIT on different human immune cells was detected by staining with the indicated antibody, followed by flow
cytometry analysis. The histograms shown in black correspond to the isotype controls, whereas the red histograms indicate the positive fluorescence (n = 4
independent biological experiments with similar results).
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PVR-expressing cells co-cultured with monocyte-derived
macrophages in vitro at various effector to target (E: T) cell
ratios (Figures S2B and C). As predicted, the hTIGIT-Fc_wt or
mTIGIT-Fc_wt fusion proteins demonstrated strong ADCC
activity, while the Fc-silent LALA-PG proteins showed
negligible effects. In the C1q binding assays, only fusion
proteins with the wild-type Fc showed remarkable binding to
the C1q protein, which is part of the complement cascade
(Figures S2D and E). All LALA-PG protein variants were
devoid of any detectable binding at protein concentrations of
up to 50 mg/ml. In comparison with the Fc fusion protein
CTLA4-Fc, which has been well studied in previous studies,
the TIGIT-Fc fusion proteins exhibited IgG-like stability and a
similar denaturation temperature. The lowest concentrations
(< 2%) of low molecular weight and high molecular weight
products were observed after storage at 1 mg/mL at 40°C for 3
weeks (Table S1). A single intravenous dose of TIGIT-Fc proteins
and CTLA4-Fc were separately administered to mice to measure
the pharmacokinetic (PK) parameters. The main PK parameters
of TIGIT-Fc proteins and CTLA4-Fc were very similar in mice
and indicated the advantageously high stability of the TIGIT-Fc
fusion proteins (Table S1). These data show that the hTIGIT-
Frontiers in Immunology | www.frontiersin.org 5185
Fc_LALA-PG and mTIGIT-Fc_LALA-PG Fc variants do not
induce any FcgR- or complement-mediated effector functions.
Therefore, we used these proteins in the following experiments.

A previous report has shown that treatment with TIGIT-Fc
during monocyte-derived DC maturation influenced DC
cytokine production (7). In decidua, both dDCs and decidual
macrophages are reported to be APCs and have tolerant effect;
therefore, we tested whether TIGIT-Fc with a silent IgG has effect
on the cytokine production of the sorted human decidual APCs
form normal pregnancies. Interestingly, treatment of TIGIT-Fc
significantly induced the production of IL-10 in a dose-
dependent manner, with a half maximal effective concentration
(EC50) of 8.336 mg/ml for dDCs and 7.085 mg/ml for dMfs
(Figure 2A). Conversely, treatment of TIGIT-Fc did not affect
the secretion of IL-12p70, even at the highest dose used in our
study, whereas 100 ng LPS treatment significant induce IL-12p70
protein production (Figure 2B). In order to further assess the
immune-regulatory potential of TIGIT, we measured cytokines
in supernatants from treated cells by multiplex bead array
(Figure 2C). Following TIGIT-Fc treatment in dMf, we
observed notable increased secretion of the cytokine IL-10. No
discernable patterns could be confidently drawn with GM-CSF,
A B

D

C

FIGURE 2 | Immunomodulatory effect Biological effect of TIGIT fusion proteins in vitro. (A), ELISA of IL-10 in human dDCs and dMfs after the indicated treatment
for 48 h with different concentration of TIGIT-Fc or control IgG, n = 4. (B), ELISA of IL-2 in human dDCs and dMfs after the indicated treatment for 48 h with
different concentration of TIGIT-Fc or control IgG. LPS served as a positive control. n = 4. (C), Cytokine levels in the supernatants of human dDCs and dMfs were
determined by multiplex bead array. The relative level was calculated as the ratio to the control IgG treatment, n = 4. (D), The human dDCs and dMfs were treated
with TIGIT-Fc, IL-7, or LPS, respectively, for 24 h, washed and cocultured with decidual CD4+ T (dCD4+ T) cells. Thereafter, the T cells were transferred to a new
96-well round-bottom plate precoated with anti-CD3 and anti-CD28 (2 mg/ml each) and cultured for 24 h. The cytokine secretion of the CD4+ T cells was then
determined by ELISA, n = 6. Data are the means ± s.d. (A–D). P values were from a nonparametric t test (Mann-Whitney test) (A, B), and two-way ANOVA followed
by the Bonferroni post-test (C, D). *: P < 0.05 (C).
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IL-1b, IL-2, IL-4, IL-5, IL-6, IL-8, IFN-g and TNF-a. In contrast
to TIGIT-Fc treatment, we observed increased induction of GM-
CSF, IL-1b, IL-6, IL-10, and TNF-a by LPS treatment. We also
found increased secretion of the cytokine IL-10, but not IFN-g in
dDCs, further suggesting an immune- tolerance role of TIGIT.

Next, we investigated whether TIGIT-Fc-induced dMf and
dDCs could polarize decidual CD4+ T cells toward a TH2
phenotype. Dfs or dDCs pretreated with TIGIT (10 mg/mL),
IL-7 (100 ng/mL), or LPS (100 ng/mL) for 48 h were cocultured
with decidual CD4+ T cells for 3 days, respectively. IL-4, IL-5, IL-
10, IFN-g, and TNF-a in the supernatant were measured by
ELISA (Figure 2D). Our data show that when Dfs and dDCs
were cocultured with decidual CD4+ T cells, IL-4 IL-5 and IL-10,
but not IFN-g and TNF-a, were markedly upregulated by
TIGIT-Fc treatment, compared with that in decidual CD4+ T
cells cocultured with dDCs but without TIGIT-Fc. However, we
did not observe similar phenomena for IL-7- or LPS-activated
dDCs or Dfs, indicating that TIGIT-F-stimulated decidual APCs
can polarize decidual CD4+ T cells toward a TH2-biased profile.
These results indicated that treatment with TIGIT-Fc could
influence the TH1/TH2 balance at the maternal-fetal interface.

The binding of TIGIT-Fc have the potential to block TIGIT-
mediated signaling in T cells though its ITT and ITIM motifs.
Interestingly, TIGIT-Fc or anti-TIGIT treatment (etigilimab)
had no effect on T cell proliferation induced by a range of
concentrations of plate-bound anti-CD3 & anti-CD28 of human
decidual CD4+CD45RO+ T cells, which had high expression of
Frontiers in Immunology | www.frontiersin.org 6186
TIGIT (Figure S3A). Moreover, TIGIT-Fc or anti-TIGIT
treatment had no effect on cytokine production (Figure S3B).
These data suggest that TIGIT-Fc had negligible effect on dCD4+
T cells alone and that TIGIT-Fc may regulate T cell activation by
interacting with APCs

Notch Signaling Is Critical for
TIGIT Expression
In our experiments, we found a notable time-dependent decrease
of TIGIT expression in human dCD4+ T cells and dNK cells
during in vitro culture alone (Figure 3A). Interestingly, co-
culture CD4+ T cells and dNK cells with trophoblast cell line
JEG-3 and HTR-8/SVneo significantly increased the expression
level of TIGIT mRNA compared with mono-culture alone, with
a 2.75 and 3.12-fold in dCD4+ T cells, respectively, and that in
dNK cells by 4.2- and 2.8-fold, respectively (Figure 3B). Further
flow cytometry analysis verified these results and suggested an
enhanced effect of trophoblast cell on TIGIT expression (Figure
3C). As indirectly co-culture trophoblast cells with dCD4+ T cells
and dNK cells (Figures 3D, E) did not have any effect on the
TIGIT expression, we hypothesis a direct cell-to-cell interaction
mechanism underlie the regulation of TIGIT expression.

A functional screening method was used to identify potent
TIGIT expression enhancer by treatment of dCD4+ T cells and
dNK cells with a FDA-approved drug library (360 compounds),
as described in Table S1. In the trophoblast cell line co-culture
system, different compounds were administered and TIGIT
A B

D EC

FIGURE 3 | Direct TIGIT expression regulation of immune cells by trophoblast cells. (A), The proportions of cells with positive TIGIT expression determined by flow
cytometry analyses in different time are shown. CD4 and CD56 were served as a control marker for dCD4+ cells (left) and CD56 (right), n = 4. (B), qPCR of the
expression of human TIGIT mRNA in CD4+ T and NK cells, which were cultured alone or with different trophoblasts, n = 6. (C), The proportions of cells with positive
TIGIT expression determined by flow cytometry analyses in CD4+ T and NK cells, which were cultured alone or with different trophoblasts, n = 4. d, Schematic view of
different co-culture models. (E), The proportions of cells with positive TIGIT expression determined by flow cytometry analyses in dCD4+ T and dNK cells alone or
cultured with different trophoblasts in different models, n = 4. Data are the means ± s.d and P values were from a one-way ANOVA followed by Tukey post-test (A–D).
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expression was measured using qPCR assay (Figure 4A). Then,
positive or negative impacts of different compounds on the
TIGIT expression were calculated (Figure 4B). Nirogacestat
was listed on all the inhibiting candidate lists of the dCD4+ T
cells, dNK cells co-cultured with different trophoblast cell lines.
This drug suggest the Notch signaling involved in the regulation
of TIGIT expression induced by co-culture. Mammals have four
Notch paralogues (Notch1–4) and various ligands in the Delta-
like (DLL1, DLL3, and DLL4) and Jagged (JAG1 and JAG2)
protein families. Interestingly, a high level expression of DLL4
was detected in both human primary trophoblast cells and
trophoblast cell lines. Notch1 expression was notably higher
than other notch receptors in dCD4+ T cells and dNK cells
(Figure 4C). Real-time PCR analysis of the expression of Notch
target genes HES1 and HEY1 showed a notable increase in
dCD4+ T cells and dNK cells after co-culture with trophoblast
cell lines (Figure 4D).

In addition, although the decidual immune cell expressed the
Notch1 to Notch4 receptors, only treatment with Notch1 small
interfering RNA (siRNA) pools, but not Notch2, 3 and 4 siRNA
pools, effectively inhibited co-culture induced TIGIT expression
(Figure 4E). Administration of Notch1 blocking antibody
brontictuzumab, but not Notch2 & 3 targeting antibody
Frontiers in Immunology | www.frontiersin.org 7187
tarextumab, significantly inhibited the co-culture induced
TIGIT expression (Figure 4F). These results indicated that a
curial role of the Notch1 receptors in the maternal-fetal interface
could lead to TIGIT expression in the decidual immune cells.

Low TIGIT Expression at the Maternal-
Fetal Interface From Miscarriage
We next investigated TIGIT expression between the normal
human pregnancy and miscarriage tissue. Notably, a qPCR
analysis of the TIGIT mRNA in the placenta shows that early
normal pregnancy presents significantly higher TIGIT than that
of the unexplained miscarriage (Figure S4A). Moreover, the
frequency of TIGIT positive dCD4 T cells and dNK cells from
the normal early pregnancy is significantly higher than that of
the miscarriage (Figure S4B).

TIGIT Reduces Fetal Resorption in a
Mouse Model
We further used a well-established CBA/J×DBA/2J abortion-
prone mouse model of pregnancy failure to explore the role of
mTIGIT-Fc in fetomaternal tolerance. In the model, an
unchanged the number of fetal implantations (Figure 5A) but
A B

D E F

C

FIGURE 4 | Notch signaling is involved for TIGIT expression in decidual cells. (A), Schematic view of drug screen. Figure created with BioRender.com (B), Heat map
generated from the transcript expression TIGIT as determined by quantitative polymerase chain reaction (qPCR) analysis. In order for the data to usefully predict
antagonism or sensitivity, a criterion that only dates in the upper and down quarters was employed for hit selection. (C), Heat map representing transcript expression
of Notch receptors and ligands, as determined by qPCR analysis. (D), dCD4+ T and dNK cells were cultured alone or co-cultured with indicated cells and select
gene expression was determined by qPCR analysis. Gene expression was normalized to the housekeeping gene and expressed as fold of control cells, n = 4.
(E), dCD4+ T and dNK cells were transfected with a CTRL pool (CTRL-siRNA) and a pool of Notch siRNAs. After 48 h, the cells were then cultured in different
methods with indicated treatment for 24 h days, and TIGIT expression was determined by qPCR analysis. Gene expression was normalized to the housekeeping
gene and expressed as fold of control cells cultured alone, n = 4. (F), dCD4+ T and dNK cells were cultured alone or co-cultured with indicated cells and treated with
different antibodies. TIGIT expression was determined by qPCR analysis. Gene expression was normalized to the housekeeping gene and expressed as fold of
control cells cultured alone, n = 4. Data are the means ± s.d and P values were from a two-way ANOVA followed by the Bonferroni post-test (D–F). *: P < 0.05;
**: P < 0.01 (E, F).
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a reduced incidence of fetal resorption (Figure 5B) was observed
in the DBA/2J-mated CBA/J females administered mTIGIT-Fc.
The phenotype of decidua CD11c+ cells was detected for further
examination of the inhibitory effects of TIGIT-Fc on the
maturation of CD11c+ cells. There was a notable decrease of
maturation of uterine CD11c+ cells, and it showed suppressed
levels of MHC-II and CD80 in abortion-prone animals treated
with mTIGIT-Fc when compared to vehicle-treated animals.
(Figure 5C). Additionally, both the uterus and PALNs of
mTIGIT-Fc-treated female mice showed a higher proportion of
Foxp3+ cells at 6.5 dpc than that of control females (Figure 5D).
To further test whether TIGIT-Fc has a direct impact on the
intrinsic function of the receptor, we assessed the cytokine
production induced by anti-CD3 and anti-CD28 in sorted
mice decidual CD4+ cells, but found no evidence of T cell
inhibition (Figure S5). Overall, the results of our study
indicate that TIGIT-Fc protects embryos from maternal
immune rejection by inducing tolerant DCs (tDCs) and
Foxp3+ cells.
DISCUSSION

Accumulating evidence has shown an immune modulating role
of TIGIT in the context of autoimmunity and cancer. We
previously evaluated the therapeutic role of TIGIT-Fc in a
model of murine lupus. However, in that study, the TIGIT-Fc
protein we used was a fusion protein containing the murine
TIGIT-ECD linked to the murine IgG2a chain without any
modification of the Fc domain. In this study, we used a LALA-
PG Fc variant to eliminate potential cytotoxicity. This is
important because decidual APC, dDCs, and dMfs, which are
key players in maternal immune tolerance, express high levels of
the TIGIT functional receptor CD155. Moreover, a TIGIT-Fc
with a wild-type Fc domain shows a strong effect on ADCC
and C1q binding activity in vitro, further verifying the
need to re-engineer the molecular structure of the TIGIT
therapeutic protein.
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We found that TIGIT is expression by decidual lymphocyte
cell subsets, consistent with previous reports (30). Since CD155 is
a receptor extensively expressed on human trophoblasts and
decidual cells, it is not surprising that TIGIT participates in the
development of normal human early pregnancy. The extravillous
trophoblasts are in close contact with resident APCs in the
decidua, usually in the decidua basalis (31). Moreover, our data
show that high levels of secreted IL-10 were observed when
decidual APCs were treated with TIGIT-Fc, endowing decidual
APCs with the ability to induce the total decidual CD4+ T cells to
produce increased levels of IL-5, IL-4, and IL-10 and minimal
inflammatory cytokines, such as TNF-a and IFN-g. A previous
report showed that TIGIT inhibited the killing of PVR-
expressing target cells by primary NK cells (32) and by
immortalized YTS NK cells (33), we also determined whether
TIGIT-Fc could block the intrinsic receptor signaling of TIGIT
in T cells, operating by signaling downstream of its ITT and
ITIM motifs. However, we were unable to demonstrate a direct
effect of TIGIT-Fc in dCD4+ T cells, suggesting that the immune
tolerant effect of TIGIT-Fc is dependent on APCs. Moreover, our
data also showed that TIGIT was decreased in the dCD4+ or dNK
cells from miscarriage patients, indicating that TIGIT down-
regulation induced dysfunction of the APCs may contribute to
the disease. Interestingly, we observed that TIGIT expression is
down-regulated during the in vitro culture of decidual immune
cells, indicating a conditionally expression pattern of TIGIT.
Direct, but not indirect, co-culture of trophoblast with decidual
immune cells significantly enhances TIGIT expression,
suggesting a cell-to-cell contact based signaling regulation of
TIGIT. Using a compound library, we identified that Notch
signaling is involved in the transcriptional regulation of TIGIT in
dCD4+ T cells and dNK cells. This is of interest because Notch
signaling itself is depended on a cell-to-cell pattern: engagement
of the Notch receptor with its ligand—delta family proteins
that are presented on the surface of partner cells—leads to
intramembrane proteolysis [sequential proteolysis by
adisintegrin and metalloproteinase (ADAM) metalloprotease
and the gamma-secretase complex (34)]. The induced cleavage
of the receptor releases the intracellular fragment of Notch.
A B DC

FIGURE 5 | Administration of TIGIT-Fc protects fetuses from abortion. Treatment with mTIGIT-Fc of pregnant CBA/J females mated with DBA/2J males at 1.5 and
3.5 dpc. (A), the total number of implantation sites and (B), Resorption rates were measured at 12.5 dpc in the mated female mice, n = 8. (C) Phenotypic analysis of
CD11c+ uterine DCs from mice treated with control IgG (Control) or TIGIT-Fc at 6.5 dpc. The percentages of MHC-II- and CD80-positive cells are plotted as bar
graphs (right panels), n = 8. (D) Percentages of CD4+Foxp3+ T cells in the uterus (left) and PALNs (right) of different groups were calculated by flow cytometry
analysis at 6.5 dpc. n = 8. Data are the means ± s.d (A–D) and all the P values were from a one-way ANOVA followed by Tukey post-test (A–D).
March 2021 | Volume 12 | Article 649135

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Fu et al. TIGIT-Fc Treatment Promote Fetomaternal Tolerance
Moreover, the TIGIT-CD155 signaling is also based on the cell-
to-cell contact, suggesting a potent crosstalk of those two
pathways between trophoblast and decidual immune cells.
TIGIT-Fc may be an effective treatment for recurrent
miscarriage, especially for those with TIGIT dysregulation or
low expression. Moreover, the pharmacokinetics of TIGIT has
been investigated in mice. Thus, preclinical study and clinical
study are expected to examine the efficacy of TIGIT-Fc in
recurrent miscarriage.

Here, recurrent miscarriage case showed a low expression of
TGIT; however, heterogeneity has also been observed. Novel
biomarkers associated with treatment outcome are therefore
needed to be identified. Notably, we provide evidence that
intervening the process of immune-related abortion with
TIGIT-Fc can be achieved, but our in vivo efficacy models may
not fully recapitulate human RAS, and the data are from a small
number of animals. Moreover, the mechanisms responsible for
these therapeutic effects of TIGIT-Fc are currently not
well characterized.
CONCLUSIONS

Overall, the immunoregulatory role of TIGIT-Fc may provide
insights into the regulation mechanisms of maternal immunity
that allow successful pregnancies. Moreover, our data on the
immunoregulatory therapeutic efficiency of TIGIT provided new
data and information for understanding the function of fusion
protein treatment under pathogenic conditions. TIGIT-Fc-based
bio-therapy is expected to be a potent approach for the treatment
of recurrent miscarriage with an immune etiology.
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Innovative Systems to Deliver
Allergen Powder for Epicutaneous
Immunotherapy
Yensheng Wang, Yifei Kong and Mei X. Wu*

Wellman Center for Photomedicine, Department of Dermatology, Massachusetts General Hospital, Harvard Medical School,
Boston, MA, United States

Allergy is a disorder owing to hyperimmune responses to a particular kind of substance
like food and the disease remains a serious healthcare burden worldwide. This unpleasant
and sometimes fatal allergic disease has been tackled vigorously by allergen-specific
immunotherapy over a century, but the progress made so far is far from satisfactory for
some allergies. Herein, we introduce innovative, allergen powder-based epicutaneous
immunotherapies (EPIT), which could potentially serve to generate a new stream of
technological possibilities that embrace the features of super safety and efficacious
immunotherapy by manipulating the plasticity of the skin immune system via sufficient
delivery of not only allergens but also tolerogenic adjuvants. We attempt to lay a
framework to help understand immune physiology of the skin, epicutaneous delivery of
powdered allergy, and potentials for tolerogenic adjuvants. Preclinical and clinical data are
reviewed showing that deposition of allergen powder into an array of micropores in the
epidermis can confer significant advantages over intradermal or subcutaneous injection of
aqueous allergens or other epicutaneous delivery systems to induce immunological
responses toward tolerance at little risk of anaphylaxis. Finally, the safety, cost-
effectiveness, and acceptability of these novel EPITs are discussed, which offers the
perspective of future immunotherapies with all desirable features.

Keywords: epicutaneous immunotherapy, microneedles, powdered allergens, tolerance, adjuvants
Abbreviations: AFL, Ablative fractional lasers; APCs, Antigen-presenting cells; B7.H. B7 costimulatory ligand homolog; BCG,
Bacillus Calmette–Guérin; CCR, C–C chemokine receptor; CD, Cluster of Differentiation; CLA, Cutaneous lymphocyte
antigen; CpG, Cytosine-phosphate-guanine; CXCR, C–X–C chemokine receptor; DCs, Dendritic cells; DETC, Dendritic
epidermal T cells; EPIT, Epicutaneous immunotherapy; GFP, Green fluorescent protein; GMP, Good Manufacturing Practice;
HA, Hyaluronic acid; ICER, Incremental cost-effectiveness ratio; ICOS-L, Inducible co-stimulatory molecule ligand; IDO,
Indoleamine 2, 3-dioxygenase; IgE, Immunoglobulin E; IL, Interleukin; ILT, Inhibitory Ig-like transcripts; LCs, Langerhans
cells; MHC, Major histocompatibility complex; MNA, Microneedle array; MPL, Monophosphoryl lipid; OIT, Oral
immunotherapy; OVA, Ovalbumin; PDL, Programmed cell death ligand; PLD-MNA, Powder-laden, dissolvable
microneedle array; PRR, Pattern recognition receptor; QALY, Quality-adjusted life year; RR, Relative risk; SCIT,
Subcutaneous immunotherapy; SLIT, Sublingual immunotherapy; TGF-b, Transforming growth factor beta; TLR, Toll-Like
Receptor; Treg, Regulatory T cells; VD3, Vitamin D3 or 1,25-dihydroxyvitamin D3.
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INTRODUCTION

Allergic diseases have been steadily rising and approximately 50
million Americans or 20% of the population in the United States
are now affected by one or more allergic conditions (1). Among
these allergic conditions, 220 to 520 million people are allergic to
one or more foods, which disproportionally affects children and
people in the industrialized countries (2). For instance, an
estimated 3.2 million Americans are allergic to peanuts, these
patients are at a daily risk of peanut anaphylaxis, and yet few
treatment options are available to them besides strict dietary
avoidance and carrying medication at all times for immediate
risk-relief like an adrenaline autoinjector (2, 3). Childhood food
allergy costs an estimated $24.8 billion annually, on average of
$4,184 a year per child, in which the direct medical cost is about
$4.3 billion a year, including clinician visits, emergency
department visits, and hospitalizations. Caregivers have
reported a willingness to pay $20.8 billion a year or $3,504 a
year per child for food allergy treatment alone (4). Cost-effective
analysis also estimates an incremental cost-effectiveness ratio
(ICER) of $2,142 per quality-adjusted life-year (QALY) when
intervention was compared to simple avoidance. Allergen-
specific immunotherapy (SIT) would lead to incremental
improvements of 1.15 QALY while costing $2,463 more than
the avoidance group over the 20-year model time horizon (4).
However, the estimation model was based on oral
immunotherapy that reported 12% of patients receiving
epinephrine during the treatment period of allergen escalation
and 6% receiving epinephrine during the maintenance, where
handling the severe adverse events took a great part of the heath
care spending.

Over a century, scientists have been looking for the cure to
the allergic diseases (5). The first successful clinical study was
dated back to 1911 when Leonard Noon and John Freeman
developed a protocol of subcutaneous injections of pollen
extracts with increasing doses according to a defined schedule
for patients with hay fever (6). The allergen-SIT resulted in
hyposensitization that was significantly more effectively
induced in a higher dose than in a lower dose of pollen
allergens for treating hay fever (6). This concept has been
since implemented in treatment of all allergies (5, 7).
However, due to a high risk of anaphylaxis, a long period of
treatment required, and a low therapeutic efficacy, SIT is only
practiced in the clinics for some allergies and new therapeutic
concepts have continuously emerged for more effectively and
safely tackling other allergies like peanut allergy. Most of the
current therapeutic approaches are using chemical allergoids,
oral immunotherapy (OIT), sublingual immunotherapy (SLIT),
subcutaneous immunotherapy (SCIT), and epicutaneous
immunotherapy (EPIT) with or without concurrent biological
immune modifiers such as Omalizumab, an anti-IgE antibody
(2). Other experimental methods in development are DNA
vaccine and gene therapy (5, 8). Yet, all these SITs are
moderately effective and require more than 50 treatments
over 2~3 years to have temporarily effects, so that only <5%
of patients choose these treatments.
Frontiers in Immunology | www.frontiersin.org 2192
THE SKIN IS A SAFE AND EFFECTIVE
SITE FOR IMMUNOTHERAPY

Skin is the biggest organ system in our body and constantly
encounters massive environmental insults due to its large surface
area. It must rigorously keep a balance between defending
hazardous pathogens and preventing overreaction to the
innocuous substances. The stratum corneum, the outermost
layer, of the skin comprises layers of specialized skin cells, also
called horny layer and serves as a physical barrier to separate
external from internal insults (Figure 1). It is impermeable to
macromolecules and thus delivery of allergens, most of which are
large in sizes, through intact skin, is extremely challenging
(Figure 1). The epidermis beneath the stratum corneum is an
epithelial layer primarily composed of keratinocytes, Langerhans
cells (LCs), macrophages, and dendritic epidermal T cells
(DETCs). In a steady state, most LCs are restricted to the
epidermis and only a small fraction, about 2–3%, are mobile
and constantly moving from the skin to the draining lymph
nodes (DLN) via the lymphatic vessels in the dermis to present
self-antigens and establish the immune tolerance in homeostatic
conditions (9). The epithelial cells are able to divide rapidly
around a wound once it occurs, migrate across the wound and
close it, making it possible for a micropore at a size of 10-times
smaller than a hair to be sealed within 2-4 hours to restore the
skin barrier function and fully closed within 15-40 hours as
unraveled by a clinical study of micropore closure kinetics (10–
13). This fast sealing characteristic is essential for the first-line
body defense and epidermal barrier integrity and has been well
appreciated in skin resurfacing (13–16). This unique feature of
the skin raises an intriguing possibility that allergens can be
sufficiently delivered into the epidermis via an array of
micropores without incurring any overt irritation of the skin.
Apart from fast healing, the epidermis is a non-vascularized
tissue that limits an entrance of allergens into the bloodstream
and averts anaphylaxis. The dermis is a stromal layer
immediately below the epidermis wherein a variety of immune
cells can be found, including T cells, mast cells, macrophages,
and dendritic cells (DCs) (17, 18).

The skin is long recognized as a preferable site for tolerance
induction. The complex interplay among various immune cells
maintains skin homeostasis. In the absence of local inflammation,
skin DCs remain immature with a low surface expression of MHC
class II and costimulatory molecules, reflecting their participation
in the maintenance of peripheral immune tolerance by induction
of T regulatory (Treg) cells and T‐cell anergy/deletion (19–22).
Treg cells are generated in the draining lymph nodes and
circulated back to tissues where allergens are found. In the
tissues, Treg cells constantly guide DCs to retain a tolerogenic
state by secreting tolerogenic cytokines IL-10 and TGF-b (Figure
1) (19). Treg cells also suppress mast cells and Th2 cells rendering
them unresponsive to allergens. M2-like tissue-resident
macrophages are another major subset of tissue-resident
macrophages and exhibit immunoregulatory and hypo-
stimulatory properties that are sustained after migration to the
secondary lymphoid organs to induce antigen-specific Tregs
March 2021 | Volume 12 | Article 647954
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(23, 24). These anti-inflammatory M2-macrophages are essential
effector cells in mediating hypo-responsiveness following EPIT
(25). In addition, they also play an essential role in scavenging
degraded intermediates of self-macromolecules to maintain the
immunotolerant environment of the skin (17, 26). Cell to cell
cooperation in orchestrating tolerogenic responses is the
cornerstone in maintaining skin homeostasis. The balance in
inflammatory responses or tolerance responses is a complex
system that recent studies have been scrutinized (9, 17, 27, 28).

Emerging findings indicate that skin-derived tolerance has a
unique property of systemic effects. It has been shown that EPIT
exerts tolerogenic effects that are not limited to local
desensitization and can be extended to the gut mitigating food
allergy or the airway alleviating hyperresponsiveness to allergens
in the respiratory system (29–31). Moreover, recent studies
unraveled that skin-derived T cells and blood-derived T cells
expressed a different set of genes involved in tissue homing and
cell activation (32, 33). Treg cells induced via skin immunization
express the characteristic regulators in guiding the migration
toward respiratory and gastrointestinal systems in addition to the
skin. These regulators include cutaneous lymphocyte antigen
(CLA) and chemokine receptors CCR3, CCR4, CCR6, CXCR3,
CCR8, and CCR9 (34, 35). In accordance with this, EPIT proved
efficacious in alleviation of bronchial hyper-responsiveness,
eosinophil recruitment in the skin, and food allergy (29, 30,
36). The finding that skin-derived tolerance manifests a global
effect rather than local desensitization opens a window to the
immunological engineering that could modulate the systemic
tolerance and destination-targeting signaling via the skin.
Frontiers in Immunology | www.frontiersin.org 3193
CONVENTIONAL “EPICUTANEOUS”
IMMUNOTHERAPY

EPIT was initiated over a century ago but it has been successful
in treatment of only some allergies. One of the major challenges
for EPIT is how to deliver a sufficient amount of allergens into
the epidermis through intact skin without incurring too much
Th2 immune response because a majority of allergens are
macromolecules and cannot penetrate through the stratum
corneum. To circumvent this barrier, Vallery-Radot prepared
the skin for immunotherapy by scarification, followed with an
allergen applied onto the scarified skin dated back to 1921.
Dropping allergen extract onto scarified skin or rubbed skin
alleviated allergic symptom in a number of studies (37, 38).
These pioneer EPITs however did not fully realize the advantage
of the skin’s innate immune properties, but rather utilizing
scarified skin mainly to bypass the stratum corneum barrier to
deliver allergen to the epidermis, which however induces
unwanted Th2 immune responses (38). In many cases, skin
scarification itself can worsen allergic responses, because the skin
is sensitive to various insults and invaders and can be a site for
inducing either sensitization or immune tolerance. To mitigate
these adverse events, gentle physical disruption of the skin by
tape-stripping was attempted in place of scarification in humans.
Although tape-stripping significantly increased penetration of
allergens into epidermis (39), this physical skin aberration,
similar to scarification, also provoked release of pro-
inflammatory cytokines like thymic stromal lymphopoietin
(TSLP), TH2 immune responses, and allergic sensitization (40).
FIGURE 1 | Anatomy and cell composition of the skin. In the absence of any insult, the skin is retained at a steady state by interplays among different immune cells: LC,
Langerhans cells; M2-like, M2-like tissue resident macrophages; DETC, dendritic epidermal T cells; tolerogenic dendritic cells (DC); Treg, T regulatory cells; and skin-resident
T cells. These immune regulatory cells work in concert to suppress the hyperimmune reaction of type 2 help T cells (Th2) and mast cells. LV, lymphatic vessel.
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Alternatively, intradermal (ID) administration was
investigated to minimize skin damage, but it required skillful
medical workers to use the Mantoux technique. There is no
guarantee to be successful for every injection. In case allergens
were administered into an inappropriate depth, it could cause
anaphylaxis. ID injection has been recently improved with a
small, thin, 1.15 mm long needle pressing perpendicularly to the
skin, which injects a very small volume (2 µl) (36G ID injection
system from Terumo). The small and thin needle warrants not
only intradermal delivery but also no need for skilled healthcare
workers to do the injection (41). In comparison with dropping
allergen solution directly onto tap-stripped skin, ID-mediated
EPIT significantly diminished allergen-specific IgE production
while increasing IgG production in sensitized mice (41).
Although ID-EPIT is safer than SCIT, it is disappointing for its
low efficacy compared with SCIT, OIT or SLIT, largely because a
limited volume can be inoculated into the skin. On the other
hand, a large volume administered comes with high levels of skin
reactogenicity. A growing body of evidence suggests that allergen
activates antigen-presenting cells (APCs) in the epidermis,
promotes allergen-specific Treg cells, and significantly inhibits
allergic responses, which occurs best in intact skin (35, 36). Any
significant damage of the Skin can breach the skin barrier
causing type 2 immune response that can worsen IgE-mediated
allergic responses.
INNOVATIVE EPIDERMAL POWDER
DELIVERY SYSTEMS

Viaskin
To minimize type 2 immune responses of the skin, Viaskin is
designed to facilitate diffusion of powdered allergen from skin
surface to the epidermis through intact skin (42). It is engineered
by electronically spreading powdered allergens onto a supporting
membrane that is sealed in a chamber. When applied on the skin,
Viaskin creates an occlusive chamber on the skin in which
moisture is rapidly generated and accumulated, solubilizing the
allergens in the supporting membrane. The powdered allergens
are gradually solubilized and slowly released from the supporting
membrane, allowing it to penetrate the epidermis via the skin
surface (36, 43). The delivery system doesn’t damage the skin or
cause significant Th2 immune response. Clinical studies showed
that Viaskin provoked less than 20% mild nonpatch‐site
reactions with the treatment success of 45.8% in 100 µg group
and 48% in 250 µg group (p=.003 and p=.005, respectively) as
compared to 12% in the placebo group in a phase IIb trial (42,
44). In phase III trials, EPIT using 250 µg Viaskin significantly
improved the allergy symptom by 35.5% in children aged 4-11
years after 12 months of treatment compared to 13.6% in the
placebo group (p<0.001: 95% confidence interval = 12.4-29.8%)
(42, 45). While successfully increasing peanut tolerance, Viaskin-
mediated EPIT did not evoke anaphylaxis in the clinical study,
reaffirming super safety of the EPIT. However, the treatment was
not effective in patients at age >11 years who may have thicker
and drier skin than younger ones, moisture of which may not be
Frontiers in Immunology | www.frontiersin.org 4194
sufficient for allergen penetration. It is also possible that an
allergen dose delivered by a Viaskin diminishes in proportion to
an increase of body weight and thus the allergen dose as µg/kg is
considerably lower once toddlers grow up.

Viaskin has recently received fast track and breakthrough
therapy designation from the U.S. Food and Drug Administration
(FDA) for the treatment of peanut allergy in children ages 4 to 11.
Although Viaskin-mediated EPIT has a better safety effect, its
efficacy is modest and the treatment benefits only a subgroup of
patients (42, 44–46). This limitation is ascribed primarily to its
insufficient delivery of allergens into the skin. Viaskin delivers only
less than 10% allergen in the supporting membrane into the
epidermis after a 24-hr application, whereas prolonged patch
wearing causes significant skin irritation (47–50). Moreover,
Viaskin is limited to deliver water soluble allergens only and it
would be also challenging to add tolerogenic adjuvants to
the system.

Ablative Fractional Laser for More
Sufficient Epidermal Delivery
It has been known for a long time that dosage pertains to the level
of tolerance; more, higher intensity of treatment fosters a greater
probability of tolerance, as demonstrated by a number of studies
regardless of whether OIT, SLIT, or EPIT are employed (31, 44,
46, 51). However, a high allergen dose is more likely associated
with untoward adverse events, particularly life-threatening
anaphylaxis, which remains the major concern. To increase the
delivery efficacy without provoking untoward adverse events,
ablative fractional laser (AFL) was attempted to generate a
microchannel array in the epidermis followed by topical
application of a powder allergen-coated array patch (52–55).
The powdered allergens delivered within the microchannels are
hydrated by interstitial fluid drawn into the microchannels,
gradually dissolving and spreading over the epidermis. A
majority (80%) of the allergens on the patch could be delivered
into the epidermis in 1 hr in vivo in mouse models and ex human
and pig skins (53, 54). Tolerogenic adjuvant could be readily
added to the delivery system, greatly enhancing the therapeutic
efficacy in the preclinical studies (53, 54).

Remarkably, after the powdered allergen patch was applied
onto laser-microporated skin, a large number of APCs were
attracted and accumulated gradually around each microchannel,
as captured by intravital confocal microscopy in mice expressing
GFP-infused toMHC class II molecule. As can be seen in Figure 2,
fluorescently labeled ovalbumin (OVA) powder (red) is deposited
into an array of well-separated microchannels generated by AFL in
the epidermis on day 1 (d1). GFP+ APCs migrate toward
individual microchannel (red) composed of powdered OVA
over time, becoming highly significant on day 2 (d2), peaking
on day 3 (d3), and declining over 6 to 10 days until all powder is
ingested (Figure 2). The skin becomes normalized at a cellular
level after 10 days of patch application (Figure 2). On high
magnification, antigen-uptake is evidenced by emerged yellow
colors of green (APCs) and red (OVA) (3rd and 4th rows,
Figure 2). Conceivably, allergens within each microchannel can
continuously stimulate the immune system for a week, mimicking
March 2021 | Volume 12 | Article 647954
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multiple doses of immunizations, which is known to favorably
induce immune tolerance (54). The compartmentalized antigen-
uptake and APC accumulation not only warrant efficiency of the
immunotherapy, but also minimize leakage of allergens into the
circulating system (54). Likewise, Korotchenko et al. applied house
dust mite (HDM) into micropores generated in the skin of
sensitized mice with a laser device called P.L.E.A.S.E.® (Precise
Laser Epidermal System from Pantec Biosolutions AG) (56). The
epicutaneous laser microporation preferentially induced Treg
cells over SCIT (57). The same laser-facilitated EPIT was also
investigated in a mouse model of pollen allergy (58). In the study,
the major birch pollen allergen Bet v 1 was neoglycoconjugated to
mannan via mild periodate oxidation. Delivery of this DC-
targeted allergens into the epidermis by laser-microporation was
superior to intradermal injection in the induction of
desensitization (59). However, inconvenience, safety, and cost
that come with laser-microporation in the therapy remain to be
resolved before it can be broadly practiced in clinics, especially for
home uses.

Microneedle Arrays (MNA)
In the past decades, various types of microneedles have been
developed and evaluated for transdermal drug delivery, including
solid, coated, hollow, and dissolving microneedles (11, 48, 60).
These microneedle patches can perpendicularly penetrate into
the epidermis layer of the skin in a minimally invasive fashion.
Upon microneedle application, micropores are created across the
stratum corneum layer, through which any macromolecules can
Frontiers in Immunology | www.frontiersin.org 5195
enter the epidermis freely. The size of a microneedle is smaller
than a hair and varies from 50 to 250 µm in a length of 150–1500
µm and tip thickness of 1–25 µm. The skin micropore can be
sealed in 24 hr without incurring any significant downside of the
skin as described above. Solid microneedles are employed to
microporate the skin resembling ablative fractional laser.
Allergen-immersed patch is applied topically onto the
microporated skin after removal of the microneedle array
(Figure 3A, 1st panel). The allergens on the patch enter the
microchannels by the capillaries and passive diffusion into skin
layers via the micropores. Coated microneedles come next by
coating the allergen solution or allergen dispersion layer on the
surface of each microneedle in the array (Figure 3A, 2nd panel).
Subsequent dissolution of allergens from the layer takes place
and the allergens are delivered quickly after applying the array
onto the skin. Unlike solid microneedles, dissolving
microneedles are fabricated with biodegradable polymers
(Figure 3A, 3rd panel). Prior to polymerization, the drug or
allergens are mixed with the mono-polymer so that the allergens
or drugs can be uniformly embedded within the microneedles.
Upon inserting into the skin, microneedles degrade releasing the
allergens in the epidermis. The polymer can be manipulated to
control a degradation rate of the microneedles and thus the rate
of allergens release. The bio-acceptability and dissolution of the
polymer inside the skin make it possible for releasing the
allergens at a desirable pace. Among these microneedle arrays
(MNAs), coated and dissolving MNAs have been investigated to
deliver allergens or influenza vaccines through the skin to
FIGURE 2 | Dynamic accumulation of APCs around each powder allergen zone. Ears of MHC II-EGFP (green) mice were treated with AFL or left untreated (control)

followed by topical application of ovalbumin (OVA)-coated gauze patch for 30 min. The OVA was conjugated with red fluorescence Alexa Fluor™ 647 (AF647-OVA).
The epidermal layer was subjected to intravital confocal imaging at the indicated times. Representative low (1st row, scale: 750µm), middle (2nd row, scale: 300µm),
high magnification images (3rd row, scale: 75µm) are shown. Areas within the white rectangle (3rd row) are enlarged to show the antigen-uptake by individual APCs
(arrow, 4th row, scale: 25µm). Yellow color suggests antigen-uptake by APCs. No antigen uptake occurred in untreated control ear and thus day 2 images are
arbitrarily shown.
March 2021 | Volume 12 | Article 647954

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wang et al. Treatment of Allergy With New Technology
activate immune system (61–65). For instance, Spina et al. used
microneedle arrays superficially coated with birch pollen on each
microneedle to deliver the allergens into the skin in humans
demonstrating an improved desensitization efficacy compared
with tape-stripping or skin prick testing (39). Microneedles
coated with peanut protein extract were fabricated to treat
peanut allergy in murine models as well (61).

One of major drawbacks in association with the coated and
dissolvable microneedles is a severe loss of antigenicity or
allergenicity during microneedle fabrication. It was found that
more than 50% immunogenicity lost even with additives because
a repeated process of dipping and drying of the allergen was
involved in the coating process. Likewise, dissolving MNAs are
made of a mixture of mono-polymer and allergens followed by
polymerization that could compromise the immunogenicity
considerably. Hence, various excipients, stabilizers, and pH
buffers must be tested to optimize the coating and
polymerization procedure so that allergenicity can be well
preserved. The optimization procedure is not only time-
consuming but also allergen specific. For food allergens
comprising multiple active ingredients, the optimization
procedure remains significant hurdles as it is almost impossible
to find a single recipe to preserve all active allergens sufficiently.
Moreover, some of the allergens are still undefined, and the
resistance of the allergens to the polymerization and quality of
Frontiers in Immunology | www.frontiersin.org 6196
the allergens in the microneedles cannot be readily measured. To
tackle this issue, hollow microneedles with a tiny hole through
each microneedle are fabricated and filled with soluble allergens
and/or adjuvants (Figure 3A, 4th panel). Following insertion, the
allergens and adjuvants can be directly pressed into the
epidermis. The flow rate and release pressure can be adjusted
to safely administer allergens and adjuvants without any
concerns about a loss of their allergenicity or adjuvanticity.

Powder-Laden Dissolvable Microneedle
Arrays (PLD-MNA)
A new technology of a powder-laden, dissolvable microneedle
array (PLD-MNA) has recently been engineered to untangle
many obstacles of the aforementioned powder allergen deliveries.
As depicted in Figure 3B, PLD-MNA is made of highly
biocompatible and dissolvable hyaluronic acid (HA) or other
equivalent materials with a cave in the basal of each microneedle
in the array (a). The first microneedle in (a) is outlined in dash
lines to show the depth and size of a cave relative to the
microneedle. Each cave can be filled directly with lyophilized
allergens without any modification or reconstitution, with which
the immunogenicity of the allergens is 100% preserved (b). A
supporting layer is added to seal the caves as well as to support
the MNA (c). The shaft of caved MNA can be dissolved in 15~20
min after skin insertion (d), depositing the powder in the
A

B

FIGURE 3 | Various microneedle arrays. (A) Different types of microneedle arrays. From the left to right are solid, coated, dissolving, and hollow microneedle arrays.
Solid microneedles are used to poke tiny holes in the skin and then removed, followed by placing an allergen-soaked patch on the pre-treated skin. Coated
microneedles are inserted and remain in the skin for a while to allow coated allergens (red) dissolving off the microneedles. Dissolving microneedles are inserted into
the skin and degraded gradually releasing the embedded allergens. Hollow microneedles are filled with allergen solution and deposit the allergen in the epidermis by
pressure. (B) PLD-MNA. Green represents caved microneedles with a cave outlined in one microneedle (a). Powdered allergen (red) is loaded into the caves (b). A
support (blue) is added to seal the caves and secure the array (c). After inserting into the skin for 15-20 min, the shaft of the microneedles degrades, exposing the

powder in the epidermis (d, e). The powdered allergen attracts a large number of APCs around the powdered allergen (e). Epi, epidermis and , APC.
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epidermis and attracting a large numbers of APCs (e), similar to
what is seen in Figure 2 (25, 66). The powdered allergens are
retained within the epidermis for a prolonged period of time,
creating an “antigen (Ag)-depot” effect. Moreover, in contrast to
aqueous allergens spreading quickly into the circulation, the
powdered allergens are secured in the epidermis with minimal
leakage to the circulating system (25, 54).

We have demonstrated a delivery rate of 80% in 1 hr of patch
application in vivo in mouse models (25, 66). In the preclinical
study, PLD-MNA was packaged with a mixture of powdered
peanut allergen (PNA), 1,25-dihydroxyvitamin D3 (VD3), and
CpG. The PNA/VD3/CpG-laden MNA was more effective in
treatment of peanut allergy in a murine model compared with
intradermal injection (25). Powdered allergens delivered by
PLD-MNA preferentially attracted immunoregulatory
macrophages and stimulated the cells to produce IL-10 and
TGF-b at the immunization site, resulting in an increasing
number of Treg cells in lymph tissues in association with
systemic tolerance. PNA/VD3/CpG-laden PLD-MNA was safer
than EPIT administered intradermally or subcutaneously and
reduced the number of treatments by half and the total amount
of PNA and adjuvant by 80% to achieve similar outcomes as
conventional ID-EPIT (25). While Viaskin’s efficacy is
dependent on age working poorly in patients at age > 11 years,
we don’t think this age-dependent effect is an issue for PLD-
MNA as it delivers powdered allergens into the epidermis via
micropores generated mechanically by microneedles. In
addition, PLD-MNA is expected to have a shorter application
time which can reduce skin reactogenicity and broaden its
application at all ages. Furthermore, the ability of delivering
allergens mixed with tolerogenic adjuvants in the therapy should
greatly diminish the number and length of treatments, which
would result in more patient complicance (25). Nevertheless, all
these advantages in association with PLD-MNA-mediated EPIT
wait to be corroborated in humans.

The advantages of PLD-MNA are apparent. It can deliver any
allergens as long as their powder forms are available even if the
molecules in the allergens are not identified. It is also accessible
and could be widely implemented in clinics or home once proven
in human studies. It is worthwhile to point out that a complete
insertion of the PLD-MNA into the skin is not always necessary
for sufficient delivery of the encapsulated powder, because the
powder can be drained into the skin by the interstitial fluid influx
even if the powder is placed on top of the skin. In support, we
have recently shown that powder placed on top of a skin
microchannel could sufficiently enter the skin via the
microchannel as a result of the powder allergen capable of
sucking interstitial fluid (67, 68). The capability of powder
being drained into the skin by the interstitial fluid warrants
consistency of the therapy even when the PLD-MNA be inserted
imperfectly, which can happen during self-application at home.
Moreover, PLD-MNA would allow a delivery of a high amount
of allergen into the skin in hours with slight modification, for
instance, by raising the height of the basal cave above the skin as
we recently described (67). The loading capacity can be also
escalated by enlarging and prolonging the microneedles for
Frontiers in Immunology | www.frontiersin.org 7197
human uses owing to much thicker human skin than mouse
skin and/or increasing the density of microneedles. Furthermore,
with a small volume, PLD-MNA also features the convenience of
storage and transportation.
ADVANTAGE OF POWDER OVER
AQUEOUS ALLERGENS FOR EPIT

Currently, powdered allergens can be delivered into the epidermis
with three technologies: Viaskin, laser-based microporation, and
PLD-MNA. There are various lyophilized extracts of allergens
available for skin prick testing and SIT. Those extracts can be
directly loaded into PLD-MNA or microporated skin for EPIT
without the need for additives, stabilizers, or excipients.
Identification of the specific allergens is neither needed. Apart
from allergen preservation, the powdered form of allergens can
avoid chemical modification and degradation even after a long
storage period compared to aqueous forms. As for PLD-MNA, the
patches can be mailed to patients for home-uses and stored for a
long time. No reconstitution of the allergens is required for the
immunotherapy at home. Powder allergens are gradually dissolved
by interstitial fluid in situ, which not only intrinsically creates
antigen-“depot” effects, but also reduces the risk of anaphylaxis, a
main concern in treating many allergies, especially food allergy.
This prolonged duration of allergen release followed with PLD-
MNA could constantly stimulate the immune system, mimicking
daily desensitization treatment; thus, skewing the immunological
responses to the tolerogenic state. On the contrary, aqueous forms
of allergens administered intradermally or subcutaneously or with
hollow microneedles diffused out from injection site quickly as
evidenced by their increasing appearance in the circulation in a few
hours after injection (25, 54). The quick diffusion increases the risk
of anaphylaxis while reducing the immunotherapeutic efficacy.

Immunologically, allergens deposited by PLD-MNA attract
migratory macrophages or tissue-resident macrophages leading
to their accumulation around each allergen spot until all the
allergen is eaten up in a manner similar to powered allergen
delivered by laser-microporation described in Figure 2 (25). The
macrophages expressed IL-10 and TGF-b and migrated to the
draining lymph nodes stimulating CD25+Foxp3+ Treg cells.
These Treg cells could be found in the draining lymph nodes,
spleen, and mesenteric lymph nodes (MLN) of allergen-
sensitized mice and are associated with systemic tolerance.
Under similar conditions, allergens administered by
intradermal injection was significantly inferior in terms of
macrophage accumulation, IL-10 and TGF-b generation, and
Treg cell induction (25). Moreover, intradermal injection of
allergens caused significant skin irritation and required 5-fold
more peanut allergen and VD3 and CpG adjuvant for similar
desensitization outcomes as compared with PLD-MNA-
mediated EPIT (25). Different from PLD-MNA, allergen
delivered by Viaskin was mainly captured by LCs and CD11b+

dermal DCs and depletion of LCs caused dramatic decreases in
the efficacy of desensitization (35, 36). By capturing in the
epidermis, rather than in the dermis, allergen delivered by
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either Viaskin or PLD-MNA effectively avoids sensitization by
activated keratinocytes or APCs in the dermis. Moreover, the two
EPIT stimulated the generation of Treg cells, which directly
suppressed mast cell activation, leading to sustained clinical
protection against food-induced anaphylaxis. Interestingly, in
spite of both inducing Treg cells, Viaskin brought about more
LAP+ Treg cells in the MLN, while PLD-MNA induced a
significant number of conventional CD25+Foxp3+ Treg cells in
the MLN (25, 29). These observations suggest distinct immune
properties between the two EPITs although both technologies
deliver powdered allergens into the epidermis. A further
investigation of the underlying immune differences between
the two EPIT would help us to better understand the potential
of EPIT in general.
ADJUVANTS FOR IMMUNOTOLERANT
PROPENSITY

Only three adjuvants have been licensed by FDA for human
vaccines so far: i.e. Alum, monophosphoryl lipid A (MPL), a
TLR4 agonist, and MF59, but all three are approved for boosting
vaccines not for allergen-specific immunotherapy. Similar to
adjuvant in vaccines that can bolster the vaccine efficacy,
adjuvants can also amplify tolerant immune responses that are
expected to substant ia l ly improve al lergen-specific
immunotherapy. These adjuvants are also called tolerogenic
adjuvants. Skin-derived immunotherapy with adjuvant has
been proposed to modify the cytokine environment and direct
the immunological response toward a tolerogenic state. Several
studies have shown adjuvant application could enhance
tolerance in treating allergy (54, 67–69). To date, tolerogenic
adjuvants remain largely under investigated. Most of tolerogenic
adjuvants are defined or screened initially by their ability to
suppress immune responses elicited by a vaccine in non-
sensitized subjects, which are inappropriate as immune
suppressive effects vary substantially in sensitized vs. non-
sensitized individuals. Another type of adjuvant for tolerance
induction that is commonly tested is the adjuvant that promotes
Th1 immune responses. These two types of adjuvants may not be
sufficient. Tolerogenic adjuvants should be more extensively
investigated in allergen-sensitized subjects as these subjects
respond to a given adjuvant very differently from those non-
sensitized subjects.

We screened various prominent experimental adjuvants for
their ability to induce anti-inflammatory cytokines like IL-10 and
TGF-b at the site of ID immunization because of an importance
of the cytokines in the induction of Treg cells (54). We found that
a combination of VD3 and CpG could be a competent
tolerogenic adjuvant not only because they had a safety profile
but also because they appeared to have the best tolerogenic effect
among a group of prominent experimental adjuvants tested (54).
In the preclinical study, the pair displays more effective in
alleviating allergic responses, comparing to CpG alone or CpG +
rapamycin (54). VD3 can be speculated to be a great adjuvant
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candidate because in the skin, tolerogenic function of DCs is
influenced by VD3 (70, 71). An ex-vivo study has suggested
treatment of DCs with VD3 could elicit Treg-inducing
tolerogenic DCs (72). Exposure to VD3 can inhibit the
expression of MHC class II, CD80, and CD86 on DCs with a
high ratio of PD-L1/CD86, while reducing the production of pro-
inflammatory cytokines such as IL-12 and IL-23, and increasing
TGF- b and IL-10 production. Although retinoid acid also plays a
role in triggering tolerance, retinoid acid (RA) appears not to be
the best candidate in epicutaneous immunotherapy in the basis of
our observation (54). It is because there are much fewer RA-
producing DCs in skin-draining lymph nodes than in the
intestinal tract (73). VD3 favored Treg cell development and
blocked B-cell proliferation and differentiation toward antibody-
producing plasma cells; it is therefore a potential adjuvant
candidate in epicutaneous immunotherapy.

CpG, a TLR9 agonist, is also indicated as a potential adjuvant
for EPIT. Previous studies suggested that epicutaneous
immunization with OVA and CpG reduced the production of
OVA-specific IgE and Th2 cytokines including IL-4, IL-5 and IL-
13, concomitant with increased synthesis of OVA-specific
IgG2a antibodies (54, 69). In a double-blind, placebo-
controlled, phase II clinical trial, subcutaneous injection of
ragweed pollen antigen conjugated to CpG motif demonstrated
suppress ion of ant igen-specific IgE antibody (74) .
Immunomodulation by CpG has been found to prevent
allergic symptoms in experimental animal models as well (25,
54). Our recent observations suggested that stimulation of IL10
and TGF-b in skin resident macrophages by VD3 and CpG could
lead to enhanced induction of Treg cells (25). Even though
epicutaneous immunotherapy is already demonstrated to be
safe and effective, adding adjuvants could create a tolerogenic
microenvironment that sustains allergenic tolerance and serves
as a safer strategy in controlling the untoward anaphylaxis.

Various anti‐inflammatory cytokines and immunosuppressive
agents can program DCs to acquire tolerogenic properties and
promote the induction of IL‐10, Indoleamine 2, 3-dioxygenase
(IDO), and TGF‐b that are critical for promoting Treg cell
responses or inducing the expression of cell surface molecules
such as ILT3/4, PDL1/2, ICOS‐L, B7.H, CD95L, which promote T‐
cell anergy or deletion or Treg cells (19, 75, 76). These studies
emphasize the major role to play with cellular interactions and the
microenvironment in programming tolerogenic DCs and
macrophages, forming a basis for initial screening novel
tolerogenic adjuvants. Further understanding how various
suppressive cytokines and surface molecules govern the central
and peripheral tolerance is essential for identifying novel adjuvants
for effective and sustained SIT.
DISCUSSION

Powder allergen-based immunotherapy represents a future trend
of EPIT. PLD-MNA, Viaskin, and laser-mediated microporation
can sufficiently carry powdered allergens into epidermis with
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minimal skin reaction. These innovative delivery technologies
are able to fully preserve the allergenicity and/or adjuvant,
programming tolerogenic microenvironment that rewires the
immunological response to induce tolerance. PLD-MNA is
ready-to-test for clinical trials in treatment of miscellaneous
allergies, should PLD-MNA be fabricated in a large-scale Good
Manufacturing Practice (GMP). In comparison with Vaskin-
mediated EPIT that relies on the permeability of a specific
allergen into the epidermis via moisture and intact skin, PLD-
MNA has a much higher powder delivery rate and displays a
feature of sustained release as well as prolonged stimulation of
the immune system if it can be proven in humans. Future
investigation should further unravel the intertwined
mechanism of skin-resident tolerogenic APCs, especially
tolerogenic macrophages and Treg cells and underneath
immunological signaling as these modulation programs will
delineate a future immunological manipulation that controls
the tolerogenic or immunogenic immune responses in
vulnerable population.
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28. Palomares O, Akdis M, Martıń-Fontecha M, Akdis CA. Mechanisms of
immune regulation in allergic diseases: the role of regulatory T and B cells.
Immunol Rev (2017) 278:219–36. doi: 10.1111/imr.12555

29. Tordesillas L, Mondoulet L, Blazquez AB, Benhamou PH, Sampson HA, Berin
MC. Epicutaneous immunotherapy induces gastrointestinal LAP(+)
regulatory T cells and prevents food-induced anaphylaxis. J Allergy Clin
Immunol (2017) 139:189–201.e184. doi: 10.1016/j.jaci.2016.03.057

30. Mondoulet L, Dioszeghy V, Larcher T, Ligouis M, Dhelft V, Puteaux E, et al.
Epicutaneous immunotherapy (EPIT) blocks the allergic esophago-gastro-
March 2021 | Volume 12 | Article 647954

https://doi.org/10.1016/j.otc.2011.03.001
https://doi.org/10.1038/nrdp.2017.98
https://doi.org/10.1001/jamanetworkopen.2018.5630
https://doi.org/10.1016/j.jaci.2015.12.1174
https://doi.org/10.1111/j.1398-9995.2010.02541.x
https://doi.org/10.1111/j.1398-9995.2010.02541.x
https://doi.org/10.1016/S0140-6736(01)56900-7
https://doi.org/10.1111/j.1398-9995.1955.tb03687.x
https://doi.org/10.1111/j.1398-9995.1955.tb03687.x
https://doi.org/10.1038/nm.2754
https://doi.org/10.3389/fimmu.2018.00093
https://doi.org/10.1016/j.jconrel.2011.05.021
https://doi.org/10.1016/j.addr.2018.03.010
https://doi.org/10.1021/mp3007083
https://doi.org/10.1016/j.jconrel.2013.06.035
https://doi.org/10.1002/lsm.20048
https://doi.org/10.1016/j.cps.2011.02.008
https://doi.org/10.1007/s11095-010-0122-x
https://doi.org/10.1038/nri3683
https://doi.org/10.1016/j.immuni.2010.10.007
https://doi.org/10.1016/j.immuni.2010.10.007
https://doi.org/10.1016/B978-0-12-380995-7.00004-5
https://doi.org/10.1016/B978-0-12-380995-7.00004-5
https://doi.org/10.1111/j.1600-065X.2011.01015.x
https://doi.org/10.3389/fimmu.2017.01514
https://doi.org/10.1007/s00281-016-0587-8
https://doi.org/10.3389/fimmu.2018.02817
https://doi.org/10.1172/JCI73527
https://doi.org/10.1016/j.jaci.2019.11.022
https://doi.org/10.1038/nature11930
https://doi.org/10.1038/nri.2016.111
https://doi.org/10.1038/nri.2016.111
https://doi.org/10.1111/imr.12555
https://doi.org/10.1016/j.jaci.2016.03.057
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wang et al. Treatment of Allergy With New Technology
enteropathy induced by sustained oral exposure to peanuts in sensitized mice.
PloS One (2012) 7:e31967. doi: 10.1371/journal.pone.0031967

31. Dhami S, Kakourou A, Asamoah F, Agache I, Lau S, Jutel M, et al. Allergen
immunotherapy for allergic asthma: A systematic review and meta-analysis.
Allergy (2017) 72:1825–48. doi: 10.1111/all.13208

32. Hijnen D, Nijhuis E, Bruin-Weller M, Holstege F, Koerkamp MG, Kok I, et al.
Differential expression of genes involved in skin homing, proliferation, and
apoptosis in CD4+ T cells of patients with atopic dermatitis. J Invest Dermatol
(2005) 125:1149–55. doi: 10.1111/j.0022-202X.2005.23932.x

33. Howell MD, Fitzsimons C, Smith PA. JAK/STAT inhibitors and other small
molecule cytokine antagonists for the treatment of allergic disease. Ann
Allergy Asthma Immunol (2018) 120:367–75. doi: 10.1016/j.anai.2018.02.012

34. Huehn J, Hamann A. Homing to suppress: address codes for Treg migration.
Trends Immunol (2005) 26:632–6. doi: 10.1016/j.it.2005.10.001

35. Dioszeghy V, Mondoulet L, Puteaux E, Dhelft V, Ligouis M, Plaquet C, et al.
Differences in phenotype, homing properties and suppressive activities of
regulatory T cells induced by epicutaneous, oral or sublingual immunotherapy
in mice sensitized to peanut. Cell Mol Immunol (2017) 14:770–82. doi:
10.1038/cmi.2016.14

36. Dioszeghy V, Mondoulet L, Dhelft V, Ligouis M, Puteaux E, Benhamou PH,
et al. Epicutaneous immunotherapy results in rapid allergen uptake by
dendritic cells through intact skin and downregulates the allergen-specific
response in sensitized mice. J Immunol (2011) 186:5629–37. doi: 10.4049/
jimmunol.1003134

37. Pautrizel R, Cabanieu G, Bricaud H, Broustet P. [Allergenic group specificity
& therapeutic consequences in asthma; specific desensitization method by
epicutaneous route]. Sem Hop (1957) 33:1394–403.

38. Senti G, von Moos S, Tay F, Graf N, Johansen P, Kundig TM. Determinants of
efficacy and safety in epicutaneous allergen immunotherapy: summary of
three clinical trials. Allergy (2015) 70:707–10. doi: 10.1111/all.12600

39. Spina L, Weisskopf M, von Moos S, Graf N, Kündig TM, Senti G. Comparison
of microneedles and adhesive-tape stripping in skin preparation for
epicutaneous allergen delivery. Int Arch Allergy Immunol (2015) 167:103–9.
doi: 10.1159/000434681

40. Strid J, Hourihane J, Kimber I, Callard R, Strobel S. Disruption of the stratum
corneum allows potent epicutaneous immunization with protein antigens
resulting in a dominant systemic Th2 response. Eur J Immunol (2004)
34:2100–9. doi: 10.1002/eji.200425196

41. Yasuda T, Ura T, Taniguchi M, Yoshida H. Intradermal Delivery of Antigens
Enhances Specific IgG and Diminishes IgE Production: Potential Use for
Vaccination and Allergy Immunotherapy. PloS One (2016) 11:e0167952. doi:
10.1371/journal.pone.0167952

42. Jones SM, Sicherer SH, Burks AW, Leung DY, Lindblad RW, Dawson P, et al.
Epicutaneous immunotherapy for the treatment of peanut allergy in children
and young adults. J Allergy Clin Immunol (2017) 139:1242–52.e1249. doi:
10.1016/j.jaci.2016.08.017

43. Mondoulet L, Dioszeghy V, Ligouis M, Dhelft V, Dupont C, Benhamou PH.
Epicutaneous immunotherapy on intact skin using a new delivery system in a
murine model of allergy. Clin Exp Allergy (2010) 40:659–67. doi: 10.1111/
j.1365-2222.2009.03430.x

44. Pajno GB, Fernandez-Rivas M, Arasi S, Roberts G, Akdis CA, Alvaro-Lozano
M, et al. EAACI Guidelines on allergen immunotherapy: IgE-mediated food
allergy. Allergy (2018) 73:799–815. doi: 10.1111/all.13319

45. Jones SM, AgbotounouWK, Fleischer DM, Burks AW, Pesek RD, Harris MW,
et al. Safety of epicutaneous immunotherapy for the treatment of peanut
allergy: A phase 1 study using the Viaskin patch. J Allergy Clin Immunol
(2016) 137:1258–61.e1210. doi: 10.1016/j.jaci.2016.01.008

46. Nurmatov U, Dhami S, Arasi S, Pajno GB, Fernandez-Rivas M, Muraro A,
et al. Allergen immunotherapy for IgE-mediated food allergy: a systematic
review and meta-analysis. Allergy (2017) 72:1133–47. doi: 10.1111/all.13124

47. Moser K, Kriwet K, Naik A, Kalia YN, Guy RH. Passive skin penetration
enhancement and its quantification in vitro. Eur J Pharm Biopharm (2001)
52:103–12. doi: 10.1016/S0939-6411(01)00166-7

48. Prausnitz MR, Langer R. Transdermal drug delivery. Nat Biotechnol (2008)
26:1261–8. doi: 10.1038/nbt.1504

49. Reddy MB, Stinchcomb AL, Guy RH, Bunge AL. Determining dermal
absorption parameters in vivo from tape strip data. Pharm Res (2002)
19:292–8. doi: 10.1023/A:1014443001802
Frontiers in Immunology | www.frontiersin.org 10200
50. Weigmann HJ, Lademann J, Schanzer S, Lindemann U, von Pelchrzim R,
Schaefer H, et al. Correlation of the local distribution of topically applied
substances inside the stratum corneum determined by tape-stripping to
differences in bioavailability. Skin Pharmacol Appl Skin Physiol (2001) 14
Suppl 1:98–102. doi: 10.1159/000056397

51. Sampson HA, Shreffler WG, Yang WH, Sussman GL, Brown-Whitehorn TF,
Nadeau KC, et al. Effect of Varying Doses of Epicutaneous Immunotherapy vs
Placebo on Reaction to Peanut Protein Exposure Among Patients With
Peanut Sensitivity: A Randomized Clinical Trial. Jama (2017) 318:1798–
809. doi: 10.1001/jama.2017.16591

52. Fujimoto T, Wang J, Baba K, Oki Y, Hiruta Y, Ito M, et al. Transcutaneous
drug delivery by liposomes using fractional laser technology. Lasers Surg Med
(2017) 49:525–32. doi: 10.1002/lsm.22616

53. Chen X, Shah D, Kositratna G, Manstein D, Anderson RR, Wu MX.
Facilitation of transcutaneous drug delivery and vaccine immunization by a
safe laser technology. J Control Release (2012) 159:43–51. doi: 10.1016/
j.jconrel.2012.01.002

54. Kumar MNK, Zhou C, Wu MX. Laser-facilitated epicutaneous
immunotherapy to IgE-mediated allergy. J Control Release (2016) 235:82–
90. doi: 10.1016/j.jconrel.2016.05.057

55. Wang J, Li B, Wu MX. Effective and lesion-free cutaneous influenza vaccination.
Proc Natl Acad Sci U S A (2015) 112:5005–10. doi: 10.1073/pnas.1500408112

56. Korotchenko E, Moya R, Scheiblhofer S, Joubert IA, Horejs-Hoeck J, Hauser
M, et al. Laser-facilitated epicutaneous immunotherapy with depigmented
house dust mite extract alleviates allergic responses in a mouse model of
allergic lung inflammation. Allergy (2020) 75:1217–28. doi: 10.1111/all.14164

57. Hessenberger M, Weiss R, Weinberger EE, Boehler C, Thalhamer J,
Scheiblhofer S. Transcutaneous delivery of CpG-adjuvanted allergen via
laser-generated micropores. Vaccine (2013) 31:3427–34. doi: 10.1016/
j.vaccine.2012.09.086

58. Machado Y, Duinkerken S, Hoepflinger V, Mayr M, Korotchenko E, Kurtaj A,
et al. Synergistic effects of dendritic cell targeting and laser-microporation on
enhancing epicutaneous skin vaccination efficacy. J Control Release (2017)
266:87–99. doi: 10.1016/j.jconrel.2017.09.020

59. Weiss R, Hessenberger M, Kitzmüller S, Bach D, Weinberger EE, Krautgartner
WD, et al. Transcutaneous vaccination via laser microporation. J Control
Release (2012) 162:391–9. doi: 10.1016/j.jconrel.2012.06.031

60. Norman JJ, Arya JM, McClain MA, Frew PM, Meltzer MI, Prausnitz MR.
Microneedle patches: usability and acceptability for self-vaccination against
influenza. Vaccine (2014) 32:1856–62. doi: 10.1016/j.vaccine.2014.01.076

61. Shakya AK, Ingrole RSJ, Joshi G, Uddin MJ, Anvari S, Davis CM, et al.
Microneedles coated with peanut allergen enable desensitization of peanut
sensitized mice. J Control Release (2019) 314:38–47. doi: 10.1016/
j.jconrel.2019.09.022

62. Shakya AK, Lee CH, Gill HS. Cutaneous vaccination with coated microneedles
prevents development of airway allergy. J Control Release (2017) 265:75–82.
doi: 10.1016/j.jconrel.2017.08.012

63. Shakya AK, Lee CH, Gill HS. Coated microneedle-based cutaneous
immunotherapy prevents Der p 1-induced airway allergy in mice. J Allergy
Clin Immunol (2018) 142:2007–11.e2003. doi: 10.1016/j.jaci.2018.08.017

64. Shakya AK, Lee CH, Gill HS. Microneedle-Mediated Allergen-Specific
Immunotherapy for the Treatment of Airway Allergy in Mice. Mol Pharm
(2020) 17:3033–42. doi: 10.1021/acs.molpharmaceut.0c00447

65. Sullivan SP, Koutsonanos DG, Del Pilar Martin M, Lee JW, Zarnitsyn V, Choi
SO, et al. Dissolving polymer microneedle patches for influenza vaccination.
Nat Med (2010) 16:915–20. doi: 10.1038/nm.2182

66. Chen F, Yan Q, Yu Y, Wu MX. BCG vaccine powder-laden and dissolvable
microneedle arrays for lesion-free vaccination. J Control Release (2017)
255:36–44. doi: 10.1016/j.jconrel.2017.03.397

67. Cao Y, Kakar P, Hossen MN, Wu MX, Chen X. Sustained epidermal powder
drug delivery via skin microchannels. J Control Release (2017) 249:94–102.
doi: 10.1016/j.jconrel.2017.01.030

68. Ng H-I, Fernando GJ, Kendall MA. Induction of potent CD8+ T cell responses
through the delivery of subunit protein vaccines to skin antigen-presenting
cells using densely packed microprojection arrays. J Controlled Release (2012)
162:477–84. doi: 10.1016/j.jconrel.2012.07.024

69. Majewska-Szczepanik M, Askenase PW, Lobo FM, Marcińska K, Wen L,
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Autoimmune diseases affect roughly 5-10% of the total population, with women affected
more than men. The standard treatment for autoimmune or autoinflammatory diseases
had long been immunosuppressive agents until the advent of immunomodulatory biologic
drugs, which aimed at blocking inflammatory mediators, including proinflammatory
cytokines. At the frontier of these biologic drugs are TNF-a blockers. These therapies
inhibit the proinflammatory action of TNF-a in common autoimmune diseases such as
rheumatoid arthritis, psoriasis, ulcerative colitis, and Crohn’s disease. TNF-a blockade
quickly became the “standard of care” for these autoimmune diseases due to their
effectiveness in controlling disease and decreasing patient’s adverse risk profiles
compared to broad-spectrum immunosuppressive agents. However, anti-TNF-a
therapies have limitations, including known adverse safety risk, loss of therapeutic
efficacy due to drug resistance, and lack of efficacy in numerous autoimmune diseases,
including multiple sclerosis. The next wave of truly transformative therapeutics should
aspire to provide a cure by selectively suppressing pathogenic autoantigen-specific
immune responses while leaving the rest of the immune system intact to control
infectious diseases and malignancies. In this review, we will focus on three main areas
of active research in immune tolerance. First, tolerogenic vaccines aiming at robust, lasting
autoantigen-specific immune tolerance. Second, T cell therapies using Tregs (either
polyclonal, antigen-specific, or genetically engineered to express chimeric antigen
receptors) to establish active dominant immune tolerance or T cells (engineered to
express chimeric antigen receptors) to delete pathogenic immune cells. Third, IL-2
therapies aiming at expanding immunosuppressive regulatory T cells in vivo.

Keywords: tolerogenic vaccine, autoimmune disease, CAR-Tregs, IL-2 mutein, low-dose IL-2 therapy,
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INTRODUCTION

The mammalian immune system evolved to protect our bodies
from foreign pathogens and intrinsic aberrant malignancies
while concurrently preventing deleterious immune responses
toward self (1). Immune tolerance co-evolved as a safety
system that maintains a state of immune unresponsiveness to
autoantigens and self-tissues (2, 3). There are two mechanisms
that maintain immunological tolerance denominated central and
peripheral tolerance. Central tolerance occurs during
lymphocyte development in the primary lymphoid organs (i.e.
thymus and bone marrow), where T or B cell clones that
recognize autoantigens with high-affinity are deleted.
Peripheral tolerance evolved to counteract autoantigen-
recognizing T or B cells that escape central tolerance.
Peripheral tolerance occurs in the secondary lymphoid organs
(e.g. spleen, lymph nodes, and mucosal/gut associated lymphoid
tissues) and peripheral tissues. Mechanisms of peripheral
tolerance include inactivation of autoantigen-recognizing T
and B cells by the induction of apoptosis, anergy or conversion
Abbreviations: AAV, Adeno-Associated Virus; AHR, Aryl Hydrocarbon
Receptor; APC, Antigen Presenting Cell; BAR, B Cell-Targeting Antibody
Receptor; BTK, Bruton’s Tyrosine Kinase; CAAR, Chimeric Autoantigen
Receptor; CAR, Chimeric Antigen Receptor; CD, Cluster of Differentiation;
CEA, Carcinoembryonic Antigen; CNS, Central Nervous System; CTLA4,
Cytotoxic T-Lymphocyte Associated Protein-4; CYP2D6, Cytochrome P450;
DC, Dendritic Cell; DCIR2, DC Immunoreceptor 2; DC-ASGR, DC-
Asialoglycoprotein Receptor; DLT, Dose-Limiting Toxicity; DNA,
Deoxyribonucleic Acid; DTH, Delayed-Type Hypersensitivity; DSG3,
Desmoglein 3; EAE, Experimental Autoimmune Encephalomyelitis; FOXP3,
Forkhead Box Protein P3; FVIII, Factor VIII; GARP, Glycoprotein A
Repetitions Predominant; GITR, Glucocorticoid-Induced TNFR-Related Protein;
GM-CSF, Granulocyte Macrophage-Colony Stimulating Factor; GVHD, Graft
Versus Host Disease; HLA, Human Leukocyte Antigen; ICOSL, Inducible T Cell
Costimulator Ligand; IDO, Indoleamine 2,3-dioxygenase; ILC2, Type 2 Innate
Lymphoid Cells; IL, Interleukin; IP, Intraperitoneal; IRAK4, Interleukin 1
Receptor Associated Kinase 4; IRES, Internal Ribosomal Entry Site; iTr35,
inducible IL-35 producing regulatory T cells; ITE, 2-(1’ H-indole-3’-carbonyl)-
thiazole-4-carboxylic acid methyl ester; IV, Intravenous; JAK, Janus Kinase;
LAG3, Lymphocyte Activating Protein 3; LAP, Latency-associated peptide; LD,
Low Dose; LSEC, Liver Sinusoidal Endothelial Cells; mAb, Monoclonal Antibody;
MBP, Myelin Basic Protein; Mbsa, Methylated Bovine Serum Albumin; M-CSF,
Macrophage Colony-Stimulating Factor; MG, Myasthenia Gravis; MHC, Major
Histocompatibility Complex; MOG, Myelin Oligodendrocyte Glycoprotein; MS,
Multiple Sclerosis; MuSK, Muscle-Specific Receptor Kinase; MP, Microparticle;
NF-KB, Nuclear Factor Kappa B; NK, Natural Killer Cell; NO, Nitric Oxide; NP,
Nanoparticle; NSG, NOD Scid Gamma mice; OVA, Ovalbumin; PBMC,
Peripheral Blood Mononuclear Cell; PDC, Pyruvate Dehydrogenase Complex;
PDL1, Programmed Cell Death 1 Ligand; PD1, Programmed Cell Death 1; PEG,
Polyethylene Glycol; PGE-2, Prostaglandin E2; PLGA, Poly(lactic-co-glycolic
acid); PLP, Proteolipid Protein; PV, Pemphigus Vulgaris; RA, Rheumatoid
Arthritis; RBC, Red Blood Cell; RIP, Receptor-Interacting Protein; RNA,
Ribonucleic Acid; SC, Subcutaneous; scFv, Single Chain Variable Fragment;
SLE, Systemic Lupus Erythematosus; SYK, Spleen Associated Tyrosine Kinase;
T1D, Type 1 Diabetes; Tcon, T Conventional Cell; TCR, T Cell Receptor; tDC,
Tolerogenic Dendric Cell; Teff, T Effector Cell; TGF-b, Transforming Growth
Factor-beta; Th cell, T Helper Cell; TIGIT, T Cell Immunoreceptor With Ig And
ITIMDomains; TIM-3, T Cell Immunoglobulin Mucin 3; TLR, Toll Like Receptor;
TNF-a, Tumor Necrosis Factor-alpha; TNFR2, TNF Receptor 2; TNP, 2,4,6
Trinitrophenol; TPL2, Tumor Progression Locus 2; TRAIL, TNF-Related
Apoptosis-Inducing Ligand; Treg, T Regulatory Cell; Tr1, Type 1 Regulatory T
Cell; TYK2, Tyrosine Kinase 2.
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into immunosuppressive regulatory cells. In addition, suppressor
immune cells such as FOXP3+ regulatory T cells (Tregs) exert
dominant immune suppression to control autoreactive T and B
cells. Evidence suggest that a patient’s genetic predisposition
together with environmental factors, such as exposure to
pathogens that exhibit molecular mimicry, disturb immune
tolerance (4). Loss of immune tolerance to autoantigens
associated with a specific organ results in the activation of
organ-specific T and B cells that in turn cause organ-specific
inflammation and the development of autoimmune diseases such
as multiple sclerosis (MS) (5), rheumatoid arthritis (RA) (6),
psoriasis (7), and type 1 diabetes (T1D) (8). Thus, therapeutics
that induce, restore, and maintain immune tolerance toward
these autoantigens represent the “Holy Grail” of treatments for
autoimmune diseases.

For the last two decades, our understanding of immunology
exploded with the advent of technologies that allowed high
throughput screening and generation of large molecule
biologics such as monoclonal antibodies (mAb) and small
molecule compounds. As an outcome, there was a huge success
of anti-TNF-a blockers, which became the “standard of care” for
many autoimmune diseases (9). The success of anti-TNF-a
blockers stimulated the development of large molecule
biologics that block the function of various cytokines (i.e. IL-1,
IL-6, IL-12, IL-17, and IL-23) (10, 11) and small molecule
compounds that inhibit molecular interactions involved in the
generation of inflammation (i.e. JAKs, TYK2, IRAK4, BTK, SYK,
RIPs, and TPL2) (12–14).

Despite the success of anti-TNF-a blockers and other
immunomodulatory therapies, there are still significant unmet
clinical needs. First, currently approved therapies are
immunomodulatory and provide a remedy to relieve
symptoms but do not provide a cure by directly addressing the
loss of immune tolerance. Second, because most of these
therapeutics work by reducing systemic inflammation, they
have numerous adverse safety risks including increased
susceptibility to opportunistic infections or malignancies and
have detrimental side effects (15–17). Third, these agents lack
efficacy in refractory autoimmune diseases (18) and in patients
that are or become unresponsive to treatment (19).

Novel therapeutics are emerging to achieve immune tolerance
in autoimmunity. Most of these novel therapeutics harness
known immune tolerance mechanisms, such as increasing
FOXP3+ Tregs and inducing anergy or deletion of pathologic
immune cells. A subset of these therapeutics includes
coinhibitory checkpoint agonists and costimulatory checkpoint
antagonists to expand Tregs and/or dampening pathogenic
effector cells. However, these therapies are beyond the scope of
this review, but are discussed in multiple outstanding reviews
(20–23). In this review, we will focus on three main categories of
therapeutics that drive immune tolerance. First, tolerogenic
vaccines designed to elicit autoantigen-specific immune
tolerance. Second, T cell therapies using Tregs to establish
active dominant immune tolerance or T cells to delete
pathogenic immune cells for the treatment of autoimmunity.
Third, IL-2 based therapies to expand immunosuppressive Tregs.
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TOLEROGENIC VACCINES
FOR THE INDUCTION OF
ANTIGEN-SPECIFIC TOLERANCE

Antigen-Specific Immune Tolerance
Risks associated systemic immune suppression or immunomodulatory
therapies for the treatment of autoimmune diseases could be
reduced or even halted if antigen-specific tolerance was generated.
Unlike general immune suppression, antigen-specific tolerance
inhibits the pathogenic autoantigen-specific immune responses
that drive autoimmune diseases, while leaving the rest of the
immune system intact. Therefore, antigen-specific tolerance is
the logical next step in treating autoimmune diseases. Among the
emerging therapeutics, tolerogenic vaccines are gaining noticeable
traction (24–28). Despite the potentials of antigen-specific
tolerance, there are at least two outstanding questions to resolve.
First, although knowledge of which autoantigens are associated
with specific autoimmune diseases continues to grow, most of
them are still not known (29–31). Second, because it is unclear
how many autoantigens are involved in individual autoimmune
diseases, it is still uncertain whether tolerance toward one or few
autoantigens can reverse autoimmunity. Therefore, therapies that
not only drive antigen-specific but more extensive organ-specific
tolerance would likely have the greatest efficacy in a clinical
setting. Here we discuss novel therapeutics that derive antigen-
specific and/or organ-specific tolerance.
CD4+ FOXP3+ Tregs as the Master Regulators
of Immune Tolerance
Immunosuppressive CD4+ FOXP3+ Tregs are required for
immune tolerance. Genetic deficiencies of the transcription factor
Foxp3, the Treg master regulator, results in the fatal systemic
autoimmune diseases, immunodysregulation polyendocrinopathy
enteropathy X-linked (IPEX) in humans and Scurfy in mice (32–
34). CD4+ FOXP3+ Tregs comprise approximately 4-12% of the
peripheral CD4+ T cell population and are identified based on the
expression of FOXP3, high levels of CD25 and low levels of CD127
(35). FOXP3 controls the transcriptional programing of Tregs and
imparts an immunosuppressive phenotype because experimental
ectopic expression of FOXP3 in T cells (36–39), B cells (40), and
myeloid cells (41) confers immunosuppressive capabilities.
Likewise, genetic disruption or downregulation of FOXP3
impairs immunosuppressive capabilities and renders Tregs
immunostimulatory (42, 43). CD4+ FOXP3+ Tregs have a T cell
receptor (TCR) repertoire that is skewed toward the recognition of
self-antigens (44). The self-reactive TCR directs Treg trafficking to
self-tissues where cognate autoantigens are presented, resulting in
TCR engagement and immunosuppressive effector functions (24).
Tregs require TCR activation via their cognate antigen (45, 46) and
the cytokine IL-2 (47) to suppress multiple facets of the immune
system including T conventional cells (Tcons), B cells, and myeloid
cells (48, 49). For example, when activated FOXP3+ Tregs express
the immunosuppressive cytokines IL-10, IL-35, and TGF-b that
inhibit Tcon and DC activation (50); suppress antigen presenting
cells (APCs) expression of antigen presentation molecules MHCI
Frontiers in Immunology | www.frontiersin.org 3204
and MHCII, costimulatory molecules CD80, CD86, and CD40 and
proinflammatory cytokines IL-12 and IL-6 as well as differentiate
dendritic cells (DC) into tolerogenic DCs (tDCs) (51–54); express the
ectoenzymes, CD39 and CD72, which catabolize proinflammatory
extracellular ATP/ADP into anti-inflammatory AMP (55); express
the inhibitory receptors CTLA-4, LAG-3, PD1, TIGIT, GITR, and
TIM-3 to block APC maturation and T cell activation (56); produce
the cytotoxic molecules Galectin-9, Fas-L, TRAIL, Perforin, and
Granzyme-B to kill effector T cells and inflammatory APCs (57);
sequester IL-2 to inhibit Tcon access to this critical cytokine
required for T cell proliferation, function, and survival (58, 59);
and finally, deplete local glucose disrupting the metabolic needs of
effector T cells (60). These FOXP3+ Treg effector functions create an
immunosuppressive microenvironment at the site of autoantigen
recognition preventing autoimmune responses. Because FOXP3+

Tregs play a fundamental role in tolerance, it is crucial that Tregs
maintain phenotypical and functional stability in both quiescent and
inflammatory environment associated with autoimmune disease. Of
the major mechanisms that control Treg stability, demethylation of
the Treg-specific demethylated region (TSDR), low-moderate TCR-
antigen recognition efficiency, and IL-2 signaling are among themost
prominent signals that maintain Treg stability. There are several
informative reviews that provide an in-depth review on Treg stability
(24, 61–63).

Interestingly, activated antigen-specific Tregs can also
maintain tolerance to antigens beyond their cognate antigen
specificity via regulatory mechanisms termed, bystander or
linked suppression and infectious tolerance (64). Activated
Tregs employ numerous effector functions to create an
immunosuppressive microenvironment that can suppresses
and/or tolerizes local T cells with alternative antigen specificities.
This indiscriminate local suppression has been termed “linked/
bystander” suppression because both the Treg- and Tcon-cognate
antigens must be spatially colocalized and presented on the same
APC. Simply, a Treg specific for antigen-X can suppress a Tcon
specific for antigen-Y when both antigens X and Y are presented on
the same APC (65).

Furthermore, Tregs can induce T cells to differentiate into
regulatory T cell subsets. This conversion requires spatial
colocalization and coactivation of both the FOXP3+ Treg and
T cell. The recruitment of T cells into regulatory T cell subsets
has been termed “infectious tolerance” because the new
regulatory T cells can maintain tolerance independently of the
original stimuli thereby spreading tolerance. Simply, a Treg
specific for antigen-X can induce a T cell specific for antigen-Y
to become a regulatory T cell when both X and Y are presented
on the same APC. The antigen-Y-specific regulatory T cell can
then mediate active dominant antigen-specific tolerance for
antigen-Y when antigen-X is no longer present (24). For
example, FOXP3+ Tregs express TGF-b, IL-10, and IL-35, that
in turn differentiate T cells into FOXP3+ Tregs, type 1 regulatory
T cells (Tr1), and inducible IL-35 producing regulatory T cells
(iTr35), respectively (66–70). Likewise, Tr1 and iTr35 can
mediate infectious tolerance (67, 71).

In the context of immune tolerance, therapeutics that elicit
Treg responses mediating linked/bystander suppression and
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infectious tolerance toward organ-specific autoantigens would be
ideal to control organ-specific autoimmune disease that involve
numerous or unidentified autoantigens. Linked/bystander
suppression and infectious tolerance have beneficial roles in
autoimmunity, allergy, and organ transplant, while also having
a detrimental effect on the clearance of cancers and pathogens
(72). It is difficult to experimentally differentiate linked/
bystander suppression from infectious tolerance; therefore, we
will collectively term them bystander suppression.

Dendritic Cells (DCs) as a Key Cell Type Governing
Immune Tolerance
DCs are a subset of professional APCs that facilitate T cell
responses to generate both protective immune responses toward
pathogens/cancer and tolerant immune responses toward self-
antigens (73). DCs are the key governing APC of immune
tolerance because depletion of CD11c+ DCs resulted in the
development of fatal autoimmunity in mice (74). DCs capture,
processes, and present antigens while integrating environmental
signals, often supplied by T cells (e.g. CD40L or PD1), to modulate
the expression of stimulatory and inhibitory molecules to direct T
cell responses (73). DCs are a functionally and phenotypically
heterologous group of APCs. DCs retain an “immature” phenotype
during homeostatic conditions, characterized by minimal
expression of co-stimulatory molecules and proinflammatory
cytokines. Environmental cues such as pathogen- or danger-
associated molecular pattern molecules and co-stimulatory
molecules direct immature DCs to differentiate into mature DCs,
that upregulate the expression of co-stimulatory molecules and
proinflammatory cytokines. These mature DCs, in turn, provide
antigen presentation, co-stimulation, and cytokine help, activating
effector Tcons to generate protective adaptive immunity (73).

A third subset of “semi-immature”DCs exhibit an intermediate
maturation status and may function as tolerogenic DCs (tDCs)
(75). Tolerogenic DCs lack a defined transcriptional regulator and
instead are classified by their common phenotypical and functional
attributes. Typically, tDCs express low levels of MHCI/MHCII, co-
stimulatory molecules, and inflammatory cytokines. In addition,
tDCs express a unique transcriptional program that results in the
expression of immunosuppressive molecules such as nitric oxide,
indoleamine 2,3-dioxygenase, anti-inflammatory cytokines IL-10
and TGF-b, and inhibitory co-receptors PD-L1/2, ICOSL, B7-H4,
and B7-H3 (73).

How do DCs maintain tolerance? The two pillars of DC
mediated tolerance are the induction of apoptosis or anergy of
autoreactive T cells and induction, expansion, and maintenance
of Tregs. During homeostatic conditions, immature DCs present
self-antigens in the absence of extensive co-stimulation or
cytokine help, leading to unproductive T cell activation and
autoreactive T cell apoptosis and anergy (73, 76). Because tDCs
do not express high levels of co-stimulatory receptors or
inflammatory mediators, but rather express high levels of
inhibitory co-receptors and immunosuppressive molecules, tDC
can induce T cell anergy or death under inflammatory conditions.
Another way DCs control autoimmune diseases is by expanding and
maintain the Treg pool. For example, Treg populations are
Frontiers in Immunology | www.frontiersin.org 4205
dependent on DCs because, depletion of CD11c+ DCs reduced
Treg populations while increasing DC numbers expanded Treg
populations in mice (77, 78). Moreover, DCs support Treg
function because Tregs from DC-depleted mice had reduced
suppressive capabilities (79). DCs expand Tregs when MHCII-
driven autoantigen presentation is paired with immunosuppressive
molecules such IL-10, IDO, PGE-2, and TGF-b. Even under
inflammatory conditions, DCs expressing autoantigens can expand
autoantigen-specific Tregs (79). While there is evidence that both
immature and mature DCs can support Treg induction, it is still
unclear which subtype of DC confers tolerogenic responses under
different circumstances.

Beyond DCs, there are other MHCII expressing APCs that
provoke tolerance. These cells include liver sinusoidal
endothelial cells (LSECs), macrophages, and T cells. LSECs
express MCHII, low levels of costimulatory molecules and do
not produce the proinflammatory cytokine IL-12 and thus fail to
stimulate pathogenic Th1 responses. Instead, LSEC expand
immunosuppressive Tregs via the expression of surface bound
TGF-b and Jagged family of Notch ligands (80, 81).
Immunosuppressive macrophages such as alternatively
activated macrophages (AAMs)/M2-like macrophages, tumor
associated macrophages, and marginal zone macrophages
produce high levels of IL-10, TGF-b and PD-L1 to promote
the expansion and differentiation of Tregs or deletion of
autoreactive T cell (82–85). T cells can also express MHCII
and favor tolerance via the induction of T cell anergy and
apoptosis (86).

Antigen-Specific Tolerogenic
Vaccines Platforms
Because immune tolerance is orchestrated by APCs, numerous
tolerogenic vaccine platforms have been developed to deliver
autoantigens to specific APC subtypes. Some of these tolerogenic
vaccine platforms include protein/peptide-, nanoparticle-, and
DNA/RNA-based vaccines. Furthermore, immunosuppressive
cell types such as tDCs, have been manipulated and expanded
ex vivo and reintroduced as cell-based tolerogenic vaccines.
Together, these agents can be summarized as antigen-specific
tolerogenic vaccines.

Due to the breath of tolerogenic vaccines being investigated
and broad number of preclinical autoimmune disease models, it
is practical to compare different tolerogenic vaccine platforms
within the contexts of a single disease model. Thus, for this
review, we will focus on tolerogenic vaccines tested in preclinical
models of experimental autoimmune encephalomyelitis (EAE),
the animal model for MS. EAE models have been extensively
utilized as a preclinical animal model for the development of
tolerogenic vaccines. EAE is a CD4+ T cell driven CNS-specific
autoimmune disease that involves complex immune responses
and numerous neuroantigen targets including myelin
oligodendrocyte glycoprotein (MOG), myelin basic protein
(MBP) and proteolipid protein (PLP), that can mimic some of
the complexities of human autoimmune diseases but with
limitations. As with any preclinical model, EAE has many
differences in comparison to that pathogenesis of MS. Thus,
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readers should take the results of preclinical EAE studies to
understand the mechanism of tolerance, rather than to gauge
potential therapeutic efficacy in patients.

Peptide- and Protein-Based Vaccines
In preclinical studies, administration of naked myelin peptides
under quiescent homeostatic conditions by various routes
including intravenous (IV), subcutaneous (SC), epicutaneous,
intraperitoneal (IP), intranasal, intrathymic, or oral induced
antigen-specific tolerance and suppressed EAE (87–93).
However, when included in the immunogenic complete
Freund’s adjuvant (CFA), these same naked myelin peptides
provoked encephalitogenic priming and the active induction of
EAE (94). Therefore, strategies were devised to induce antigen-
specific tolerance in proinflammatory environments during
active EAE. These strategies included targeting autoantigens to
immunologic niches that favor tolerance such as the skin and
oral mucosa (95, 96); administering high doses of peptide IV to
induce effector Tcon apoptosis (97); and modifying myelin
peptides by altering the amino acid sequence (altered peptide
ligands) to decrease TCR-antigen recognition efficiency and
induce regulatory T cells and/or effector T cell anergy and
apoptosis (98).

Several of these strategies were advanced into human clinical
trials (Table 1). The first of these was a phase I clinical trial
testing daily oral administration of encapsulated bovine myelin
in patients with relapsing-remitting MS (99). It was determined
that oral bovine myelin was safe and reduced the frequency of
MBP-specific T cells; however, in a larger phase III clinical trial,
oral bovine myelin did not significantly improve MS (113).
Subsequently, phase I and II clinical trials tested the safety and
efficacy of “ATX-MS-1467” which was comprised of MBP30-44,
MBP131-145, MBP140-154, and MBP83-99 and was administered ID
or SC to patients with relapsing-remitting or secondary progressive
MS (100). The therapy was safe and resulted in a significant
decrease of new/persisting CNS lesions. In addition, a phase I
clinical trial examined the safety of a peptide vaccine comprised of
MBP85-99, MOG35-55, and PLP139-155 that was administered via skin
patch to patients with relapsing-remitting MS (102). The therapy
was safe and resulted in a significant reduction of CNS lesions and
reduced clinical disease. The vaccine activated skin Langerhans
cells, induced Tr1 cells, and decreased myelin‐specific T cell
responses. Moreover, a phase III clinical trial tested the efficacy
of IV administered MBP83-99 in patients with secondary
progressive MS. The therapy was safe but lacked therapeutic
efficacy (NCT00468611) (104). Unfortunately, several peptide-
based vaccines tested in MS had adverse effects. A phase II
clinical trial, testing SC administration of altered peptide ligands
of MBP83-99, resulted in systemic hypersensitivity reactions in 9%
of patients (105). Additionally, in a separate phase II clinical trial,
the altered peptide ligand vaccine, exacerbatedMS and resulted in a
3-fold increase of CNS lesions, expansion of Th1 pathogenic
MBP83-99-specific Tcons, and increased intramolecular epitope
spreading within MBP (106). Both clinical trials were terminated
due to safety concerns. Therefore, as peptide-based tolerogenic
vaccines are advanced, every effort should be made to select vaccine
Frontiers in Immunology | www.frontiersin.org 5206
platforms that support tolerogenic responses and minimize the risk
of sensitization.

A common problem with naked peptides is they are rapidly
cleared and thus exert transient effects (114). Consequently,
peptide vaccines are typically administered repeatedly and
often require high doses (90, 115, 116). Therefore, protein
carriers are being investigated to increase the stability, half-life,
and bioavailability of autoantigen peptides to increase the
efficacy of peptide-based tolerogenic vaccines. Protein carriers
such as mAb, cytokines, cells, and pathogen derived
immunosuppressive or adhesion proteins have served as
targeting moieties to introduce tethered peptides into specific
immunological niches or as tolerogenic adjuvants to favor
tolerance. Here we discuss tolerogenic peptide-carrier vaccine
targeting and tolerogenic adjuvant strategies that generated
tolerance in EAE (outlined in Table 2).

DC-targeting carrier proteins have been extensively explored
in preclinical models of EAE. Myelin peptides fused to mAbs
specific for DC receptors such as DEC205, DCIR2, Langerin, and
Siglec-H targeted tethered myelin peptides to the corresponding
receptor expressing DCs populations and prevented EAE (117–
120). These antibodies were selected based on their ability to
target unique DC subsets including CD8+ DCs, CD8─ DCs,
CD103+ migratory DCs, or plasmacytoid DCs. For example,
disease-specific antigen peptides fused to anti-DEC205 mAbs or
single chain variable fragments (scFv) are targeted to steady state
cross-presenting CD8+ conventional DCs and CD103+ migratory
DCs (118), and suppressed murine models of CD4+ T cell-driven
cartilage proteoglycan induced arthritis, DTH, T1D, and EAE as
well as CD8+ T cell-driven contact hypersensitivity and T1D
(138–142). Anti-DEC205 vaccines mediated dominant tolerance
via the induction of antigen-specific Tregs and passive tolerance
via the induction of autoreactive T cell anergy and apoptosis (117,
118). IV vaccination was more effective than both SC and IP.
Tolerance was dependent on TGF-b (117) and immature steady
state DCs (141).

Other examples of DC-targeting peptide vaccines that
suppressed EAE include anti-Langerin, DCIR2 and Siglec-H
fusion proteins that targeted migratory CD103+ DCs, CD8-

DCs, or plasmacytoid DCs, respectively (Table 2).
Carrier proteins serving as both tolerogenic adjuvants and

targeting moieties have demonstrated efficacy in preclinical
models of EAE. For example, the cytokine GM-CSF has been
used as a tolerogenic adjuvant and a DC targeting moiety to
suppress EAE. Peptides tethered to GM-CSF were specifically
targeted to myeloid DCs in vitro (121). GM-CSF fused with
either MBP69-87, PLP139-151, or MOG35-55 prevented EAE
induced with MBP69-87 in Lewis rats, PLP139-151 in SJL mice,
and MOG35-55 in C57BL/6 mice, respectively. These GM-CSF-
neuroantigen fusion protein vaccines were effective when
administered as prophylactic or therapeutic treatments in
multiple rodent models of EAE (121, 143–145). GM-CSF-
PLP139-151 or -MOG35-55 fusion proteins mediated tolerance in
proinflammatory environments and prevented EAE when mixed
directly with the encephalitogenic emulsion (144). The GM-CSF-
MOG35-55 fusion protein increased Tregs in the blood, spleen,
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TABLE 1 | Clinical trials.

Vaccine Strategy Autoimmune
Disease

Developmental
Stage

Vaccine
Route

Treatment
Regiment

Outcomes Ref.

Peptide vaccine consisting of
encapsulated bovine myelin

Relapsing-
Remitting MS

Phase I and III Oral Capsule taken daily
for 1 year

Therapy was safe and tolerable and resulted in
reduced frequency of T cells reactive with MBP.
Clinically, there was a tendency for the treated
group to have fewer exacerbations however a
larger phase III clinical trial did not show
statistically significant benefit in MS.

(99)

Peptide vaccine “ATX-MS-
1467” containing MBP30-44,
MBP131-145, MBP140-154,
MBP83-99

Relapsing-
Remitting and
Secondary
Progressive

MS

Phase I and II ID or SC Dosed every 14
days for 16 weeks
or biweekly for

16 weeks

Therapy was safe and tolerable and resulted in a
significant decrease in new/persisting lesions by
MRI.

(100, 101)

Peptide vaccine containing
MBP85-99, MOG35-55, and
PLP139-155

Relapsing-
Remitting MS

Phase I/II Skin
patch TD

Skin patch
replaced once per
week for 4 weeks
and then once per

month for
11 months

Therapy was safe and tolerable leading to a
significant reduction in both MRI activity and
clinical outcomes. The therapy activated dendritic
Langerhans cells in the skin, induced Tr1 cells
and suppressed myelin‐reactive T cell responses.

(102, 103)

Peptide vaccine “MBP8298”
containing MBP82-98

Secondary
Progressive

MS

Phase III IV Dosed once every
6 months for

2 years

Therapy was safe but did not provide a clinical
benefit compared to placebo.

(104)
NCT00468611

Peptide vaccine “NBI-5788”
containing altered peptide
ligands derived from MBP83–99

Relapsing-
Remitting MS

Phase II SC Dosed weekly for
4 months

Therapy was not safe and was discontinued due
to systemic hypersensitivity reaction in 9% of the
patients. Therapy resulted in the activation of Th2
responses.

(105)

Peptide vaccine “CGP77116”
containing altered peptide
ligands of MBP83-99

Relapsing-
Remitting MS

Phase II SC Dosed weekly for
9 months

Therapy was not safe or tolerable and
exacerbated MS resulting in a 3-fold increase in
contrast-enhancing lesions, expansion of MBP83-

99-specific effector T cell as well as increased
intramolecular epitope spreading to disparate
epitopes of MBP.

(106)

Peptide vaccine consisting of
autologous PBMCs chemically
coupled with MOG1–20,
MOG35–55, MBP13–32,
MBP83–99, MBP111–129,
MBP146–170, and PLP139–154

Relapsing-
Remitting and
Secondary
Progressive

MS

Phase I IV Single dose Therapy was safe and tolerable resulting in
decreased myelin-specific T cell responses.

(107)

Nanoparticle vaccine “Xemys”
consisting of CD206-targeted
liposomal NP encapsulating
MBP46–62, MBP124–139 and
MBP147–170

Relapsing-
Remitting and
Secondary
Progressive

MS

Phase I SC Weekly injection for
6 weeks

Therapy was safe and tolerable. However, there
was an increase of active gadolinium-enhancing
lesions on weeks 7 and 10 in comparison with
baseline.

(108)

DNA vaccine “BHT-3009”
encoded the CMV promoter
and full-length MBP

Relapsing-
Remitting and
Secondary
Progressive

MS

Phase I/II and II IM Dosed on weeks
1, 3, 5 and 9 with

or without
atorvastatin

Therapy was safe and tolerable leading to
decreased proliferation of myelin-reactive CD4+ T
cells from peripheral blood and a reduction in
myelin-specific autoantibodies from cerebral
spinal fluid. Reduced inflammatory lesions. No
beneficial effects of atorvastatin.

(109)
NCT00103974

and
NCT00382629

DC vaccine consisting of
dexamethasone treated DCs
loaded with MBP13–32,
MBP83–99, MBP11–129,
MBP146–170, MOG1–20,
MOG35–55, PLP139–154

Primary
Progressive

and
Secondary
Progressive

MS

Phase I IV Three doses
administered every

2 weeks

Therapy was safe and tolerable leading to the
induction of Tr1 cells.

(110)
NCT02283671

DC vaccine consisting of
Vitamin-D3 treated DCs
loaded with myelin peptides

Primary
Progressive

and

Phase I Intranodal Six doses, first 4
doses

administered every

Ongoing (111)
NCT02903537

(Continued)
Frontiers in Immunology | www
.frontiersin.org
 6207
 March 2021 | Volume 12
 | Article 657768

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Moorman et al. Emerging Therapeutics for Immune Tolerance
TABLE 1 | Continued

Vaccine Strategy Autoimmune
Disease

Developmental
Stage

Vaccine
Route

Treatment
Regiment

Outcomes Ref.

Relapsing-
Remitting MS

2 weeks with
remaining 2 doses
administered every

4 weeks
DC vaccine consisting of
Vitamin-D3 treated DCs
loaded with MBP13-32,
MBP111-129, MBP154-170,
PLP139-154, MOG1-20,
MOG35-55 and MBP83-99

Primary
Progressive

and
Relapsing-

Remitting MS

Phase I ID Three doses
administered every

2 weeks

Ongoing (111, 112)
NCT02618902

CAR-Treg therapy
“TX200-KT02” utilizing
A2-CAR-Tregs

Transplant
Rejection

Phase I/II IV Single Dose Ongoing 2019-001730-
34

CAR-T cell therapy
“Descartes-08” utilizing
BCMA-CAR-T cells

Generalized
Myasthenia

Gravis

Phase I/II IV unspecified Ongoing NCT04146051

CAR-T cell therapy
“DSG3-CAART” utilizing
DSG3-CAAR T cells

Pemphigus
Vulgaris

Phase I IV Single or multiple
doses over 3

moths

Ongoing NCT04422912

CAR-T cell Therapy utilizing
CD19-CAR T cells

Systemic
Lupus

Erythematosus

Phase I IV Single Dose Ongoing NCT03030976
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TABLE 2 | Protein- and peptide-based tolerogenic vaccines.

Peptide-Based
Tolerogenic Vaccines

Prophylactic Treatment Therapeutic Treatment Bystander/
Infectious
tolerance

Proposed Mechanism of Action Ref.

Route Days EAE Model Route Days EAE Model

Anti-DEC205-MOG35-55 IV -7 and -3
or -14

C57BL/6 with
lyophilized spinal

cord or
MOG35-55-specific

T cell transfer

IV 7 and
11

C57BL/6
with

Lyophilized
spinal cord

Maybe Antigen targeting to cross-
presenting CD8+ DEC205+ DCs
resulted in the induction and
expansion of Tregs and decreased
the percentage of IFN-g+ Th1 and IL-
17+ Th17 cells. IP and SC
administration were less efficacious.
Tolerance was dependent on steady
state DCs and TGF-b.

(117,
118)

Anti-Langerin-MOG29-59 SC -14 C57BL/6 with
MOG35-55-specific

T cell transfer

N/A N/A N/A N/A Antigen targeting to CD103+

Langerin+ migratory DCs resulted in
the induction and expansion of
MOG35-55-specific Tregs. Tolerance
was dependent on vaccine-induced
Tregs.

(118)

Anti-Treml4-MOG29-59 SC -14 C57BL/6 with
MOG35-55-specific

T cell transfer

N/A N/A N/A N/A Antigen targeting to lymphoid
resident CD8+ Treml4+ DCs failed to
suppress EAE.

(118)

Anti-DCIR2-PLP139-151 IP -10 SJL with
PLP139-151

N/A N/A N/A N/A Antigen targeting to CD8- DCIR2+

DCs resulted in the expansions of
pre-existing Tregs and anergy/
apoptosis of pathogenic T cells.
Tolerance was dependent on steady
state DCs. Anti-DCIR2-MOG29-59

failed to prevent MOG35-55-induced
EAE in C57BL/6 mice (118).

(119)

(Continued)
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TABLE 2 | Continued

Peptide-Based
Tolerogenic Vaccines

Prophylactic Treatment Therapeutic Treatment Bystander/
Infectious
tolerance

Proposed Mechanism of Action Ref.

Route Days EAE Model Route Days EAE Model

Anti-Siglec-H-MOG35-55 IP -1 C57BL/6 with
MOG35-55

N/A N/A N/A N/A Antigen targeting to Siglec-H+

plasmacytoid DCs resulted in
prolonged antigen presentation,
reduced antigen-specific IFN-g+ Th1
and IL-17+ Th17 cells and reduced
MOG-specific antibodies. No
increase in Tregs was observed.

(120)

Anti-BST2-MOG35-55 IP -1 C57BL/6 with
MOG35-55

N/A N/A N/A N/A Antigen targeting to BST2+

plasmacytoid DCs resulted in short
term antigen presentation and did
not suppress EAE.

(120)

GM-CSF- MBP69-87,
PLP139-151, or MOG35-55

SC -21, -14,
and -7

Lewis Rat with
MBP69-87, SJL with
PLP139-151, and
C57BL/6 with
MOG35-55

SC 12, 15,
17 and
19 or
9, 10,
12, and

14

Lewis Rat
with

MBP69-87

and
C57BL/6

with
MOG35-55

N/A Antigen targeting to DCs resulted in
the induction of MOG35-55-specific
Tregs. GM-CSF-MOG and GM-CSF-
PLP139-151 vaccines were efficacious
tolerogens when included in CFA.
Tolerance was dependent on
vaccine-induced Tregs and low
efficiency antigen recognition.

(121,
122)

Anti-DC-ASGPR-
MOG1-125

N/A N/A N/A SC 7, 14,
21, 35
and 63

Cynomolgus
macaques

with
Full-length

human MOG

N/A Antigen targeting to DC-ASGPR+

skin macrophages resulted in the
induction of MOG35-55-sepcific
Tregs, increased serum levels of
TGF-b1/2 and reduced percentages
of activated CD4+ T cells. No
reduction of MOG35-55 specific
antibodies was observed.

(123)

M-CSF-MBP69-87 SC -21, -14
and -7

Lewis Rat with
MBP69-87

SC 9, 10,
12, and
14 or
10, 11,
and 13

Lewis Rat
with

MBP69-87

N/A Antigen targeting to macrophages. (121)

IL-2-MBP69-87 SC -60, -42,
and -20 or
-35, -21,
and -7

Lewis Rat with
MBP69-87

SC 5, 7,
and 9
or 5, 7,
9, and
11

Lewis Rat
with

MBP69-87

N/A Antigen targeting to T cell APCs. (124)

IL-4-MBP69-87 SC -42, -28,
and -14

Lewis Rat with
MBP69-87

SC 5, 7,
and 9
or 5, 7,
9, and
11

Lewis Rat
with

MBP69-87

N/A Antigen targeting to B cells did not
suppress EAE.

(124)

IFN-b-Neuroantigen
or IFN-b + Neuroantigen
with peptides
MBP69-87, PLP139-151, or
MOG35-55

SC -21, -14
and -7

Lewis Rat with
MBP69-87, SJL with
PLP139-151, and
C57BL/6 with
MOG35-55

SC 9, 10,
and 12
or 9,

10, 12,
and 14
or 13,
15, 17,
and 19
or 15
alone

Lewis Rat
with

MBP69-87

and
C57BL/6

with
MOG35-55

Yes Myelin antigen presentation in IFN-b
conditioned environments resulted in
the induction of Tregs. Tolerance
was dependent on vaccine-induced
Tregs. INF-b + OVA323-339 in Alum
ameliorate EAE induced with
OVA323-339/MOG35-55 in CFA.

(125,
126)

IL-16-MBP68-88 SC -31, -17
and -7 or
-21, -14
and -7

Lewis Rat with
MBP69-87

IV
followed
by IP

8 and
12 or
10 and
12

Lewis Rat
with

MBP69-87

N/A Myelin antigen presentation in IL-16
conditioned environments.

(127)

(Continued)
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and lymph nodes and decreased circulating Tcon in the blood of
MOG35-55-specific 2D2 TCR transgenic mice. Tolerance was
dependent on GM-CSF-MOG35-55-induced Tregs (143). The
mechanism by which GM-CSF-neuroantigen vaccines elicited
tolerance was dependent on low efficiency TCR-antigen
recognition that excluded the recruitment of the CD40-CD40L
costimulatory pathway (122, 143).

Targeting myelin peptides to macrophages and DCs had
tolerogenic efficacy in cynomolgus macaque and Lewis rat
models of EAE. For example, anti-DC-ASGPR mAb fused with
MOG1-125 selectively targeted MOG1-125 to CD163+ CD40─

resident macrophages and monocyte derived DCs (123). The
anti-DC-ASGPR-MOG1-125 fusion protein completely protected
cynomolgus macaques from MOG induced EAE when
administered after sensitization but before disease onset. This
vaccine decreased the percentage of activated CD4+ T cells,
increased the percentage of MOG35-55-specific FOXP3+ Tregs,
and increased levels of TGF-b1/2. Peptides can also be targeted to
macrophages and DCs with the cytokine M-CSF. Recombinant
fusion proteins comprised of M-CSF covalently linked with
MBP69-87 inhibited MBP69-87-induced EAE in Lewis rats when
administered prophylactically or therapeutically (121).

A fusion protein comprised of IL-2 and MBP69-87 targeted
MBP69-87 to MHCII+ T cell for enhanced antigen presentation
Frontiers in Immunology | www.frontiersin.org 9210
(121). The IL-2-MBP69-87 fusion protein prevented MBP69-87-
induced EAE in Lewis rats when injected SC prophylactically or
therapeutically (124). The tolerogenic activity was not due to the
immunomodulatory properties of IL-2 because IL-2 alone did
not suppress EAE. It was proposed that autoantigen presentation
by MHCII+ CD4+ T cells induces T cell anergy and apoptosis
(146–148). Interestingly, B cell targeting with IL-4-neurotantigen
fusion protein did not elicit tolerance in EAE (121) (124).

IFN-b was used as a tolerogenic adjuvant and carrier protein
because of its ability to suppresses T cell priming, inhibit Tcon
proliferation, induce Tregs, and prompt tDC differentiation
(149). IFN-b-neuroantigen fusion proteins were potent
therapeutic or prophylactic interventions that inhibited EAE in
Lewis rats and mice (125, 126, 150). The tolerogenic activity of
IFN-b-neuroantigen was not due to the immunomodulatory
activity of IFN-b because Lewis rats treated with an equimolar
dose of IFN-b alone were not protected from EAE (150). IFN-b
could also be non-covalently linked with peptides via hydrostatic
binding in Alum to mediate tolerance. For example, a tolerogenic
vaccine comprised of IFN-b + MOG35-55 in Alum ameliorated
MOG35-55-induced EAE in C57BL/6 mice when administered at
peak disease (125). The IFN-b + MOG35-55 in Alum vaccine
induced Tregs in MOG35-55-specific 2D2 TCR transgenic mice.
In addition, vaccine-induced tolerance was dependent on
TABLE 2 | Continued

Peptide-Based
Tolerogenic Vaccines

Prophylactic Treatment Therapeutic Treatment Bystander/
Infectious
tolerance

Proposed Mechanism of Action Ref.

Route Days EAE Model Route Days EAE Model

24-mer S-antigen peptide-
MOG38-51 or PLP139-151

IV -7 SJL with
PLP139-151 and
C57BL/6 with
MOG35-55

IV 7 SJL with
PLP139-151

and C57BL/
6 with

MOG35-55

N/A Myelin antigen presentation with
immunosuppressive repeating
peptides of S-antigen from
Plasmodium falciparum increased
expansion of antigen-specific Tregs.
Tolerance was dependent on
vaccine-induced IL-10.

(128)

ps1-PLP139-151 or
MOG29-146

Nasal -21, -14,
and -7

SJL with
PLP139-151

Nasal 6 or 11
or 18

SJL with
PLP139-151

and C57BL/
6 with

MOG35-55

N/A Antigen targeting to M cells resulted
in the induction of IL-10 producing
Tr1, induction of IL-4 producing
Tregs and decrement of IL-21, IL-17
and IFN-g production. Tolerance was
dependent on vaccine-induced
Tregs and IL-4.

(129,
130)

RBC-MOG35-55 IV -7 C57BL/6 with
MOG35-55

IV 5 or 11 C57BL/6
with

MOG35-55

N/A Targeting of antigen to RBC
recycling pathway led to pathogenic
effector cell depletion and reduced
the percentage of IFN-g and IL-17
producing T cells.

(131)

Splenocytes chemically
coupled with full-length
MPB, MBP72-89, MBP84-

104, MOG35-55, spinal cord
homogenate, or
peptide cocktail

IV -7 SJL with PLP139-
151 or

spinal cord
homogenate,
C57BL/6 with
MOG35-55, and
Lewis Rats with

MBP72-89

IV 3 or 4
or 16 or

30

SJL with
PLP139-151-
specific T
cell transfer

and
SJL with
peptide
cocktail

N/A Targeting of antigens to the
apoptotic cell debris clearance
pathway in spleen resulted in
macrophage production of IL-10 and
PD-L1 as well as induction of
effector T cell anergy and/or deletion.
Tolerance was partially dependent
on vaccine-induced Tregs. IP and
SC vaccination did not induce
tolerance.

(132–
137)
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vaccine-induced Tregs. Interestingly, the vaccine mediated
bystander suppression because IFN-b + ovalbumin (OVA323-339)
in Alum protected mice from EAE when mice were challenged
with OVA323-339 + MOG35-55 in CFA but not MOG35-55 in CFA.
These results suggested that the IFN-b + OVA323-339 in Alum
induced OVA-specific Treg and blocked the priming of
encephalitogenic MOG35-55-specific T cells. Likewise, fusion
proteins comprised of the immunomodulatory cytokine IL-16
and MBP69-88 ameliorated MPB69-88-induced EAE in Lewis rats
when administered prophylactically or therapeutically (127). Other
tolerogenic vaccine strategies included fusing myelin peptides to
the immunosuppressive S-antigen from Plasmodium falciparum
(128) or targeting myelin peptides with the viral adhesion protein
ps1, to M cells, which mediate mucosal antigen sampling and
mucosal tolerance, to suppress EAE (Table 2) (129, 130).

Cell have been used as peptide carriers and targeting moieties.
Red blood cells (RBCs) have been employed to introduce
autoantigens into the RBC recycling pathway to mediate
tolerance. Autoantigen loaded RBCs suppressed mouse models
of EAE and T1D (131, 151). For example, RBCs carrying
MOG35-55 protected C57BL/6 mice from MOG35-55-induced
EAE when administered IV before or during disease onset
(131). The RBC-antigen vaccine depleted antigen-specific
immunocytes. Likewise, apoptotic leukocytes have been
exploited to introduce autoantigens into the apoptotic cell
debris clearance pathway and induced tolerance in rodent
models of DTH, Theiler’s murine encephalomyelitis, allergy,
experimental autoimmune thyroiditis, uveitis, neuritis, T1D,
and EAE (132, 133, 152–161). For example, prophylactic IV
vaccination of SJL mice with splenocytes coupled to PLP139-151
suppressed EAE induced with mouse spinal cord homogenate.
The route of vaccine administration was critical since IV, but
neither SC or IP vaccination, prevented EAE (134). The vaccine
decreased antigen-specific T cell proliferation and increased the
production of IL-10 and TGF-b (133). Tregs transferred
tolerance from vaccinated donor mice to recipient mice and
prevented the subsequent induction of EAE. Interestingly, Tregs
were not required for tolerance but instead maintained long-
term tolerance since Treg depletion only abrogated tolerance
during late stage disease (day 63) but not during early disease
(day 35). Mechanistically, it was determined that the vaccine was
targeted to marginal zone macrophages in the spleen, that
upregulated IL-10 and PD-L1 resulting in the expansion of
Tregs and depletion of antigen-specific effectors cells (135, 162).

The success of antigen-coupled cells in preclinical models of
EAE led to a phase I clinical trial testing the safety of myelin
peptide-coupled PBMCs in patients with relapsing-remitting or
secondary progressive MS (Table 1) (107). The study concluded
that myelin peptide-coupled PBMC vaccination was safe and
associated with decreased myelin reactive T cell recall responses
in treated patients.

Particle-Based Vaccines
Particulate vaccines, such as nanoparticles (NP) and microparticles
(MP) are being explored as protein/peptide carriers to extend
autoantigen half-life and target autoantigens to distinct
Frontiers in Immunology | www.frontiersin.org 10211
immunological niches. Particle-based vaccines can coordinate the
delivery of tolerogenic adjuvants and autoantigens to different cell
types or anatomical locations by modulating the particles size,
charge, composition, and route of administration. For example, SC
administered particles that are 1-6 nm, 9-100 nm, and 100 nm or
greater drain to the blood, lymphatics, or form a local depot,
respectively. When administered IV, particles that are 20–100 nm,
100-200 nm, and 200 nm or greater accumulate in the liver, liver/
spleen or spleen, respectively (163). Ideally, particles should be
biodegradable to prevent bioaccumulation and cytotoxicity (163).
Here we discuss particle-based tolerogenic vaccine-targeting
strategies that generate immune tolerance in rodent models of
EAE (outlined in Table 3).

One strategy is to target autoantigens to the spleen using
microparticle-based (MP) tolerogenic vaccines. MP vaccines
composed of either non-biodegradable polystyrene and
biodegradable PLGA (400-500 nm) mimicked apoptotic cell
debris and target tethered autoantigens to MARCO+ marginal
zone macrophages in the spleen when injected IV. The MP
coupled with disease-specific antigens suppressed preclinical
rodent models of EAE, T1D, celiac, and allergic airway disease
(164, 177–180). For example, PLP139-151-MP suppressed
PLP139-151-induced EAE in SJL mice when administered
prophylactically or therapeutically. The particle size was
crucial because smaller (100 nm) and larger (1.75 and 4.5 µm)
particles were less effective (164). Likewise, the administration
route was critical because IV vaccination demonstrated robust
tolerogenic activity, while IP and SC vaccination had moderate to
no tolerogenic activity, respectively (178). Collectively, these data
suggested that MP must be a size that is conducive for spleen
targeting and marginal zone macrophage phagocytosis to elicit
robust tolerance. Mechanistically, the MP induced tolerance
through the induction of T cell anergy and deletion. The
PLP139-151-MP reduced the PLP139-151-specific T cell recall
response and decreased the percentage of PLP139-151-specific
IFN-g and IL-17 producing T cells in vivo. In addition, MP-
induced tolerance was partially dependent on Tregs and IL-10
(164). Moreover, tolerogenic adjuvants, including TGF-b and
rapamycin, have been added to reinforce anti-inflammatory
pathways and enhance the efficacy of spleen-targeted NP/MP
vaccines (165–167).

A second strategy is to target particles to the lymph nodes, a
site of T cell priming. Lymph node targeting has been achieved
via SC injection of small NP (10-100 nm) that drain to local
lymph nodes and are subsequently retained (181). Additionally,
intra-lymph node injection of large MPs that are too large to
subsequently migrate to other anatomical sites can be used to
influence the lymph node environment. For example, intra-
lymph node injection of MP (3.5-4.5 µm) vaccines comprised
of biodegradable PLGA bearing MOG35-55 and the tolerogenic
adjuvant rapamycin suppressed MOG35-55-induced EAE in
C57BL/6 mice when administered prophylactically or
therapeutically. The MP were not inherently immunosuppressive,
because MP bearing an irrelevant antigen and rapamycin did not
suppress EAE. Tolerance was dependent on lymph node targeting
because IM vaccination did not restrain EAE. The MP increased
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TABLE 3 | Particle-based tolerogenic vaccines.

Nano and Microparticle
Tolerogenic Vaccines

Prophylactic Treatment Therapeutic Treatment Bystander/
Infectious
Tolerance

Proposed Mechanism of Action Ref

Route Days EAE
Model

Route Days EAE
Model

400-500 nm
PS or PLG NP bearing
PLP139-151

IV -7 SJL with
PLP139-151

IV 11 or 18 SJL with
PLP139-151

Yes Antigen targeting to marginal zone
macrophages in the spleen led to effector T
cell apoptosis and anergy. Tolerance was
dependent on vaccine induced Tregs and
IL-10. SC vaccination was ineffective. NP
bearing PLP139-151 mediated infectious
tolerance to PLP178-191-induced EAE in
SJL mice.

(164)

170-220 nm
PLGA NP encapsulating
PLP139-191 and rapamycin

IV -21 and
-14

Hemophilia
A mice with
PLP139-151

IV or
SC

13 or 14 SJL with
PLP139-191

N/A Antigen targeting to marginal zone
macrophages in the spleen and myeloid
APCs in the lymph nodes with rapamycin
to modulate local immune environment,
inhibited antigen-specific T cell proliferation
and induced antigen-specific tetramer+

Tregs in spleen of vaccinated mice. Tregs
from vaccinated mice transferred tolerance
to naïve recipient mice.

(165,
166)

700-900 nm
PLG NP encapsulating
PLP139-151 with tethered
TGF-b

IV or
SC

-7 SJL with
PLP139-151

IV 13 SJL with
PLP139-151

N/A Antigen delivery with TGF-b to modulate
local immune environment resulted in
decreased DC production of IL-6 and IL-12
and increased the number of polyclonal
Tregs in the liver of mice.

(167)

3.5-4.5 µm
PLGA MPs loaded with
MOG35-55 and rapamycin

NA NA NA ILN 10 or 16 C57BL/6
with

MOG35-55

N/A Antigen delivery to lymph node with
rapamycin to modulate local immune
environment increased polyclonal Tregs in
CNS, lymph nodes, and spleen, reduced
IFN-g and IL-17 responses and decrease
lymphocyte infiltration into CNS.

(168)

20 nm
Quantum dots bearing
MOG35-55

SC 2 C57BL/6
with

MOG35-55

NA NA NA N/A Antigen delivery to MARCO+ macrophages
in lymph nodes increased polyclonal Tregs
in the draining lymph nodes. Tolerance was
dependent on NP antigen loading density.

(169)

10-20 nm
Poly(maleic anhydride-alt-1-
octadecene) coated iron
oxide nanocrystals loaded
with MOG35-55 or MBP1-9

IV 1 C57BL/6
with

MOG35-55

or B10.PL
or Tg4 with
MBP1-9

IV Administered
at disease
onset

C57BL/6
with

MOG35-55

N/A Antigen targeting to LSECs increased the
percentage of polyclonal Tregs in the
spleen. Tolerance was dependent on
vaccine-induced Tregs.

(170)

60 nm
Gold particles loaded with
PEG, ITE, and MOG35-55 or
PLP139-151

IP -30, -29
and -28
or -16,
-15 and
-14 or
-9, -8
and -7
or -3, -2
and -1

C57BL/6
with

MOG35-55

IP 17, 24,31, 38
and 45 or 7
or 14 or 35

SJL with
PLP139-151,
C57BL/6

with
MOG35-55,

or
NOD with
MOG35-55

Yes Antigen targeting to DCs with ITE to
modulate local immune environment
induced tolerogenic DCs and increased
polyclonal Tregs in the spleen of
vaccinated mice. Tregs from vaccinated
mice transferred tolerance to naïve
recipient mice. NP carrying ITE and
MOG35-55 suppressed EAE induced with
PLP139-151 in SJL x C57BL/6 F1 mice.

(171,
172)

40-50 nm
Dextran coated or pegylated
iron oxide NPs coated with
MHCII loaded with MOG38-49,
MOG97-108 or PLP175-192

N/A N/A N/A IV or
SC

14 or 21 and
weekly

C57BL/6
with

MOG35-55

or
C57BL/6

IAbnull HLA-
DR4-IE Tg

Yes Antigen presenting NPs induced Tr1 cells
from memory experienced populations. NP
carrying MOG97-108 suppressed PLP175-192

induced EAE. Likewise, NP bearing
ubiquitous PDC or CYP2D6 peptide-MHCII
complexes suppressed EAE.

(173,
174)

(Continued)
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the number of Tregs in the lymph nodes and spleen of vaccinated
mice (168). Moreover, a tolerogenic NP vaccine comprised of
20 nm quantum dots fused with MOG35-55 was targeted to
MARCO+ macrophages in the draining lymph nodes following
SC vaccination. The quantum dot-MOG35-55 NP vaccine prevented
MOG35-55-induced EAE in C57BL/6 mice when administered after
the encephalitogenic challenge but before disease onset. Tolerance
was dependent on antigen density because NP loaded with
increasing quantities of MOG35-55 were less efficacious. Tolerance
was associated with increased numbers of Tregs in the draining
lymph nodes of vaccinated mice (169).

A third strategy includes targeting tolerogenic NP to the liver.
Tolerogenic NP comprised of autoantigens tethered to Poly
(maleic anhydride-alt-1-octadecene) coated superparamagnetic
iron oxide nanocrystals (10-20 nm) were specifically enriched in
the liver and internalized by LSECs following IV administration
(170). When loaded with MOG35-55, the LSEC targeted NP
suppressed MOG35-55-induced EAE in C57BL/6 mice when
administered IV before or during active disease (170). The
LSEC-targeted NP increased the percentage of polyclonal Tregs
in the spleens of vaccinated mice and Treg depletion abrogated
vaccine-induced tolerance.

A fourth strategy is to target NP to DCs with tolerogenic
adjuvants that promote the differentiation of tDC. AHR ligand 2-
(1’H-indole-3’-carbonyl)-thiazole-4-carboxylic acid methyl ester
(ITE) is an adjuvant that activates the aryl hydrocarbon receptor
and promoted the differentiation of tDCs. DC targeted gold
nanoparticles (60 nm) coated with disease-specific autoantigen,
ITE, and PEG suppressed rodent models of EAE and T1D (171,
172, 182). The ITE-antigen-NP induced the differentiation of tDCs
in vitro, that expressed low levels of the co-stimulatory molecules
(MHCII, CD40, and CD86) and proinflammatory cytokines (IL-6
and IL-12) and increased the production of anti-inflammatory
cytokines (TGF-b and IL-10) (171, 182). When administered SC
or IV, the NP were selectively targeted to CD11c+ DCs. SC
administration of the NP increased the percentage of MOG35-55-
Frontiers in Immunology | www.frontiersin.org 12213
specific (tetramer+) FOXP3+ Tregs and IL-10 producing Tr1 cells
in addition to reducing the percentage of MOG35-55-specific
(tetramer+) IL-17 and IFN-g producing Tcons in the spleen
(182). The NP loaded with ITE and MOG35-55 suppressed
MOG-induced EAE when administered IP, IV, or SC and were
effective when administered prophylactically or therapeutically
(171, 182). Tregs transferred tolerance from vaccinated donor
mice to recipient mice and prevented the subsequent induction of
EAE (171). The NP vaccine elicited bystander suppression because
NP containing ITE and MOG35-55 suppressed PLP139-151-induced
EAE in C57BL/6 x SJL F1 mice (182).

A fifth strategy is to directly target autoreactive T cells with
artificial APC NP decorated with autoantigen-MHCII
complexes. This strategy is based on the premise that chronic
autoantigen stimulation in the absence of co-stimulation results
in T cell anergy and expansion of suppressive Tr1 cells. NP (40-
50 nm) loaded with diseases-specific autoantigen-MHCII
complexes suppressed autoimmune disease in rodent models of
collagen induced arthritis, autoimmune hepatitis, T1D, and EAE
(173, 174, 183, 184). For example, NP bearing MOG38-49-MHCII
complexes inhibited MOG35-55 induced EAE in C57BL/6 mice
when administered at the peak of the disease (174). The disease
resolution was associated with the conversion of antigen-
experienced autoreactive T cell into suppressive Tr1 cells that
expressed ICOS, LAP, CD49b, and LAG-3 as well as the anti-
inflammatory cytokines IL-10 and IL-21. Effects of this vaccine
were independent of FOXP3+ Tregs. Impressively, the autoantigen-
MHCII nanoparticles elicited bystander suppression. Specifically,
NP loaded with CNS-specific MOG97-108-MHCII but not joint-
specific collagen type II (CII259–273)-MHCII ameliorated PLP-
induced CNS autoimmunity in MHCII humanized C57BL/6
mice. Particulate size was critical because vaccines comprised of
larger MP loaded with MHCII-autoantigen or smaller monomeric
MHCII-autoantigen were unable to restrain EAE (174).

NP displaying peptide-MHC complexes, in which peptides
are from ubiquitous autoantigens such as mitochondrial
TABLE 3 | Continued

Nano and Microparticle
Tolerogenic Vaccines

Prophylactic Treatment Therapeutic Treatment Bystander/
Infectious
Tolerance

Proposed Mechanism of Action Ref

Route Days EAE
Model

Route Days EAE
Model

mice with
PLP175–192

180-260 nm
PLGA NP bearing MOG40–54/
H-2Db-Ig dimer, MOG35–55/I-
Ab multimer, anti-Fas, PD-L1-
Fc and CD47-Fc

NA NA NA IV 8, 18, 28 and
38

C57BL/6
MOG35-55

N/A Antigen presenting NP with
immunoregulatory molecules to modulate
the local immune environment decreased
MOG35–55-reactive Th1 and Th17 cells,
increased regulatory T cells, inhibited T cell
proliferation and elevated T cell apoptosis
in spleen.

(175)

60-90 nm Mannosylated
liposomes loaded with
MBP46–62, MBP124–139, or
MBP147–170 or combination

N/A N/A N/A SC 7, 8, 9, 10,
11 and 12

Dark
Agouti Rats
MBP63-81

Yes Antigen targeting to CD206+ DCs resulted
in decrease anti-MBP autoantibodies and
down-regulate Th1 cytokine profile in the
CNS. NP carrying MBP46–62, MBP124–139,
or MBP147–170 prevented MBP63-81

induced EAE in Dark Agouti rats.

(176)
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pyruvate dehydrogenase (PDC) or cytochrome P450 (CYP2D6),
could induce autoantigen-specific Tr1 cells that ameliorate hepatic
autoimmunity, T1D, and EAE in mice (173, 184). The consensus
was that the ubiquitous self-proteins PDC and CYP2D6 are
released during inflammation leading to antigen-specific CD4+

T cell responses. Following vaccination, the PDC- or CYP2D6-
specific effector CD4+ T cell were converted to Tr1 cells that
trafficked to sites of inflammation where PDC and CYP2D6 were
released during tissue damage to mediate tolerance. To our
knowledge this is the first account in which tolerance to
ubiquitous autoantigens elicited organ-specific tolerance.
Impressively, immunity toward vaccinia virus, influenzas and
Listeria Monocytogenes or allogeneic colon carcinoma (CT26)
and melanoma (B16/F10) liver metastases was maintained, thus
the NP were not overtly immunosuppressive (173).

Tolerogenic adjuvants have been added to NP-based artificial
APC platforms to enhance vaccine efficacy. For example,
biodegradable PLGA nanoparticles (180-260 nm) containing
surface tethered peptide-MHC complexes (MOG40–54/H-2D

b-Ig
dimer, MOG35–55/I-A

b multimer), regulatory molecules (anti-Fas,
PD-L1-Fc), self-marker (CD47-Fc), and encapsulated TGF-b1
modulated T cell responses to induce tolerance. These NP
suppressed MOG35-55-induced EAE in C57BL/6 mice when
administered during disease onset. Tolerogenic NP without
neuroantigen but with regulatory molecules lacked therapeutic
activity in EAE suggesting the NP were not inherently
immunosuppressive. Mechanistically, the MOG-MHC loaded NP
decreased the percentage of MOG35–55-reactive Th1 and Th17 cells
and increased the percentage of Tregs in the spleen (175).

One tolerogenic NP vaccine has been advanced into a clinical trial
for MS (108). The NP was composed of mannosylated liposome
unilamellar vesicles that were 60-90 nm in diameter and
encapsulated MBP peptides. Preclinical studies determined that
mannosylated liposome NP were selectively phagocytosed by DCs
in vitro, via the mannose receptor CD206. The mannosylated
liposome NP loaded with either MBP46–62, MBP124–139, or
MBP147–170 as well as a mixture of the three peptides together
prevented MBP63-81-induced EAE in Dark Agouti rats when
administered SC at disease onset (176). These NP decreased serum
anti-MBP autoantibodies and down-regulated Th1 cytokine profile.
Following the preclinical success of mannosylated liposome NP, a
phase I clinical trial was initiated in patients with relapsing-remitting
or secondary progressive MS. Patients were treated SC with
ascending doses of “Xemys” a mannosylated liposome NP loaded
with MBP46–62, MBP124–139, and MBP147–170 (Table 1). The study
determined that Xemys was safe and well tolerated. However, there
was an increase of active CNS lesions on weeks 7 and 10 in
comparison with baseline.

DNA-Based Vaccines
DNA-based vaccines are made of DNA vectors that include
nucleic acid sequences encoding target antigens. When injected,
the DNA-based vaccine is internalized by local or target cells and
translated to generate in situ protein products that are subjected to
traditional antigen presentation on MCHII. Presentation of DNA
vaccine protein products (e.g. peptide) on MCHII then elicits
immunogenic or tolerogenic immune responses. These DNA-
Frontiers in Immunology | www.frontiersin.org 13214
based vaccines have been administered as naked plasmid DNA
or as DNA constructs packaged in cationic lipids, liposomes,
microparticles, and viruses to mediate DNA uptake and ectopic
expression of the encoded autoantigens (185). Numerous DNA-
based tolerogenic vaccines have been devised that induce antigen-
specific tolerance in animal models of autoinflammatory disease
(186), including murine models of EAE (185). However, several
DNA-based vaccines encoding myelin antigens failed to induce
tolerance and instead resulted in sensitization and exacerbated
EAE (187–189). Therefore, several strategies have been conceived
to specifically tailor DNA-vaccines to promote immune tolerance
and prevent sensitization. These strategies include: (1) targeting
DNA vaccines to anatomical sites that favor immune regulation
such as the skin, muscle, and liver; (2) limiting expression of DNA
vaccine to DC subsets; (3) co-expressing or administering
tolerogenic adjuvants alongside DNA vaccines; and (4)
modifying DNA vaccines to reduce the number of immunogenic
CpGmotifs to inhibit proinflammatory TLR-9 activation. Here we
discuss DNA-based tolerogenic vaccine strategies that generate
immune tolerance in rodent models of EAE (outlined in Table 4).

The anatomical site of autoantigen recognition can influence
tolerance. Therefore, DNA-based vaccines are often introduced
into anatomical sites that are immunologically quiescent (e.g.
muscle) or promote Treg responses (e.g. skin and liver). For
example, intramuscular (IM) vaccination of C57BL/6 mice with a
DNA-vaccine encoding full-length MOG under the ubiquitous
CMV promoter suppressed MOG35-55-induced EAE when
administered prophylactically or therapeutically (197). The
vaccine increased the percentage of polyclonal Tregs in the
spleen and increased the expression of the Treg-specific
transcription factor FOXP3 in the CNS. Splenocytes from
MOG-DNA vaccinated mice produced less INF-g, IL-17, and
IL-4 following re-stimulation with MOG35-55. Of note, a full-
length MBP-DNA vaccine elicited bystander suppression
because the MBP-DNA vaccine suppressed MOG35-55-induced
EAE when administered before disease induction. However, a
full-length PLP-DNA vaccine failed to suppress MOG35-55-
induced EAE as a therapeutic or prophylactic vaccine (197). In
addition, DNA-based vaccines targeted to skin resident DCs
suppressed EAE (198) (Table 4).

DNA-based tolerogenic vaccines encoding autoantigens have
also been targeted to the liver. For example, an adeno-associated
virus (AAV) packaged DNA-vaccine encoding full-length MOG
under the control of a liver specific promoter resulted in the
stable and restricted expression of MOG in the liver of C57BL/6
mice (199). The AAV liver targeted MOG-DNA vaccine elicited
robust and lasting (>335 days) tolerance to MOG35-55-induced
EAE and was effective when administered as prophylactic or
therapeutic vaccine. The vaccine increased the percentage of
MOG35-55-specific tetramer+ Tregs in the spleen and increased
the abundance of polyclonal Tregs in the blood of vaccinated
mice. Additionally, DNA-based tolerogenic vaccines have been
co-administered with the tolerogenic adjuvants FK506 and
rapamycin to suppress EAE (199–201) (Table 4).

Furthermore, DNA vaccines encoding autoantigens in
conjunction with the immunoregulatory cytokines IL-10,
TGF-b, or IL-4 were tested. For example, co-administration of
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TABLE 4 | DNA-based tolerogenic vaccines.

DNA/RNA-Based
Tolerogenic Vaccines

Prophylactic
Treatment

Therapeutic Treatment Bystander/
Infectious Tol-

erance

Proposed Mechanism of Action Ref.

Route Days EAE Model Route Days EAE Model

DNA pCMV full-length
MOG or full-length MBP

IM -28
and
-14

C57BL/6 with
MOG35-55

IM 10, 24 and
32

C57BL/6 with
MOG35-55

Yes Ectopic expression of MOG35-55 in
muscle resulted in decreased Th1/Th2
responses, increased FOXP3 mRNA in
CNS and increased Tregs in spleen.
The DNA vaccine encoding full-length
MBP suppressed MOG35-55-induced
EAE.

(190)

DNA pfascin1 MOG35-55

coadministered with DNA
pCMV IL-10

ID -21,
-14,
and
-7

C57BL/6 with
MOG35-55

N/A N/A N/A N/A Ectopic expression of MOG35-55 in
skin resident DCs with IL-10 to
modulate the local immune
environment reduced IFN-g and IL-17
producing T cell infiltration in CNS. No
detectable increase in Tregs.

(191)

DNA liver-specific
promoter full-length MOG
packaged in AAV
coadministered with or
without rapamycin

IV -200
or
-14

C57BL/6 with
MOG35-55

IV Treatment
administered
at Score 1.4,
3.0, or 3.5

C57BL/6 with
MOG35-55

N/A Ectopic expression of MOG in liver
resulted in increased percentages of
MOG35-55 tetramer+ Tregs in spleen,
increased polyclonal Tregs in blood
and reduced autoantibody production.

(192)

DNA pCMV MOG35-55

coadministered with
FK506

IM -7 C57BL/6 with
MOG35-55

IM 3, 7, 17 and
20

C57BL/6 with
MOG35-55

N/A Ectopic expression of MOG35-55 and
coadministration of FK506 to modulate
immune environment resulted in
increased Tregs in spleen and spinal
cord of vaccinated mice.

(193,
194)

DNA pCMV MBP68-86

coadministered DNA
pCMV IL-10

N/A N/A N/A IM 10 and/or 12 Lewis Rat with
MBP68-86

Yes Ectopic expression of MBP68-86 with
IL-10 to modulate local immune
environment led to the induction of Tr1
cells in lymph nodes. The MBP68-86-
DNA with IL-10-DNA vaccine
suppressed MBP87-99-induced EAE.

(195)

DNA pCMV MOG35-55

coadministered with DNA
pCMV TGF-b

ID -21,
-14,
and
-7

C57BL/6 with
MOG35-55

N/A N/A N/A N/A Ectopic expression of MOG35-55 in
skin with TGF-b to modulate the local
immune environment resulted in
reduced IFN-g and IL-17 producing T
cell infiltration into the CNS. No
detectable increase in Tregs.

(191)

DNA pCMV PLP139-151 or
full-length MOG
coadministered with DNA
pCMV IL-4

IM -10
and
-17

SJL with
PLP139-151

IM 14 and 21 or
18 and 27

C57BL/6 with
MOG35-55

N/A Ectopic expression of PLP139-151 with
IL-4 to modulate local immune
environment reduced the proliferative
response of PLP139-151-specific T
cells, increased IL-10 and IL-4 and
decreased IFN-g production. Tolerance
was transferred from donor to
recipient mice via CD4+ (Th2) T cells.

(196)

RNA encoding MOG35-55

or PLP139-151 loaded into
DC-targeted liposomes
(200-400 nm)

N/A N/A N/A N/A 7 and 10 or
when mice
reached EAE
score of 1-2

C57BL/6 with
MOG35-55 or
C57BL/6 x
SJL F1 with
PLP139-151 or

peptide
cocktail

Yes Ectopic expression of MOG35-55 in
DCs decreased the percentage of IFN-
g+ Th1, IL-17+ Th17 T cells, decreased
the percentage of MOG35-55-specific
CD4+ T cells in the CNS and increased
the percentage of MOG35-55-specific
Tregs in the spleen of vaccinated
mice. The MOG35-55-RNA vaccine
prevented PLP139-151 and PLP139-151

or peptide cocktail-induced EAE in
C57BL/6 x SJL F1 mice.

(197)
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separate plasmids encoding MBP68-86 or IL-10 under the CMV
promoter suppressed MBP68-89-induced EAE in Lewis rats when
administered prophylactically or therapeutically (202). The
vaccine was associated with the induction of Tr1 cells.
Interestingly, the tolerogenic vaccine demonstrated bystander
suppression because the IL-10 + MBP68-86-DNA vaccine blocked
EAE induced with MBP87-99 (202). DNA-based vaccines
encoding autoantigens in conjunction with DNA vaccines
encoding TGF-b (198) or IL-4 (203) suppressed EAE in
rodents (Table 4).

The success of DNA-based tolerogenic vaccines in rodent
models of EAE led to the development of a phase I/II and II
clinical trials testing “BHT-3009”, a DNA-based tolerogenic
vaccine encoding the CMV promoter and full-length MBP
(Table 1). The DNA backbone contained reduced numbers of
immunostimulatory CpG motifs to limit TLR-9 activation. The
BHT-3009 vaccine was injected IM into patients with relapsing-
remitting or secondary progressive MS (NCT00103974) (109).
The DNA vaccine was found to be safe and decreased the
number of CNS lesions in patients, however the differences did
not reach statistical significance. Interestingly, the vaccine
decreased the antigen-specific T and B cell response not only
to MBP, but also PLP and MOG, suggesting that DNA-based
vaccination may promote bystander suppression in humans.

RNA-Based Vaccines
RNA-based tolerogenic vaccines have been explored (outline in
Table 4) (204). Extracellular and double stranded RNA
molecules are inherently proinflammatory and trigger TLR
activation, DC maturation, IFN-a production, and Th1
responses. Therefore, efforts were made to reduce the
proinflammatory nature of RNA-vaccines by replacing uridine
with 1-methylpseudouridine (m1Y) to abrogate TLR-3, TLR-7,
and TLR-8 activation (205) and by removing double-stranded
RNA contaminants to abrogate TLR-7 activation (206). In
addition, RNA-based vaccines have been loaded into DC
targeting liposomes to specifically introduce the RNA-based
vaccine into DCs for translation and MHCII presentation
(207). The nanoparticle-formulated m1Y-modified single
stranded mRNA vaccine that encoded MOG35-55 inhibited
MOG35-55-induced EAE in C57BL/6 mice when administered
before or after disease development (204). The vaccine decreased
the percentage of IFN-g+ Th1, IL-17+ Th17 and MOG35-55-
specific (tetramer+) CD4+ T cells in the CNS and increased the
percentage of MOG35-55-specific (tetramer+) FOXP3+ Tregs in
the spleen. The vaccine mediated bystander suppression as the
MOG35-55-RNA vaccine also prevented PLP139-151-induced
EAE in C57BL/6 x SJL F1 mice when administered before
disease onset. Likewise, the MOG35-55-RNA tolerogenic vaccine
ameliorate EAE induced with a cocktail of MOG35-55, PLP139-151,
PLP178-191, MBP84-104, and Myelin-associated oligodendrocyte
basic protein (MOBP15-36) in C57BL/6 x SJL F1 mice when
administered as a prophylactic vaccine. These results suggest that
RNA-based tolerogenic vaccines encoding a single myelin
epitope can induced antigen specific-Tregs that mediate
bystander suppression toward multiple noncognate myelin
epitopes to control CNS autoimmunity in mice.
Frontiers in Immunology | www.frontiersin.org 15216
DC-Based Vaccine: Autologous DC as a Vaccine
Transplant of autologous cells including stem cells, Tregs, Tr1,
iTr35, Bregs, DC, myeloid suppressor cells, microglia, and
macrophages among others, suppressed EAE (66, 208–214).
Autologous autoantigen loaded DCs have garnered interest as
cell-based tolerogenic vaccine strategy due to the unique capacity
of DCs to favor Treg response under inflammatory conditions.
DCs can be loaded with autoantigens to confers antigen-specificity
and treated with pharmacological agents and biologics to derive
stable immunosuppressive tDCs. Determining the best methods
for generating robust tDCs are currently being investigated. In
Table 5, we summarized DC-based tolerogenic vaccine strategies
that generate immune tolerance in rodent models of EAE.
Pharmacological agents that inhibit the NF-kB pathway (190), a
selective JAK1/JAK3 inhibitor Tofacitinib (191), a selective JAK3/
STAT5 inhibitor BD750 (192), cytotoxic agents dexamethasone
and/or minocycline (193), VitD3 (215), and biologics IL-27 (195)
and IL-10 (196) were used to differentiate tDCs. When loaded
with autoantigens these tDCs suppressed EAE.

Several DC-based tolerogenic vaccines have been advanced
into clinical trials for the treatment of MS (Table 1). First, a
phase I clinical trial tested the safety of IV administered myelin
peptide loaded DCs in patients with primary or secondary
progressive MS (NCT02283671). To generate DCs, PBMC
monocytes were cultured with IL-4, and GM-CSF and treated
with dexamethasone to induce a tDC phenotype. The tDCs were
further treated with IL-1b, IL-6, TNF-a, and prostaglandin E2, and
loaded with a mixture of the myelin peptides, MBP13–32, MBP83–99,
MBP11–129, MBP146–170, MOG1–20, MOG35–55, and PLP139–154. The
myelin-loaded tDC vaccine was safe because patients remained
stable in terms of relapse and disability. The DC vaccination
increased IL-10 production and increased Tr1 cells (110). In
addition, two more phase I clinical trials are underway testing
the feasibility and safety of intranodal (IN) and intradermal (ID)
administration of VitD3 treated DCs loaded with a mix of myelin
peptides (NCT02618902 and NCT02903537) (27, 213).
T CELL THERAPY

Recent progress in single cell sorting, cell monoculture
techniques, and genetic engineering paired with the clinical
success of chimeric antigen receptor (CAR)-T cell therapy in
treating hematologic cancer has renewed enthusiasm for the use
of T cell-based therapies to treat autoimmune diseases. Treg
adoptive transfer therapy has become a major focus of cell-based
therapy as these cells suppress antigen-specific autoimmunity.
Although there are multiple substantial barriers to overcome, T
cell therapy is an elegant concept: as these therapies would
directly provide antigen-specific Tregs to suppress immune
response or cytotoxic T cells to remove autoreactive immune
cells, a common goal among tolerogenic vaccine platforms.

Polyclonal Treg Cell Therapy
Mounting evidence suggest that Treg adoptive transfer may be
an efficacious treatment for inflammatory autoimmune diseases.
Indeed, the adoptive transfer of polyclonal Tregs suppresses
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numerous animal models of autoimmunity, allergic disease, and
transplant rejection (216). These realizations initiated multiple
clinical trials investigating autologous polyclonal Treg transfer as
a treatment for autoimmune disease and transplant rejection. In
these clinical trials, polyclonal Tregs were purified from the
patient’s blood, expanded ex-vivo, and then subsequently
reinfused into patient as an autologous Treg cell therapy.
Polyclonal Tregs have been or currently are being tested in
patients with T1D, pemphigus vulgaris (PV), autoimmune
hepatitis, systemic lupus erythematosus (SLE), Crohn’s disease,
and organ transplant [reviewed here (217)]. Completed clinical
trials in T1D (218) and transplant rejection (219) have revealed
that polyclonal Treg therapy is safe and, in some cases,
demonstrated modest but limited efficacy.

Antigen-Specific Treg Cell Therapy
Antigen-specific Tregs, suppress antigen-specific immune responses
more potently compared to polyclonal Tregs, and are being
Frontiers in Immunology | www.frontiersin.org 16217
investigated as cell-based therapy for autoimmunity (220, 221).
However, multiple technical hurdles must be overcome for
widespread use in the clinic. First, generating large quantities of
antigen-specific Tregs is difficult due to their low precursor
frequency in vivo and their limited proliferative potential.
Moreover, Treg cell surface markers are limited, thus Tcon
contamination poses a concern. Nevertheless, preclinical studies
utilizing TCR transgenic mice as a source of antigen-specific Tregs
demonstrated the potential use of antigen-specific Tregs to treat
autoimmunity. For example, TCR transgenic Tregs that recognized
MOG35-55, PLP139-151, andMBP1-9 were able to suppress EAE driven
with each respective neuroantigen (58, 222, 223). These antigen-
specific Tregs suppressed disease not only as a prophylactic, as did
polyclonal Tregs, but also as a therapeutic treatment during active
disease. For example, MBP1-9-specific Tregs completely inhibited
MBP1-9-induced EAE in B10.PL while non-specific polyclonal Tregs
only transiently inhibited EAE (222). Furthermore, antigen-specific
Tregs exhibited bystander suppression to suppress CNS
TABLE 5 | DC-based tolerogenic vaccines.

DC-Based
Tolerogenic
Vaccines

Prophylactic
Vaccination

Therapeutic
Vaccination

Bystander/
Infectious
Tolerance

Proposed Mechanism of Action Ref.

Route Days EAE Model Route Days EAE Model

Andrographolide
or rosiglitazone
treated DCs
loaded with
MOG35-55

IV -7
and
-14

C57BL/6 with
MOG35-55

N/A N/A N/A N/A Andrographolide or rosiglitazone treated DCs had reduced
expression of CD40 and CD86. When loaded with MOG35-55

the DCs increased FOXP3 mRNA expression in spleen,
decreased MOG-specific antibodies, and decreased MOG35-

55 specific T cell production of INF-g and IL-2 and suppress
EAE.

(190)

Tofacitinib
treated DCs
loaded with
MOG35-55

N/A N/A N/A IV 7, 11
and
15

C57BL/6 with
MOG35-55

N/A Tofacitinib treated DCs exhibited reduced expression of
CD80, CD86, CD83, CD40, IL-1, IL-6, IL-12, IL-23, and TNF-
a. When loaded with MOG35-55 the DCs reduced the
percentage of IL-17+ and IFN-g+ T cells, increased the
percentage of Tregs in spleen and ameliorated EAE.

(191)

BD750 treated
DCs loaded with
MOG35-55

N/A N/A N/A IV 7, 11
and
15

C57BL/6 with
MOG35-55

N/A BD750 treated DCs exhibited reduced expression of CD80,
CD86, CD83 and CD40. When loaded with MOG35-55 the
DCs reduced the frequency of Th1 and Th17, increased the
percentage of Tregs in spleen and suppressed EAE.

(192)

Dexamethasone
and/or
minocycline
treated DCs
loaded with
MOG35-55

IV -7
and
-3

C57BL/6 with
MOG35-55

N/A N/A N/A N/A Dexamethasone and/or minocycline treated DCs exhibited
reduced levels of MCHII, CD80, CD86, TNF-a, IL-1b, IL-6,
and IL-12 and increased levels of PDL-1, ICOSL and IL-10
and induced Tregs in vitro. When loaded with MOG35-55

these DCs suppressed EAE.

(193)

VitD3 treated
DCs loaded with
MOG35-55

N/A N/A N/A IV 10,
13
and
16

C57BL/6 with
MOG35-55

N/A VitD3 treated DCs exhibited reduced levels of MHCII, CD80,
and CD83. When loaded with MOG35-55 these DCs reduced
Th1 and Th17 cells infiltration into spinal cord, increased the
percentage of Tregs in spleen and lymph node, increased the
number of Bregs in spleen and suppressed EAE.

(194)

Il-27 treated DCs
loaded with
PLP139-151

N/A N/A N/A IV 20,
24,
28
and
32

SJL with
PLP139-151

Maybe IL-27 treated DCs exhibited reduced levels of MHCII, CD40,
CD80, CD86, IL-6, IL-12 and IL-23, increased levels of TGF-
b, IL-10 and IFN-b, induced Tregs and Tr1 cells. When
loaded with PLP139-151 the DCs suppressed EAE and
PLP178-191 T cell responses.

(195)

IL-10 and LPS
treated DCs
loaded with
MOG35-55

IV -21 C57BL/6 with
MOG35-55

N/A N/A N/A N/A IL-10 and LPS treated DCs exhibited decreased IL-12
production and impaired antigen-specific T cell proliferation in
vitro When loaded with MOG35-55 these DCs suppressed
EAE.

(196)
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TABLE 6 | T cell therapies for the treatment of inflammatory disease.

T cell
Therapeutic

Disease
Model

Extracellular
Domain

Trans-membrane
Domain

Intracellular
Domain and
Payload

T Cell Subset
Utilized as
Therapeutic

Outcomes Ref.

CD4+ A2-
CAR-Tregs

Transplant
Rejection

Anti-HLA-A2
scFv (Clone

BB7.2)

CD28 CD28-CD3z Human CD4+

CD45ROlow

CD45RAhigh

CD25high Tregs

5-10 x105 human CD4+ A2-CAR-Tregs suppressed
xenogeneic GVHD in NSG mice when administered
with effector HLA-A2+ T cells.

(224)

CD4+ A2-
CAR-Tregs

Transplant
Rejection

Anti-HLA-A2
scFv (phage
display library)

CD28 CD28-CD3z Human CD4+

CD25+ Treg
1 x106 human CD4+ A2-CAR-Tregs prevented
human HLA-A2+ skin graft rejection in BRG mice
when administered with HLA-A2- effector T cells.

(225)

CD4+ A2-
CAR-Tregs

Transplant
Rejection

Anti-HLA-A2
scFv (phage
display library)

CD8 CD28-CD3z Human CD8−

CD4+ CD25high

CD127low Tregs

1 x106 human CD4+ A2-CAR-Tregs prevented
human HLA-A2+ skin graft rejection in NRG mice
when administered with HLA-A2- effector T cells.

(226)

CD4+ MOG-
CAR-
FOXP3-T
cells

Multiple
Sclerosis

Anti-MOG
scFv (Clone
8.18 C5)

CD3 CD3z-CD28
Payload
FOXP3

Murine CD4+

T cells
1 x105 murine CD4+ MOG-CAR-FOXP3-T cells
suppressed MOG35-55 induced EAE in C57BL/6
mice when administered after disease onset.

(36)

CD4+ MOG-
or MBP-
CAR-Tregs

Multiple
Sclerosis

Anti-MOG or
MBP scFv

(phage display
library)

CD28 CD28-CD3z Human CD4+

CD25high and
CD127low Tregs

1 x106 human CD4+ MOG- and MBP-CAR-Tregs
mixed 50:50 suppressed MOG35-55-induced EAE in
C57BL/6 mice when administered 7 days after
disease induction.

(227)

CD4+ TNP-
CAR-Tregs

Colitis Anti-TNP
(Clone Sp6)

CD28 CD28-FcRg Murine CD4+

CD25high Tregs
from TNP-CAR Tg

mice

1 x106 murine CD4+ TNP-CAR-Tregs suppressed
TNBS induced colitis in BALB/c or C57BL/6 mice
when administered 16 hours after disease induction.

(228)

CD4+

Insulin-CAR-
FOXP3-T
cells

Type 1
Diabetes

Anti-Insulin
scFv (phage
display library)

CD8 CD28-CD3z
Payload
FOXP3

Murine CD4+

T cells
2.5 x106 murine CD4+ Insulin-CAR-FOXP3-T cells
failed to prevent the onset of diabetes in prediabetic
NOD mice.

(37)

CD4+ FVIII-
CAR-Tregs

Anti-FVIII
responses in
Hemophilia A

Anti-FVIII scFv
(phage display

library)

CD28 CD28-CD3z Human CD4+

CD25high

CD127low

CD45RA+ Tregs

1-2 x106 human CD4+ FVIII-CAR-Tregs suppressed
the formation of FVIII antibodies in FVIII exon 16
knockout x HLA-DRB1 mice when administered on
the same day as FVIII sensitization.

(229)

CD4+ FVIII-
CAR-T cells

Anti-FVIII
responses in
Hemophilia A

Anti-FVIII scFv
(phage display

library)

CD28 CD28-
CD137-CD3z

Payload
FOXP3

Murine CD4+

T cells
4 x105 murine CD4+ FVIII-CAR-FOXP3-T cells
suppressed the formation of FVIII antibodies in mice
FVIII exon 16 knockout mice receiving FVIII gene
therapy.

(230)

CD4+ CEA-
CAR-Tregs

Allergic
Disease

Anti-CEA scFv
(Clone

SCA431)

CD4 CD28-CD3z Murine CD4+

CD25+ Tregs from
CEA-CAR Tg

mice

1 x106 murine CD4+ CEA-CAR-Tregs suppressed
hyper-reactivity, mucus production, and eosinophilia
in CEA Tg mice with OVA induced experimental
asthma when administered 7 days after the first
sensitization.

(231)

CD4+

UniCAR-
Tregs

Tumor
Rejection

Suppression

Anti-E5B9
scFv (Clone
5B9) + anti-
PSCA-E5B9

CD28 CD28-CD3z
or CD137-

CD3z

Human CD4+

CD25+ CD127dim

CD45RA+ Tregs

1 x106 human CD4+ PSCA-UniCAR-Tregs with the
CD137-CD3z signaling domains suppressed the
rejection of PC3-PSCA tumors in NMRInu/nu mice
when administered alongside PSCA-CAR-T cells.

(232)

CD4+ FITC-
CAR-Tregs

Transplant
Rejection

Anti-FITC
scFv (Clone
1X9Q) + anti-
H-2d-FITC

CD28 CD28-CD3z Murine CD4+

CD25high GFP+

Tregs from
FoxP3luc/GFP mice

1.5 x106 murine CD4+ anti-H-2d-Fitc-CAR-Tregs
increased H-2d islet grafts survival in C57BL/6 (H-2b)
recipients.

(233)

CD8+ A2-
CAR-Tregs

Transplant
Rejection

Anti-HLA-A2
scFv (Clone

BB7.2)

CD28 CD28-CD3z Human CD8+

CD45RClow Tregs
1.5-5 x106 human CD8+ A2-CAR-Tregs prevented
human HLA-A2+ skin graft rejection in NRG mice
when administered with HLA-A2- effector T cells.

(234)

CD4+

MBP89-101-I-
Type 1
Diabetes

I-As-MBP89-

101

I-As CD3z Murine CD4+

CD25+ Tregs from
1 x106 murine CD4+ MBP89-101-I-As-CAAR-Tregs
suppressed MBP89-101 induced EAE in SJL mice
when administered before or after disease onset.

(235)

(Continued)
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autoimmunity elicited against nonrelated myelin antigens. For
example, MBP1-9-specific Tregs partially inhibit EAE induced with
PLP139-151 (222). Likewise, PLP139-151-specific Tregs were able to
restrain EAE induced with a disparate epitope of PLP178-191 (223).
Together these studies support the development of antigen-specific
Treg therapy for autoimmunity.

Engineered Treg Cell Therapy
Expression of chimeric antigen receptors (CAR) or synthetic
TCR confers antigen-specificity to polyclonal Tregs. CAR- and
Frontiers in Immunology | www.frontiersin.org 18219
TCR-Tregs are being developed as a strategy to suppress
pathogenic immune responses (outlined in Table 6).

CAR-Treg Cell Therapy
CD4+ CAR-Tregs: CD4+ CAR-Tregs are being investigated to
treat GVHD and transplant rejection. The hypothesis is that
Tregs expressing a CAR that recognizes a graft-specific MHCI
haplotype can suppress allogenic graft transplant rejection.
Several MHCI-recognizing CAR constructs have been devised.
One such CAR construct encoded an extracellular HLA-A2-
TABLE 6 | Continued

T cell
Therapeutic

Disease
Model

Extracellular
Domain

Trans-membrane
Domain

Intracellular
Domain and
Payload

T Cell Subset
Utilized as
Therapeutic

Outcomes Ref.

As- CAAR-
Tregs

MBP89-101-IA
s-z

Tg mice

CD4+ OVA-
BAR-Tregs

Allergic
Disease

Full-length
OVA

CD28 CD28-CD3z Murine TGF-b
induced CD4+

Tregs or human
CD4+ CD25high

CD127low Tregs

5 x106 murine or 1 x106 human CD4+ OVA-BAR-
Tregs protected BALB/c mice from OVA induced
anaphylaxis. In addition, five million murine CD4+

OVA-BAR-Tregs suppressed anti-OVA IgE mast cell
mediated anaphylaxis.

(236)

CD4+ FVIII-
BAR-Tregs

Anti-FVIII
responses in
Hemophilia A

FVIII A2 and
C2 domains

CD28 CD28-CD3z Human CD4+

CD25high

CD127low Tregs

1-2 x106 human CD4+ FVII-BAR-Tregs suppressed
the formation of FVIII antibodies in FVIII exon 16
knockout mice when administered before and after
sensitization.

(237)

CD4+ OVA-
TCR-Tregs
or OVA-
TCR-
FOXP3-T
cells

Rheumatoid
Arthritis

OVA-specific
TCR a and b

TCR a and b chains TCR a and b
chains
Payload
FOXP3

Murine CD4+

CD25+ Tregs
1.5 x106 murine CD4+ OVA-TCR-Tregs or OVA-
TCR-FOXP3-T cells suppressed methylated BSA
induced arthritis in C57BL/6 mice following a
rechallenge with methylated BSA+ OVA.

(238)

CD4+ MBP-
TCR-Tregs

Multiple
Sclerosis

MBP85-99-
specific TCR

a and b

TCR a and b chains TCR a and b
chains

Human CD4+

CD25high

CD127low Tregs

2 x106 human CD4+ MBP-TCR-Tregs suppressed
MOG35-55 induced EAE in HLA-DR15 Tg mice when
administered 7 days after disease induction.

(239)

CD4+ FVIII-
TCR-Tregs

Anti-FVIII
responses in
Hemophilia A

FVIII2191-2220
-specific TCR

a and b

TCR a and b chains TCR a and b
chains

Human CD4+

CD25high

CD127low Tregs

1-2 x106 human CD4+ FVIII-TCR-Tregs suppressed
FVIII antibody formation in FVIII exon 16 knockout
mice crossed to human HLA-DRB1 mice.

(240)

CD8+ CD19-
CAR-T cells

Systemic
Lupus

Erythematosus

Anti-CD19
scFv (Clone

1D3)

CD28 CD28-CD3z Murine CD8+

T cells
1 x106 murine CD8+ CD19-CAR-T cells suppressed
SLE when administered before or after the
development of disease in MRL-lpr and MZB/w
mice, respectively.

(241)

CD8+

FcϵRIa-
CAR-T cells

Allergic
Diseases

FcϵRIa and
reduced
affinity
muteins

CD3z CD3z Human CD8+

T cells
Human CD8+ FcϵRIa-CAR-T cells killed cells
expressing transmembrane IgE. (242)

CD8+ Anti-
InsB9-23-I-
Ag7-CAR-T
cells

Type 1
Diabetes

Anti-InsB9-23-
I-Ag7 scFv
(clone

mAb287)

CD28 CD28-CD3z
or CD28-

CD137-CD3z

Murine CD8+

T cells
3-5 x106 murine CD8+ Anti-InsB9-23-I-A

g7-CAR-T
cells suppressed the development of diabetes when
transferred to prediabetic NOD mice.

(243)

CD8+

InsB15-23-
b2m-CAAR-
T cells

Type 1
Diabetes

InsB15-23-b2m CD3z CD3z Murine CD8+

T cells
1 x107 murine CD8+ InsB15-23-b2m-CAAR-T cells
suppressed the development of diabetes when
transferred to prediabetic NOD mice.

(244)

DSG3-
CAAR-T
cells

Pemphigus
Vulgaris

Dsg3
extracellular
domains 1-3,
1-4 or 1-5

CD8 CD137-CD3z Human T cells Human Dsg3-CAAR-T cells suppressed Dsg3-
specific hybridoma driven GVHD in NSG mice. (245)

MuSK-
CAAR-T
cells

Myasthenia
Gravis

MuSK
extracellular
domain

N/A CD137-CD3z Human T cells Human MuSK-CAAR-T cells suppressed the
proliferation of MuSK-specific B cells in NSG mice. (246)
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specific scFv, transmembrane CD28 domain, and the
intracellular signaling domains of CD28 and CD3z (224).
Human Tregs transduced with this receptor (A2-CAR-Tregs)
were activated, proliferated, and upregulated the Treg activation
markers when co-cultured with HLA-A2 expressing cells. The
A2-CAR-Tregs selectively interacted with HLA-A2+ PBMCs and
suppressed allogenic Tcon responses against HLA-A2 better than
polyclonal Tregs in vitro. The human HLA-A2-CAR-Tregs were
also superior to polyclonal Tregs at preventing xenogeneic
GVHD, when transferred together with HLA-A2- Tcons to
NSG mice (224). In two independent systems, human A2-
CAR-Tregs were also able to inhibit allogenic rejection of
human HLA-A2+ skin grafts more effectively than polyclonal
Tregs in BRG or NSG mice (225, 226). In addition, an extensive
panel of intracellular co-signaling domains were tested in
combination with the intracellular CD3z signaling domain in
human A2-CAR-Tregs (247) and determined that the CD28 co-
signaling domain was the most potent at suppressing HLA-A2+

PBMC-mediated GVHD in NSG mice. These murine studies led
to the initiation of a phase I/II clinical trial investigating the
safety and efficacy of A2-CAR-Tregs in MHCI-mismatched
HLA-A2+ kidney transplant patients in end-stage renal failure
(Table 1) (EudraCT number 2019-001730-34).

CD4+ CAR-Tregs are also being investigated as an intervention
for organ-specific autoimmune diseases in mice. The hypothesis is
that CAR-Tregs can be targeted to specific-organs and suppress
organ-specific autoimmunity using CARs that recognize organ-
restricted autoantigens. For example, CAR-Tregs that recognized
the CNS restricted antigen MOG, have been tested in EAE. The
CAR construct encoded an extracellular anti-MOG scFv,
transmembrane CD3 domain, intracellular signaling domains of
CD3z and CD28, internal ribosomal entry site (IRES), and the
transcription factor Foxp3 (36) to confer myelin-specificity and
redirect T cells into the Treg lineage (36). Murine CD4+ T cells
transfected with the MOG-CAR-FOXP3 construct were
immunosuppressive and suppressed Tcons in coculture as well
as ameliorated MOG35-55-induced EAE in C57BL/6 mice when
administered therapeutically at peak of disease (36). Likewise,
human Tregs transduced with a CAR encoding anti-MBP or anti-
MOG scFv, transmembrane CD28 and the intracellular signaling
domains of CD28 and CD3z, suppressed MOG35-55-induced EAE
in C57BL/6 mice (227). Similarly, CD4+ CAR-Tregs recognizing
2,4,6 Trinitrophenol (TNP) suppressed TNP-induced colitis in
mice, decreased colonoscopy colitis scores, and increased survival
(Table 6) (228).

CD4+ CAR-Tregs have also been tested in a murine model of
T1D. The CAR construct encoded an extracellular anti-insulin
scFv, transmembrane CD8 domain, the intracellular signaling
domains of CD28 and CD3z, T2A self-cleaving peptide, and the
transcription factor Foxp3 (37). The insulin-CAR-FOXP3-T cells
were recruited into the Treg lineage and were activated and
proliferated in response to aggregated insulin, but not
monomeric insulin. Therefore, it was hypothesized that insulin-
CAR-FOXP3-T cells would only be activated in the pancreas
where aggregated insulin is secreted. Nonetheless, the insulin-
CAR-FOXP3-T cells were unable to suppress the development of
Frontiers in Immunology | www.frontiersin.org 19220
T1D when adoptively transferred into prediabetic NOD mice.
Although the insulin-CAR-FOXP3-T cells lacked efficacy, these
CAR-Tregs were long lived and could identified 4 months after
adoptive transfer.

CD4+ CAR-Tregs are also being investigated as a strategy to
suppress undesirable immune responses against recombinant
protein-based therapeutics that result in the formation of
neutralizing antibodies which inhibit therapeutic efficacy. For
example, hemophilia A patients treated with Factor VIII (FVIII)
replacement therapy often develop FVIII-neutralizing antibodies
that abrogate therapeutic efficacy (248). Therefore, FVIII-CAR-
Tregs were tested to prevent FVIII-specific immune responses in
mice. The CAR construct encoded an extracellular anti-FVIII
scFv, transmembrane CD28 domain, and the intracellular
signaling domains of CD28 and CD3z (229). Human FVIII-
CAR-Tregs exhibited antigen-specific suppression and prevented
the proliferation of a FVIII-CAR-T cells, better than natural
polyclonal Tregs, when cocultured with FVIII and PBMCs in
vitro. Human FVIII-CAR-Tregs were tested in FVIII-knockout
mice (E16) x humanized DR1 mice immunized with FVIII in
incomplete Freund’s adjuvant and suppressed the development
of FVIII-specific antibodies.

Furthermore, CD4+ CAR-Tregs have been investigated as an
intervention for allergic disease. CEA-CAR-Tregs were tested in
a murine model of OVA induced allergic airway inflammation in
carcinoembryonic antigen (CEA) Tg mice that express CEA on
the luminal surface of the pulmonary and the gastrointestinal
tract epithelia (231). The CAR construct encoded an extracellular
anti-CEA scFv, transmembrane CD4 domain, and the
intracellular signaling domains of CD28 and CD3z. The CEA-
CAR-Tregs homed to the lungs which expresses high levels of
CEA in CEA-Tg mice. Following adoptive transfer to CEA-Tg
mice, the CEA-CAR-Tregs reduced airways hyper-reactivity,
inflammation, mucus production, and eosinophilia in
experimental OVA induced asthma. Furthermore, CEA-CAR-
Tregs reduced the production of proinflammatory cytokines IL-5
and IL-15 as well as prevented the accumulation of pathogenic
IgE antibodies.

CD8+ CAR-Tregs: Although the specific function of CD8+

Tregs remains to be determined, it was reported that CD8+ Tregs
are immunosuppressive and contribute to immune tolerance in
mice and human (249, 250). Human CD8+ A2-CAR-Tregs were
activated, as seen with CD4+ A2-CAR-Tregs, in the presence of
HLA-A2+ cells (234). The CD8+ A2-CAR-Tregs were not
inherently cytotoxic as they did not kill HLA-A2+ cells or
induce weight loss when adoptively transferred into in HLA-
A2 transgenic NSG mice. Additionally, human CD8+ A2-CAR-
Tregs prevented human HLA-A2- T cell rejection of human
allogenic HLA-A2+ skin grafts and xenograft GVHD induced
with HLA-A2+ PBMCs in NSG mice.

CAAR- and BAR-Tregs: Antigen-specificity can also be
conferred to Tregs using a specific type of CAR receptor known
as chimeric autoantigen receptor (CAAR) or B cell-targeting
antibody receptor (BAR). These receptors express antigens that
are recognized by autoreactive T or B cells, instead of the
conventional extracellular antigen recognition domains such as
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scFv. CAAR- and BAR-Tregs are activated when antigen-specific
B and T cell recognize their cognate antigens included in the
CAAR/BAR construct and drive CAAR/BAR crosslinking. These
receptors act as bait to trap and suppress/kill antigen-
specific lymphocytes.

Antigen-specificity has been conferred to Tregs using CAAR
constructs that encode peptide-MHCII complexes. For example,
a CAAR construct encoded an extracellular MBP89-101-I-As
chains fused to the intracellular signaling domain of CD3z
(235). The I-As-MBP89-101 CAAR domain was designed to lure
pathogenic MBP89-101-specific CD4+ T cells to I-As-MBP89-101
CAAR-Tregs for suppression. The CD4+ MBP89-101-I-As-
CAAR-Tregs suppressed MBP89-101-induced EAE in SJL mice,
when administered at the time of disease induction or at peak
disease. Lymphocytes from MBP89-101-I-As-CAAR-Treg treated
mice exhibited decreased antigen-specific T cell responses and
increased IL-4 and IL-10 production. Monoclonal antibody
mediated neutralization of IL-10 and IL-4 abrogated MBP89-
101-I-As-CAAR-Tregs mediated suppression. Interestingly, T
cells from MBP89-101-I-As-CAAR-Treg treated donor mice
suppress MBP89-101-induced EAE in recipient mice even after
depletion of MBP89-101-I-As-CAAR-Treg. Therefore MBP89-101-
I-As-CAAR-Treg induced MBP89-101-specific suppressor cells
that could prevent EAE.

BAR-Tregs are being investigated as a therapeutic for allergic
disease and were tested in a murine model of anaphylaxis. The
BAR construct encoded an OVA extracellular antigen domain,
transmembrane CD28 domain, and intracellular CD28 and CD3z
signaling domains (236). Upon adoptive transfer into OVA
sensitized BLAB/c mice the CD4+ OVA-BAR-Tregs did not
result in anaphylaxis, in response to the OVA contained in the
BAR construct. Instead, murine or human OVA-BAR-Tregs
suppressed anaphylaxis in OVA sensitized BALB/c mice when
mice were re-challenged with OVA. The OVA-BAR-Tregs also
suppressed anti-OVA IgEmediated mast cell induced anaphylaxis.

BAR-Tregs are also being investigated to prevent undesirable
immune responses to recombinant therapeutic drugs. Human
FVIII-BAR-Tregs blocked the formation of FVIII-specific
antibodies when administered before FVIII sensitization and
prevented the further development of FVIII-specific antibodies
when administered between FVIII sensitizations in FVIII
knockout x DR1 mice (237).

TCR-Treg Cell Therapy
The antigen specificity of polyclonal Tregs can be redirected
using genetically engineered TCR. TCR-Tregs can recognize
both extracellular and intracellular antigens in the contexts of
MHCII while CAR-Tregs are limited to extracellular antigens.
However, TCR-Tregs are restricted by MHCII/antigen
availability as a well as MCHII haplotype.

TCR-Tregs are being tested to suppress organ-specific
autoimmunity. For example, TCR-Tregs have been tested in a
murine model of arthritis. The TCR constructs encoded OVA-
reactive TCRa and b chains and in some cases included a Foxp3
transcript (238). Murine CD4+ Tregs were transduced with the
OVA-reactive TCR construct that lacked Foxp3 while CD4+ T
cells were transduced with the OVA-reactive TCR construct
Frontiers in Immunology | www.frontiersin.org 20221
containing Foxp3. Expression of FOXP3 redirected T cells into
the Treg lineage. Both OVA-TCR-Tregs and OVA-TCR-
FOXP3-T cells elicited bystander suppression and suppressed a
nucleoprotein-reactive CD8+ T cell line when cocultured with
DCs, OVA, and nucleoprotein. The OVA-TCR Tregs and OVA-
TCR-FOXP3-T cells suppressed methylated bovine serum
albumin (mBSA)-induced arthritis in C57BL/6 mice and
reduced knee swelling when mice were re-challenged with
mBSA and OVA but not mBSA alone. However, OVA-TCR-
FOXP3-T cells were less effective at suppressing disease
compared to OVA-TCR-Tregs.

Additionally, myelin-specificity has been conferred to human
Tregs via the expression of an MBP85-99-specific HLA-DR15-
restircted TCR (239). The engineered MBP85-99-TCR-Tregs
displayed antigen-specific suppression and prevented the
proliferation of MBP85-99-specific effector T cells in vitro.
Furthermore, the MBP85-99-TCR-Tregs were superior
compared to OVA323-339-TCR Tregs at protecting HLA-DR15
transgenic mice from MOG35-55-induced EAE. Therefore, TCR-
Tregs exhibit organ-specific bystander suppression. In addition,
human polyclonal Tregs have been redirected to pancreatic
antigens using islet-specific TCR (Table 6) (251).

In addition, human TCR-Tregs expressing a TCR-specific for
FVIII were tested for their ability to block FVIII generated
immune responses in FVIII knockout x DR1 humanized mice
(240). The FVIII-TCR-Tregs were immunosuppressive and
blocked FVIII-TCR-Tcon responses as well as the formation of
FVIII-specific antibodies more efficiently than polyclonal Tregs
in vitro.

CAR-T Cell Therapy for Autoimmune Diseases
CAR-T cell therapy: Cytotoxic CD8+ CAR-T cells are being
explored as a therapeutic strategy to deplete pathogenic
lymphocytes involved in the etiology of autoimmune and allergic
disease. CAR-T cells may have several advantages over mAb-based
cell depletion strategies currently used to treat autoimmune disease,
including anti-CD20 and anti-CD52 which deplete B cells and B/T
cells, respectively (252, 253). First, CAR-T cells are long lived cells
that can multiply, while antibodies are constrained by a
pharmacological half-life and require repeated administrations to
achieve and maintain therapeutic efficacy. Furthermore, CAR-T
cells can traffic to the lymphoid tissues or target organs and develop
into memory populations that can prevent the reemergence of
pathogenic lymphocytes. Therefore, CAR-T cells therapy may only
require a single dose to achieve lasting therapeutic efficacy. Second,
CAR-T cell may have a higher potency than mAb therapies and
may more efficiently delete pathogenic immune cells. These
attributes suggest that CAR-T cell therapies may be an efficacious
means to deplete pathogenic immune cells to alleviate
autoimmunity. However, caution should be taken as CAR-T
could produce massive amounts of inflammatory cytokines
following activation, which could exacerbate autoimmunity.

CD8+ CAR-T cells are being designed to kill B cells that
express the B cell restricted surface molecule CD19, as a potential
therapeutic for SLE (241). CD8+ CD19-CAR-T cells eliminated B
cells, reduced circulating IgM, IgG, and pathogenic anti-DNA
antibodies as well as reduced the ratio of CD4/CD8+ T cells in
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murine models of SLE. A single dose of the CD19-CAR-T cells
suppressed murine SLE when administered before or after the
development of clinical disease in MRL-lpr and MZB/w mice,
respectively. The CD19-CAR-T cells depleted B cells throughout
the experiment which lasted approximately one year. Moreover,
CD8+ T cells transferred from donor mice treated with CD19-
CAR-T cell 7 months prior, depleted B cells in recipient mice.
These results suggest that B cell depletion with CAR-T cells may
provide long term protection in autoimmune diseases. In
addition to CD19, the transmembrane IgE receptor expressed
on B cells was explored as a B cell target for the CD8+ CAR-T
cells (Table 6) (242).

APCs presenting autoantigens including the insulin beta
chain peptide 9-23 (InsB9-23) which binds to the MHCII (I-
Ag7) in NODmice can activate pathogenic insulin-specific T cells
that drive T1D (254). Consistent with these findings, a mAb
specific for InsB9-23-I-A

g7 complex prevented diabetes in NOD
mice by a mechanism that was hypothesized to be dependent on
APC depletion (243, 254). Therefore, a CAR-T cell construct was
designed to kill InsB9-8 presenting APCs. The CAR encoded anti-
InsB9-23-I-A

g7 scFv, transmembrane CD28 domain, and
intracellular CD28 and CD3z signaling domains (243). A
second-generation construct also contained the intracellular
signaling domain of CD137 which increased CAR-T cell
persistence in vivo. The CD8+ anti-InsB9-23-I-A

g7-CAR-T cells
were activated and killed cells that expressed InsB9-23-I-A

g7 but
not control I-Ag7construct. Adoptively transferred anti-InsB9-23-
I-Ag7-CAR-T cell homed to the pancreatic lymph nodes and
delay the development of T1D by approximately 5 weeks.

CAAR- and BAR-T cell therapy: Cytotoxic T cells have been
engineered to express a CAAR construct encoding the peptide-
MCHI complex that autoreactive CD8 T cell recognizes. For
example, a mRNA based CAAR construct encoding InsB peptide
15-23 (InsB15-23) fused to the extracellular b2m and intracellular
CD3z signaling domain redirected CD8+ T cells against
pathogenic insulin-specific CD8+ T cells that recognize the
MHCI/InsB15-23 complexes (244). The InsB15-23-b2m-CAAR
construct killed InsB15-23-specific CD8+ T cell hybridoma line.
When adoptively transferred into prediabetic 5-6-week-old
NOD mice, the CD8+ InsB15-23-b2m-CAAR-T cells reduced
CD4+ and CD8+ T cell infiltration into pancreatic islets and
protected NOD mice from the development of T1D.

Likewise, antigen-specificity has also been conferred to T cells
using CAAR constructs that encode antigen domains. For
example, CAAR-T cells that express extracellular Desmoglein 3
(DSG3) domains were designed to deplete DSG3-specific B cells,
which drive the pathogenesis of PV. A CAAR-T cell construct was
designed that encoded an extracellular DSG3 domain,
transmembrane CD8a domain, and the intracellular signaling
domains of CD137 and CD3z (245). Human DSG3-CAAR-T cells
produced IFN-g and specifically lysed a DSG3-specific hybridoma
cells even in the presence of soluble DSG3-specific antibodies that
could potentially block the CAAR extracellular DSG3 domain.
Likewise, human DSG3-CAAR-T cell eliminated DSG3-specific B
cells in humanized NSG mice. The DSG3-CAAR-T cells did not
exhibit off target cytotoxicity and prevented DSG3-specific
Frontiers in Immunology | www.frontiersin.org 21222
hybridoma driven GVHD in NSG mice. In addition, CAAR-T
cells that express extracellular muscle-specific receptor kinase
(MuSK) domains were designed to delete pathogenic MuSK-
specific B cells, that drive MG (Table 6) (246).

These preclinical studies led to the initiation of 3 clinical trials
using CAR- or CAAR-T cells to deplete pathogenic B cells in
MG, PV, and SLE (Table 1). For MG, a phase I/II clinical trial
has been devised to test the safety and efficacy of anti-B-cell
maturation antigen (BCMA)-CAR-T cells designed to deplete
activated B cells (NCT04146051). For PV, a phase I clinical trial
has been devised to test the safety of a DSG3-CAAR-T cells
designed to deplete DSG3-specific autoreactive B cells
(NCT04422912). Finally, for SLE, a phase I clinical trial will
test the safety of CD19-CAR-T cells designed to deplete B cells
(NCT03030976). In addition, CD19-CAR-T cells will be tested
with or without an intracellular signaling CD137 domain (255).
IL2-MEDIATED THERAPY

Differentiation, function, and maintenance of Tregs are dependent
on IL-2. In mouse models, deficiency of IL-2 or its receptor
components leads to spontaneous autoimmune phenotype due to
defects in the generation of functional Tregs (256–259). In
humans, allelic variants associated with reduced expression of
IL-2 or its receptor chains, or genes that impact the IL-2 receptor
signaling pathway, have been associated with increased risks of
multiple autoimmune and inflammatory diseases, including T1D,
SLE, RA, andMS (260–266). IL-2 drives proliferation of Tregs and
enhances expression of FOXP3 and additional genes that define
Treg cell phenotype and function [review by (267, 268)]. These
effects of IL-2 can be recapitulated by expression of a
constitutively activated form of STAT5 in mouse Tregs (269),
further highlighting the role of the IL-2 receptor-JAK/STAT
signaling pathway in these cells. Additionally, although not
required, IL-2 can induce proliferation and activation of other
cell types including FOXP3─ T cells (Teff/Tcon), NK cells, and
ILC2 (type 2 innate lymphoid cells) (268).

Low Dose IL-2 Therapy
Recombinant IL-2 at high doses is an approved therapy for the
treatment of advanced and metastatic cancer [review by (270)].
In high dose IL-2 therapy, efficacy is driven by the ability of IL-2
to enhance conventional and effector T and NK cell responses
against tumor cells, but the therapeutic window is limited by
significant and often severe toxicity. In contrast, evidence from
over a decade of research has indicated that Tregs not only
require IL-2 for function and stability, but that they are
exquisitely sensitive to IL-2 (271, 272). Tregs constitutively
express high levels of CD25 (IL2Ra) (273), which captures
IL-2 and is assembled with CD122 (IL2Rb) and the common g
chain CD132 (IL2Rg), into a high-affinity heterotrimeric receptor
complex. As a result, Tregs exhibit increased affinity to IL-2
compared to other cell types that express lower levels of or lack
CD25. Increased affinity to IL-2 allows Tregs to compete and
“soak up” free IL-2 (274). Moreover, Tregs can proliferate in
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response to limiting amounts of IL-2 compared to non-Treg cells
in vivo (275). These findings have formed the basis of the low-
dose (LD) IL-2 therapy for treatment of autoimmune and
inflammatory diseases, where limiting amounts of recombinant
IL-2 preferentially expand and enhance function of Tregs which
in turn suppress pathogenic inflammatory responses.

Data emerging from multiple clinical studies support the
therapeutic rationale for LD IL-2 therapy. For example, LD
IL-2 therapy ranging from 1.0x106 IU/day (276), 1.5x106 IU/
day (277), or 1.0x106 IU every other day (278) led to 2-5 fold
expansion of Tregs over baseline in HCV-induced vasculitis
(277), chronic GVHD (275, 276), and SLE (278, 279) patients,
which appeared to correlate with disease improvement in a
subset of patients. Nonetheless, dose-limiting toxicity (DLT)
was observed, which confined the therapeutic dose range of
IL-2 to a narrow 2-3-fold window. Specifically, significant
toxicity was observed at 3.0x106 IU/day which required dose
reduction to 1.5x106 IU/day (280) and similarly 3.0x106 IU/m2/
day was reduced to 1x106 IU/m2/day (281). As a potential
explanation for the observed toxicity, significant Tcon/Teff and
NK cell expansion was observed, in some cases greater than that
observed for Tregs (276, 281). With better understanding of safe
dose range that induces Treg expansion in disease patients,
efficacy of low LD IL-2 either alone or in combination
Frontiers in Immunology | www.frontiersin.org 22223
therapies continues to be evaluated in a broader range of
indications in multiple ongoing phase II clinical trials (Table
7) (291, 292).

Engineered IL-2 Therapy
Results from the LD IL-2 therapy have encouraged subsequent
development of approaches to increase the Treg-selective effects
of IL-2 while reducing potentially disease-exacerbating effects of
non-Treg cells, to achieve a wider therapeutic dose range.
Engineered versions of IL-2 to modify the activity and binding
specificity to Treg versus non-Tregs and IL-2 complexed with
anti-IL-2 antibody that indirectly impacts activity and selectivity
to the high affinity IL2 receptor are among these approaches. In
most cases, these approaches also include a modification to
extend the in vivo half-life of IL-2.

Several examples of engineered human and murine IL-2
molecules harboring mutations that attenuate interactions with
the IL-2R complex have been described as IL-2 muteins. Among
these, IL-2 muteins that decrease interactions with the signaling
components of the IL2R complex, namely CD122 and CD132,
but retain affinity to CD25 have been reported and are currently
being tested in clinical trials for autoimmune and inflammatory
diseases (Table 7). Due to the mutations that inhibit interaction
between IL-2 and CD122/CD132, these IL-2 muteins induced
TABLE 7 | Summary of IL-2 therapies in development.

Format/MOA of Treg selectivity Current status References

LD IL-2 therapy Low dose (below 3x10^6 IU/day or 3x10^6 IU/m2/day) of recombinant IL-2 (Proleukin); limiting
amounts of IL-2 preferentially acts on CD25hi Tregs

Ph2
Ph1

Active Ph2 studies:
NCT04065672 (Behcet’s
Disease)
NCT03776643 (Allergy)
NCT04263831 (CD)
NCT01988506
(TRANSREG)

IL-2 mutein therapy
* AMG592 =
Efavaleukin Alpha
* PT-101

Attenuated IL-2 with HLE; weaker affinity enhances selectivity for CD25hi Tregs Ph2 (AMG592 =
Efavaleukin
alpha)
Ph1a (PT-101)

NCT03451422
NCT03422627
NCT04680637
Pandion news
announcement Jan 4,
2021 (PT-101)

PEGylated IL-2
* NKTR-358=
LY3471851

Multiple PEG moieties attenuate IL-2 affinity to receptor subunits; weaker affinity enhances
selectivity for CD25hi Tregs

Ph2
Ph1

Ph2:
NCT04433585 (SLE)
NCT04677179 (UC)
Ph1:
NCT04081350 (Eczema)
NCT04119557
(Psoriasis)

IL-2 mutein
engineered receptor
signaling clamp

IL-2 mutein with enhanced affinity to CD122 and reduced affinity to CD132; partial agonist that
blocks IL-2 receptor binding to endogenous IL-2, reduces activation of pathogenic cells such as
Teff and NK cells

Preclinical (282)

IL-2cx IL-2:IL-2 Ab complex modifies IL-2 conformation to bias interaction with CD25 and attenuates
binding

Preclinical (283–286)

CD25-IL2 fusion Multimeric intermolecular complexes between CD25 and IL-2 limit IL-2 interaction with cell surface
receptors

Preclinical (287, 288)

IL2 dual functional
molecules

IL233; IL2-TNFR2 agonist
Combinatorial and synergistic stimulation of IL-2 and Treg-biased pathways enhances Treg
selective effects

Preclinical (289, 290)
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weaker STAT5 activation compared to wildtype IL-2 (WT).
However, because Tregs express high affinity trimeric IL2R, IL-
2 muteins had activity that was less diminished in Tregs than
non-Tregs, resulting in enhanced Treg selectivity. Fused to full
IgG (293) or the Fc portion of IgG (294, 295). human IL-2
muteins showed prolonged in vivo half-life compared to
recombinant human IL-2 (Proleukin) and induced preferential
expansion of Tregs over CD4+ Teff or NK cells in vivo in non-
human primates (293) and in humanized mouse models (296).
Data from the first-in-human trial for IL-2 mutein (AMG 592
“Efavaleukin alpha”) supports the rationale for this approach in
human subjects, where Treg expansion was observed to a similar
degree as the LD IL-2 therapy, but the expansion of non-Tregs
(particularly Tcon and NK cells) (281, 297) was significantly
reduced (295). In parallel, mouse IL-2 muteins with enhanced
Treg selectivity and in vivo half-life, expanded highly suppressive
Tregs in tissues (298) and controlled autoimmunity in the mouse
NOD T1D model (299). Moreover, the IL-2 mutein prevented
antibody response to FVIII in a mouse model of hemophilia A
(300), further supporting that Tregs responding to an attenuated
IL-2 mutein exert immune suppressive effects. Another class of
IL-2 muteins with enhanced affinity to CD25 has also been
described, although the activity and selectivity profile of such
muteins need to be further evaluated (294).

Since endogenous WT IL-2 also activates non-Tregs, the in
vivo efficacy of IL-2 muteins in inflammatory settings is likely to
be influenced by the combined effects on Tregs and IL-2-sensitive
non-Tregs that might be pathogenic, rather than strictly by its
effects on Tregs alone. In fact, an antagonist IL-2 mutein with
enhanced binding to IL2Rb chain but reduced signaling capacity
reduced inflammatory response in a mouse GVHD model (282),
presumably by displacing and antagonizing the effects of
endogenous WT IL-2 on pathogenic cells such as Teff and NK
cells. The mechanism of action of this class of “engineered
receptor signaling clamp” IL-2 muteins is distinct from the
above-mentioned IL-2 muteins that preferentially act on Tregs
by retaining affinity to CD25 and delivering agonist activity.

In addition to Teff and NK cells, ILC2 and T follicular helper
(TFH) cells are particularly relevant targets of IL-2 and may
impact disease activity. ILC2s express high levels of CD25,
produce IL-5 and induce eosinophil expansion in response to
the LD IL-2 therapy (301). Consistently, multiple LD IL-2
clinical studies reported transient treatment-related increases
in serum IL-5 levels and eosinophil numbers (276, 280, 292).
Additionally, IL-2 is thought to inhibit TFH cell differentiation
during T cell priming (302) which may reduce autoantibody
production. Interestingly, LD IL-2 suppressed the number of TFH

cells in SLE patients (278), suggesting that limiting amounts of
IL-2 was sufficient to inhibit the TFH cell differentiation.

Characterization of a panel of human IL-2 muteins that had
activity spanning a broad spectrum of STAT5 activation signaling
demonstrated that attenuation of IL-2 signaling asymmetrically
impacted Treg and non-Treg cell responses (296). As the affinity of
IL-2 to its receptor declined, STAT5 signal in non-Tregs decreased
first, while it was maintained over a wider range of attenuation in
Tregs. Different sensitivity of Treg versus non-Tregs toward IL-2
Frontiers in Immunology | www.frontiersin.org 23224
was partly but not entirely due to the differences in CD25 levels,
and additional cell-intrinsic mechanisms are likely to contribute
(272). If attenuated IL-2 is inherently better at maintaining Treg
responses, it also explains why engineering or modifications that
weakens the IL-2 and its receptor interaction via steric hindrance
enhances Treg selectivity. These include PEGylated IL-2 (NKTR-
358 “LY3471851”) (303), which induced clinical response and
dose-dependent changes in Treg functional markers in a phase I
trial in mild-to-moderate SLE, various IL-2:IL-2 Ab complexes
described as CD25-directed IL-2cx (283, 284) and CD25-IL2 fusion
proteins (287, 288). Anti-IL-2 antibodies that form complex with
IL-2 can attenuate the IL2R signal by sterically inhibiting the IL-2:
IL2R interactions but they can also modify the IL-2 structure to
influence the bias with which it interacts with the receptor subunits
(285, 286). Likewise, CD25-IL-2 fusion proteins formed multimers
via intermolecular binding, effectively limiting the amount of free
IL-2 that could bind to CD25 on cell surfaces. While the concept
behind attenuated IL-2 muteins is similar to that of the LD IL-2
therapy, the intended advantage of the engineered attenuated IL-2
is the increased dose range where Treg-to-non-Treg selectivity is
safely enhanced.

The next generation of IL-2-based modality is likely to include
tissue- and/or Treg-directed and combination cytokine approaches.
It may be possible to target IL-2 to inflamed tissue sites via tissue-
specific or inflammation-specific markers. The most challenging
task to this approach is identification of suitable markers for
targeting, and to maintain Treg-to-non-Treg selectivity when
delivering IL-2 to sites where both cell types reside in close
contact. Recently, a hybrid cytokine that can simultaneously
engage IL-2 and IL-33 receptors (IL233) expanded Treg and
ILC2 and conferred protective effects in an animal model of
kidney injury (289). Likewise, a dimeric dual-acting cytokine
containing both IL-2 and TNF receptor 2 (TNFR2) agonist
enhanced Treg expansion and phenotype better than either IL-2
or TNFR2 agonist alone in vitro (290). Although the in vivo activity
and selectivity of this molecule was not evaluated, it presents an
interesting possibility of simultaneously engaging synergistic
pathways for more robust or selective induction of Treg responses.
CONCLUDING REMARKS

Therapeutics are emerging with the aspiration to achieve lasting
immune tolerance and provide a cure by addressing the root cause
of disease. In this review, we covered three areas of emerging
therapeutics which induce immune tolerance. How knowledge
gained from the bench will be translated into bedside remains to
be seen. It is critical to note that there is no tolerogenic vaccine nor T
cell therapy approved for the treatment of autoimmune disease as of
today. The advancement of tolerogenic vaccines has been difficult
due to a lack of understanding of which mechanism of action is the
most effective to achieve immune tolerance, shortage of biomarkers,
and complexities within the pathogenesis of individual autoimmune
diseases. Equipped with new technology platforms and growing
knowledge of the autoantigen repertoire that drives specific
autoimmune diseases, the next wave of emerging tolerogenic
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vaccines hold promises to overcome these obstacles. When
considering a tolerogenic vaccine for the treatment of
autoimmune disease, researchers should investigate the dose,
administration route, and epitope components for tolerogenic
vaccines as these components affect the immunological outcomes.
Tolerogenic adjuvants can be used to augment the local
environment and favor tolerance under proinflammatory
conditions. However, special care must be taken to address
whether these tolerogenic adjuvants induce systemic immune
suppression or engender immune tolerance. Current evidence
suggests that DC, LSEC, and marginal zone macrophage
encompass a group of specialized APCs that favor tolerance via
the induction of Tregs or deletion of autoreactive T cells. An ideal
tolerogenic vaccine should induce organ-specific tolerance which
can restrain autoantigen responses beyond those included within
the tolerogenic vaccine. Finally, while most tolerogenic vaccines
tested in the clinic have been safe, caution is required, as these
vaccine platforms have the potential to activate autoantigen-specific
T effector and B cell responses thereby exacerbating disease or even
resulting in IgG-induced anaphylactic shock. Thus, it is critical to
determine the best therapeutic window at which a therapeutic
achieves the greatest benefit without resulting in unacceptable
side-effects or toxicity. For example, recombinant WT IL-2
therapy is restrained to a narrow “low dose” therapeutic window
due to dose-limiting toxicities. Likewise, one must consider the
timing at which to stage a therapeutic intervention. For example,
tolerogenic vaccines may be more effective when administered
during early disease when epitope spreading is minimal or during
disease remissions when clinical disease is suppressed. Careful
design of clinical trials, especially for the phase I studies along
with the development of clinical biomarkers associated with
therapeutic benefit will likely determine the success of future
clinical trials.

Although promising, there are still many barriers to overcome
for the practical use of T cell therapies. For therapies using Tregs
as a drug product, considerable efforts will be needed to establish
a process to manufacture engineered Tregs within reasonable
costs to benefit broad patient populations. The production of
suitable quantities of functional, stable, and pure Tregs would be
the most crucial step. Unlike CD8 or even CD4 T cell counterparts
used in CAR-T cell therapies with greater proliferative potentials,
it is difficult to expand Tregs. Moreover, there is no Treg-exclusive
Frontiers in Immunology | www.frontiersin.org 24225
markers to confirm the purity of the Treg product. For example,
CD25 and FOXP3 are used as markers for Tregs, however
these markers are also transiently expressed by proinflammatory
pathogenic T cells. Thus, standard protocols that ensure the
quality of Treg cell therapy drug needs to be established.
Furthermore, the transfer of high numbers of Tregs can lead to
systematic immunosuppression similar to that of immuno-
suppressive agents. For T cell therapies using engineered
cytotoxic T cells as a drug product, how transferred T cells
behave under inflammatory environments associated with
autoimmune disease is unclear. CAR/CAAR/BAR T cells
produce multiple arrays of inflammatory cytokines which may
exacerbate autoimmune disease. Finally, it remains to be
determined which therapies discussed can establish long-lasting
tolerance. To establish long-lasting tolerance, the treatment will
likely need to induce long-lived memory Tregs or suppressor cells
specific to disease-relevant antigens or induce differentiation of
memory T cells that continue to kill pathogenic autoreactive cells.
Additionally, it is unclear if therapeutics which are antigen
independent such as IL-2 therapies which expand polyclonal
Tregs or broad immune cell depletion (e.g. CD19+ B cell
depletion) that rebalance or reset the immune system can lead
to lasting immune tolerance.

In this review, we explored three areas of therapeutics that
aim to achieve immune tolerance. The breadth of the therapeutic
modalities designed to mediate immune tolerance continues to
grow. We are excited for the future of immune tolerance
therapies and the potential benefits they bring to alleviate
patient suffering.
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Regulatory T cells (Treg) are crucial for the maintenance of peripheral tolerance and for the
control of ongoing inflammation and autoimmunity. The cytokine interleukin-2 (IL-2) is
essentially required for the growth and survival of Treg in the peripheral lymphatic tissues
and thus plays a vital role in the biology of Treg. Most autoimmune and rheumatic diseases
exhibit disturbances in Treg biology either at a numerical or functional level resulting in an
imbalance between protective and pathogenic immune cells. In addition, in some
autoimmune diseases, a relative deficiency of IL-2 develops during disease
pathogenesis leading to a disturbance of Treg homeostasis, which further amplifies the
vicious cycle of tolerance breach and chronic inflammation. Low-dose IL-2 therapy aims
either to compensate for this IL-2 deficiency to restore a physiological state or to
strengthen the Treg population in order to be more effective in counter-regulating
inflammation while avoiding global immunosuppression. Here we highlight key findings
and summarize recent advances in the clinical translation of low-dose IL-2 therapy for the
treatment of autoimmune and rheumatic diseases.

Keywords: interleukin-2, immunotherapy, immune regulation, immune tolerance, regulatory T cell,
autoimmunity, inflammation
INTRODUCTION

Since the 1970s, when the cytokine interleukin-2 (IL 2) was first discovered and cloned, the view on
its function and role in the immune system has changed fundamentally (1, 2). Because of its
property to promote the proliferation of T cells in vitro, IL-2 was originally considered a key factor
for the induction of inflammatory immune responses against invading pathogens and tumors and
was therefore introduced in a high dose setting to treat malignant diseases (1, 3). A crucial finding
scrutinizing the initial view on IL-2 was that, instead of the expected immune deficiency, mice
genetically deficient for IL-2 or IL-2 receptor components developed generalized and fatal
autoimmune syndromes due to an uncontrolled hyperactivity of T and B cells (4–8). Later
studies could clearly link IL-2 with immune tolerance by showing that IL-2 is essentially
required for the growth and survival of regulatory T cells (Treg) in the peripheral lymphatic
organs and for their thymic development and differentiation, highlighting the fundamental
importance of IL-2 in Treg biology (9–11). Thus, nowadays, IL-2 should rather be considered an
“immune regulatory” cytokine and may be by far less important than previously anticipated for the
org April 2021 | Volume 12 | Article 6484081234
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generation of pro-inflammatory and anti-tumor immune
responses (8). This novel and scientifically substantiated
perception paved the way for the therapeutic exploration of the
Treg-IL-2 axis in the setting of immune-mediated and
inflammatory diseases with the aim to expand the Treg
population directly in the patient thereby counteracting
pathogenic autoimmune responses and re-establishing immune
tolerance. In later studies, apart from its central role in Treg
biology, IL-2 was also shown to inhibit germinal center
formation and autoantibody generation by limiting the
differentiation of T follicular helper (Tfh) cells independent of
Treg interference (12, 13) and to constrain the differentiation of
naïve helper T cells into Th17 cells (14). These CD4+ T cell
subsets are considered to play a pathogenic role in a large variety
of autoimmune and rheumatic diseases.

The principle of using low doses of IL-2 for the treatment of
immunological diseases, instead of high doses as long time
approved for cancer therapy, was introduced because of the
assumption, and meanwhile convincingly proven fact, that Treg
are more sensitive to IL-2 and require by far much lower doses of
IL-2 for their stimulation compared to anti-tumor T cells and NK
cells, because they constitutively express high levels of the
heterotrimeric high affinity IL-2 receptor complex which is
composed of CD25 (a-chain), CD122 (b-chain) and CD132
(common g-chain) (3, 8, 15, 16). By comparison, CD4+
conventional T cells (Tcon), CD8+ T cells or NK cells usually
express the trimeric IL-2 receptor only upon robust activation (e.g.
ligation of TCR). In addition, the acceptance of severe toxicities
and side effects associated with high-dose IL-2 therapy seemed not
to be justifiable in non-malignant conditions such as autoimmune
diseases. Up to now most clinical studies used the human
recombinant IL-2 analogue aldesleukin, which has a similar
biological activity and a nearly identical biochemical structure
than the native human IL-2 protein.
RATIONALES FOR IL-2 THERAPY
IN AUTOIMMUNE AND
RHEUMATIC DISEASES

Treg that express the lineage specific transcription factor FoxP3
are indispensable for the maintenance of immunological self-
tolerance and thus for the prevention and control of
autoimmune diseases (15, 17–20). Predominantly derived from
a distinct CD4+ T cell subpopulation in the thymus, FoxP3+
Treg principally recognize auto-antigens and are required to
control the activation, differentiation and expansion of auto-
reactive T cells and other potentially harmful immune cells in the
peripheral lymphatic organs (15, 21, 22). Consequently, it is
reasonable to assume that a disturbance of Treg biology either at
a numeric or functional level is involved in the pathogenesis of
most rheumatic and autoimmune diseases (18, 23). Apart from
this, the survival and growth of Treg fundamentally depend on
the availability of IL-2, constituting a vulnerable point in Treg
biology (9, 10), and a relative deficiency or shortage of IL-2 can
develop in autoimmune diseases leading to a disturbance of Treg
Frontiers in Immunology | www.frontiersin.org 2235
homeostasis which further amplifies the vicious cycle of
tolerance breach and chronic inflammation (24–26). Low-dose
IL-2 therapy aims either to compensate for this shortage of IL-2
or to strengthen the Treg population in order to be more effective
in counter-regulating inflammation while avoiding global
immunosuppression (16, 27–29).

From an immune-pathophysiological point of view systemic
lupus erythematosus (SLE) appeared to be an ideal and
promising candidate disease for a therapeutic intervention by
low-dose IL-2 therapy. SLE is a prototypic systemic autoimmune
disease of unknown etiology characterized by tolerance breach to
a large variety of nuclear auto-antigens leading to inflammation
in multiple organs (30, 31). Up to date, numerous studies have
investigated the role of Treg in mouse models of lupus and in
SLE patients and based on these findings it is meanwhile broadly
accepted that a disturbance in Treg biology, in particular of the
Treg-IL-2 axis, plays a significant role in the pathogenesis of this
complex disease (24, 25, 27, 32–38). As early as in the 1980s, a
long time before the era of Treg, T cells from SLE patients and
lupus-prone mice were found to be impaired in their production
o f IL - 2 upon ac t i v a t i on ( 39–41 ) . A l t hough th e
pathophysiological relevance of this finding was unclear at this
time, following studies demonstrated a recovery from
autoimmunity in the MRL/lpr lupus mouse model after
vaccination with an IL-2 expressing recombinant vaccinia
virus, providing the first evidence that IL-2 therapy could be
an effective treatment for SLE (42). Nearly two decades later, a
causal relationship between an acquired and progressive
deficiency of IL-2 and a disturbance of Treg homeostasis could
be identified in the (NZBxNZW) F1 mouse of SLE (24). This self-
amplifying disruption of the Treg-IL-2 axis promoted the
hyperactivity of pathogenic Th1 cells and accelerated disease
progression. Treatment of these mice with IL-2 increased
numbers and frequencies of FoxP3+CD25+ Treg and
ameliorated ongoing disease (24). In analogy to murine lupus,
also human SLE patients were found to exhibit typical signs of
IL-2 deficiency, which were characterized by the loss of the
CD25hi expressing Treg subset and an imbalanced proliferation
between Treg and Tcon, together causing an insufficient
availability and exhaustion of highly suppressive and
metabolically competent Treg (25). These Treg defects were
associated with disease severity and could be corrected in vitro
and in vivo by short-term stimulation with low doses of IL-2,
indicating the reversibility of these Treg defects (25). Of note, the
in vitro suppressive function of Treg from SLE patients was not
impaired suggesting that expansion of the endogenous Treg
population by low-dose IL-2 therapy is a feasible approach to
strengthen immune tolerance. Together, these studies
demonstrated the pathophysiological importance of a disturbed
Treg-IL-2 axis in SLE and constituted the scientific basis for the
clinical introduction of low-dose IL-2 therapy in SLE. In addition
to this, it was shown that Tfh cells are expanded in SLE patients
(43, 44), providing a complementary rationale for low-dose IL-2
therapy in order to inhibit the differentiation and expansion of T
cells, which are required for the generation of autoantibody
secreting B and plasma cells (13, 44, 45).
April 2021 | Volume 12 | Article 648408
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Studies in non-obese diabetic (NOD) mice could demonstrate
that a local deficiency of IL-2 in pancreatic islets contributes to
the development of type-1 diabetes (T1D), which could be
prevented by low-dose administration of IL-2/anti-IL-2
complexes (26). Complementary to this, low-dose IL-2
treatment was also capable to reverse already established
murine T1D by promoting the survival and function of Treg
(46). These animal studies provided important rationales for the
use of low-dose IL-2 therapy in the treatment of this organ
specific autoimmune disease.

A lower prevalence of Treg or phenotypic and functional
abnormalities of the Treg population have been described also in
other rheumatic and autoimmune disease such as rheumatoid
arthritis, psoriatic arthritis, ankylosing spondylitis, polymyositis,
dermatomyositis, Sjogren’s syndrome and different forms of
vasculitis (16, 18, 23, 29). Although the findings here are less
clear compared to those in SLE and in part even inconsistent, it
appears justified to suppose, in consideration of the immune
pathogenesis of these diseases, that expansion of the Treg
population or inhibition of Tfh and Th17 cell differentiation by
low-dose IL-2 therapy could be a potential treatment option for a
large variety of autoimmune and rheumatic diseases.
PILOT STUDIES AND CLINICAL TRIALS

The first pilot studies using low-dose IL-2 therapy in the treatment
of human immune-mediated diseases were already started in 2005
and simultaneously published in 2011. Independent from each
other, two uncontrolled open-label trials investigated the clinical
efficacy and safety of a low-dose IL-2 regimen with aldesleukin in
patients with hepatitis C-associated vasculitis and graft-versus-
host disease (GvHD), respectively (47, 48). The rationale for
conducting these trials was mainly based on the previous
finding that numbers and frequencies of CD4+(FoxP3+)CD25+
Treg were reduced in patients with these diseases (49, 50). Both
studies demonstrated that repetitive treatment with
subcutaneously applied IL-2 at low doses induced an expansion
of the CD4+CD25+FoxP3+ Treg population and was effective in
reducing clinical symptoms and associated immunological
abnormalities. In addition, low-dose IL-2 was well tolerated and
most adverse events (AE) were mild and of a transient nature,
suggesting a favorable safety profile. To date, since the publication
of these encouraging pioneer studies, more than 30 different
autoimmune and inflammatory diseases have been treated with
low-dose IL-2 therapy in pilot studies, uncontrolled clinical trials
and lastly also randomized clinical trials, including SLE, T1D,
rheumatoid arthritis, ankylosing spondylitis, psoriasis, Behcet’s
disease, granulomatosis with polyangiitis, Takayasu’s disease,
Crohn’s disease, ulcerative colitis, autoimmune hepatitis,
sclerosing cholangitis, Sjogren´s syndrome, alopecia areata and
inflammatory myopathies (see Table 1 for details) (16).

Type-1 diabetes (T1D)
Briefly after the publication of the above mentioned pioneer
studies, Long et al. conducted a phase I clinical trial investigating
a combination therapy with low-dose IL-2 and rapamycin in
Frontiers in Immunology | www.frontiersin.org 3236
nine patients with T1D (51). Patients were treated with 2-4 mg/
day rapamycin orally for three months and three times per week
for one month with 4.5 million IU of subcutaneously
administered aldesleukin (12 doses of aldesleukin in total). All
treated patients had a biologic response with an increase in
numbers and frequencies of CD4+CD25+CD127lo Treg. In
parallel, transient increases in numbers of NK cells and
eosinophils, but no increases in effector T cells were observed.
However, despite the favorable biologic response, all treated
patients developed a transient impairment of pancreatic b-cell
function. It was suspected that the negative effect on b-cell
function was related to the concomitant treatment with
rapamycin rather than to IL-2. Reported AEs consisted of mild
to moderate fatigue, malaise and injection site reactions.

Regardless of this initial obstacle, one uncontrolled and two
randomized placebo-controlled phase I/II trials, one in adults
and one in children with T1D (Table 1), have been conducted in
recent years (52–55). The first randomized, placebo-controlled
trial was a single-center, dose-finding trial, that evaluated the
safety and the biological efficacy of low-dose IL-2 therapy in 24
adult patients with established T1D. Patients received
subcutaneously applied IL-2 (aldesleukin) at single daily doses
either of 0.33, 1.0 or 3.0 million IU or placebo (6 patients in each
group) for 5 consecutive days (52, 53). Patients were followed-up
for 60 days after the 5-day treatment course. Low-dose IL-2
therapy was well tolerated at all applied single doses. AEs were
generally mild to moderate (grade 1-2) and resolved
spontaneously or with symptomatic treatment. However there
was an association between the applied dose and the occurrence
of AEs. The most frequently observed treatment-related AEs
were pain and erythema at injection sites, fever and influenza-
like symptoms. A recently published multi-center, randomized,
double-blind, placebo-controlled, dose-finding phase I/II study
in 24 children with newly diagnosed T1D confirmed the very
good tolerability and safety profile of low-dose IL-2 therapy also
in children (transient and mild to moderate AEs, most frequently
injection site reactions). In addition, an improved maintenance
of induced C-peptide production after one year of treatment was
observed in patients who had an increase in Treg of at least 60%
after the 5-day induction period. A biological response in form of
an effective expansion of the Treg population could be reliably
demonstrated in all studies (Table 1). Of note, in none of these
trials a negative effect on diabetes control, insulin requirements
or b-cell function could be observed. This remarkable difference
to the study of Long et al. could be due to differences in
administered single or cumulative dose of IL-2. Moreover, in
vivo experiments in NOD mice revealed that rapamycin is
cytotoxic to pancreatic b-cells, increases peripheral insulin
resistance and even abrogates IL-2-induced cure of diabetes
(70–72).

Systemic Lupus Erythematosus (SLE)
In 2013, the first SLE patient worldwide was successfully treated
with four cycles of low-dose IL-2 therapy in a compassionate use
setting (56). The clinical response was accompanied by
remarkable increases in numbers and frequencies of the
CD4+FoxP3+CD127loCD25hi Treg subset. First results from
April 2021 | Volume 12 | Article 648408
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TABLE 1 | Summary of results from clinical studies with low-dose IL-2 therapy in autoimmune and rheumatic diseases.
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Groups IL-2 administration Biological responses Clinical re

HCV-induced
vasculitis

Single-centre,
uncontrolled, phase I/
IIa clinical trial: safety,
biological efficacy,
clinical outcomes

IL-2: n=10 s.c. injections of 1.5
MIU/d for 5 d, followed
by three 5-d courses
of 3 MIU/d at weeks 3,
6, and 9 (9 weeks)

%Treg (CD4
+CD25hiCD127loFOXP3+) ↑, % CD8+

(CD8+CD25+FOXP3+) Treg ↑, ratio Treg/Tcon ↑, Treg supp. =, NK
cells/µl ↑, CD56bright NK cells/µl ↑, CD19+ B cells/µl ↓, CD19+IgD
+CD27+ B cells/µl ↓, transcriptome: Treg and NK cell function
related ↑, inflammatory and oxidative stress mediators ↓

improveme
patients, d
in 7 of 10
↑, modest
load

Insulin-
dependent type
1 diabetes
mellitus

Single-centre,
uncontrolled phase I
clinical trial: safety,
biological efficacy

IL-2: n=9 s.c. injections of 4.5
MIU/d 3x/week for 4
weeks; loading dose of
rapamycin 2 mg/d,
followed by dose
adjustments to
maintain blood levels of
5-10 ng/ml for 3
months

Treg/µl (CD3
+CD4+FOXP3+) ↑, % Treg (CD4

+CD25+CD127lo) ↑,
FOXP3 gene demethylation ↑, %IFNg+ among Treg
(CD4+FOXP3+) =, IL-2 responsiveness in Treg (CD4+CD25+)
measured by STAT5 phosphorylation ↑, % CD45RO- and
CD45RO+ among CD4+ and CD8+ T cells =, % CXCR3+,
CRTH2+, IFNg+ and IL-17+ among CD4+CD45RO+ =, CD56+
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lymphocytes/µl =, monocytes/µl =, CD4+/CD8+ ratio =, sIL-2R↑
(correlation with increase in % Treg, NK cells, eosinophils)

transient b
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randomized, placebo-
controlled, double-
blind, dose-finding,
phase I/II clinical trial:
safety, biological
efficacy, clinical
outcomes

n=24,
randomized
to placebo,
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1 or 3
MIU/d IL-2
(1:1:1:1)

s.c. injections of 0·33
MIU, 1 MIU, or 3 MIU/
d for 5 consecutive
days (1 cycle)

Treg/µl and % Treg (CD4
+CD25hiCD127lo FOXP3+) ↑ (dd), iEmax

and iAUC in %Treg ↑ (dd), iEmax % NK cells and % Teff =, %
CD19+ B cells ↓, CD19+ B cells/µl ↓ (dd), iEmin for change in
% CD19+ B cells ↓, eosinophils ↑

no significa
groups in
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peptide an
MMTT, Hb

Single-centre,
randomized, placebo-
controlled, double-
blind, dose-finding,
phase I/II clinical trial
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immunophenotyping

see ref. 52 see ref. 52 Treg/µl and % Treg (CD4
+CD25hiCD127loFOXP3+) ↑ (dd), Treg/

Teff ratio ↑, duration of Treg increase (dd), %
CD8+CD25+Foxp3+ Treg ↑ (dd), % CD25hiCD127loCD45RA-

Treg of CD4+ ↑ (dd), CD25 (MFI), GITR, CTLA-4 and basal
pSTAT5 in Treg ↑ (dd), IL-2 responsiveness in Treg
(CD4+FOXP3+) measured by STAT5 phosphorylation =, counts
lymphocytes, CD4+, CD8+ T cells, NK cells during cycle ↓ after
cycle ↑ (dd), % CD4+, CD8+ T cells =, % CD19+ B-cells and
CD19+ B cells/µl ↓ (dd), % NK cells ↑ (dd), % CD56bright among
NK cells ↑ (dd), plasma levels of IL-2, sIL-2R, IL-5, IL-10, IL-17,
TNF-a, TGF-b1, CCL22, CXCL10 ↑ (dd), transcriptome: B cell
related ↓, cell cycle and transcription ↑, chemokine and NK cell
related ↑ (dd), FOXP3 target genes ↑ (dd), suppression of Teff
cell responses (IFNg) against beta-cell antigens (dd); placebo
group: no relevant changes

see ref. 5

Single centre,
uncontrolled, adaptive
dose-finding phase, I/II
clinical trial: safety,
biological efficacy,
acute cellular
responses to different
single doses

Learning
phase:
n=10;
adaptive
phase:
n=30

learning phase: s.c.
injections of one single
dose per patient either
of 0.004 (n=2), 0.16
(n=2), 0.60 (n=2), 1.00
(n=2), or 1.50 (n=2)
MIU/m2 in ascending
order; adaptive phase:
s.c injections of one

Treg/µl and % Treg (CD3
+CD4+CD25hiCD127lo) ↑ (dd) peak by

d2/3 (d1 ↓); IL-2 doses to induce 10%/20% increases in Treg:
0.101 MIU/m2 and 0.497 MIU/m2, IL-2 plasma levels ↑ (peak at
90 min, dd), MFI CD25, pSTAT5, CTLA-4, FOXP3, CXCR3,
CCR6, % Ki67+ of CD45RA- memory Treg ↑ (dd, peaks
between 90 min. and d2), CD122 MFI in memory Treg ↓ (dd,
peak at 90 min), FOXP3 demethylation and Treg supp. =, sIL-
2R ↑ (dd), MFI CD25, CD122 ↓, MFI pSTAT5, % Ki67 ↑ of
CD45RA- memory Tcon (dd), lymphocytes/µl ↓ (dd), neutrophils/

Mean gluc
insulin dos
peptide =
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TABLE 1 | Continued

sponses Safety data Ref.

nt change between IL-2
group in C-peptide
TT, HbA1c, fasting
se, fasting C-peptide
requirements. In
h Treg increase > 60%
e (d5): improved
e of induced C-peptide
at 1 year

SAE: Ø; TR-AE:
injection-site
reactions

(55)

SLEDAI from 14 to 4
cle, no development of
manifestations/disease
treatment, reduction
dose, decrease in anti-
, normalization of CK

SAE: Ø; TR-AE:
injection-site reaction,
increased day and
night sweats,
transient fever

(56)

d not evaluated (25)

nse rates: 31.6%/
5% at week 2/4/12; GC
rovement/resolution in
cia, arthritis, fever,
solution of leukopenia/
ia in 94.7/100% of
mplement C3 and C4
A-Abs ↓, proteinuria ↓

SAE: Ø; TR-AE:
injection-site reaction,
influenza-like
symptoms, very low
frequency of total
AEs (7 AEs in 38
pat.), total IgG ↓

(57)

SLEDAI score/clinical
83%/67% of patients
ignificant decrease
r 2nd cycle),
nt / resolution in
ositis, rash, alopecia;
isease flare; PGA ↓;
f BILAG severity
and B ↓; complement

SAE: Ø (5 unrelated
SAE in FU-phase);
TR-AE (dd): injection-
site reactions, fever
and chills, influenza-
like symptoms,
headache, dizziness,
arthralgia, myalgia;
transient increases in

(58)

(Continued)
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aims

Groups IL-2 administration Biological responses Clinical re

single dose per patient.
based on dose-finding
results of interim
analyses to achieve
Treg increases of 10%
and 20% from baseline

µl ↓, CD8+ T cells/µl, CD19+ B cells/µl, NK cells/µl ↓ (dd,
recovering to baseline by d4); eosinophils/µl ↓ at 90 min,
followed by increase with peak by d1 (dd), % CD56bright NK
cells ↑ (at 90 min ↓), MFI pSTAT5, %Ki67 of CD56bright NK
cells ↑

Multicentre,
randomized, double
blind, placebo-
controlled, dose-
finding phase I/II
clinical trial in children:
safety, biological
efficacy, clinical
efficacy

n=24,
randomized
to placebo
or 0.125,
0.250,
0.500 MIU/
m2 IL-2
(7:5:6:6)

s.c. injections of
placebo or IL-2 at
doses of 0.125, 0.25
or 0.5 MIU/m2 daily for
five days and then
fortnightly for 1 year

% Treg (CD4
+CD25hiCD127loFOXP3+) ↑ (dd), Treg/Teff ratio ↑,

maintenance of Treg response with 2 highest doses, CD25+ Teff
=, B cells =, NK cells =, sIL-2RA and VEGFR2 levels predicted
Treg response after the 5-day course; eosinophils ↑; placebo
group: no relevant changes

no significa
and contro
iAUC in MM
blood gluc
level, insuli
patients wi
from basel
maintenanc
production

Systemic lupus
erythematosus

Pilot study /
compassionate use in
refractory SLE: safety,
biological efficacy,
clinical outcomes

IL-2 + SOC:
n=1

four cycles with daily
s.c. injections between
1.5 and 3.0 MIU/d for 5
d; separated by resting
periods of 9-16 d (9
weeks)

Treg/µl and % Treg during cycles
(CD3+CD4+Foxp3+CD127loCD25hi) ↑

decrease in
after 1st cy
new organ
flares durin
of daily GC
dsDNA-Ab

Single-centre,
uncontrolled phase I/IIa
clinical trial: biological
efficacy of short-term
treatment (immuno-
phenotyping data of
first 5-day cycle from
first 5 patients of PRO-
IMMUN trial)

IL-2 + SOC:
n=5

s.c. injections of 1.5
MIU/d for 5d (1 cycle)

Treg/µl and % Treg (CD3
+CD4+Foxp3+CD127lo) ↑; % CD25hi of Treg

↑; MFI CD25 in Treg ↑; % Ki67+ of Treg ↑, % CD39+ of Treg ↑, %
Helios+ of Treg =, Treg/Tcon proliferation ratio ↑ in 4/5 patients,
CD3+CD4+ Tcon/µl =, CD25 MFI in CD3+CD4+ Tcon =; % CD25hi of
CD3+CD4+ Tcon ↑; % Ki67+ of CD3+CD4+ Tcon (=↑), % Ki67+ of
CD8+ T cells, NKT cells, NK cells, CD56bright NK cells ↑; counts
and % CD8+ cells, NK T cells, NK cells =; % CD56bright of NK
cells ↑

not evaluat

Single-centre,
uncontrolled phase I/IIa
clinical trial: biological
efficacy (immuno-
phenotyping data from
23 patients), clinical
outcomes

IL-2 + SOC:
n=38

three cycles of s.c.
injections of 1 MIU
every other day for 2
weeks followed by a 2-
week break in
treatment (10 weeks)

% Treg (CD3
+CD4+CD25hiCD127lo) ↑, Treg supp. ↑, % TFH of

total CD4+ (CD4+CXCR5+PD-1+CCR7-) ↓, % TH17-like of total
CD4+ (CCR6+CXCR3−CCR4+CCR7-) ↓, (TFH + TH17) cells/Treg cells
↓, % CD3+CD4−CD8−ab T cells ↓, % TH1-like
(CXCR3+CCR6−CCR4−CCR7-) =, % TH2-like
(CXCR3−CCR6−CCR4+CCR7-) =, eosinophils ↑

SRI-4 resp
71.1%/ 89
dose ↓; im
rash, alope
serositis; re
thrombope
patients, c
↑; anti-dsD

Single-centre,
uncontrolled, dose-
adaption phase I/IIa
clinical trial in refractory
SLE (PRO-IMMUN):
safety, tolerability,
biological efficacy,
dose-dependency of

IL-2 + SOC:
n=12

four cycles with s.c.
injections between
0.75 and 3.0 MIU/d for
5 d separated by
resting periods of 9-16
d (9 weeks)

Treg /µl and % Treg (CD3
+CD4+FOXP3+CD127lo) ↑ (dd),%

CD25hi of Treg ↑ (dd), % CD25hi Treg of CD3
+CD4+ ↑, (dd)

CD25hi Treg/µl ↑ (dd), MFI CD25 in Treg ↑ (dd), % Ki67+ of Treg ↑
(dd), ratio counts Treg/Tcon ↑, ratio Ki67+ Treg/Ki67

+ Tcon ↑; corr.
increase % CD25hi Treg with increase % Ki67+ Treg, % CD39+

of Treg ↑, % Helios+ of Treg =, % CD137+ of Treg ↑; Treg supp.
and FOXP3 demethylation =, higher % of CD25hi and CD137+

Treg in responders after 4 cycles, corr. increase % CD25hi Treg
with decrease in SLEDAI, % CD45RO-CCR7+ of Treg ↓ (during

Decrease i
response in
at day 62 (
already afte
improveme
arthritis, m
no severe
frequency
categories
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TABLE 1 | Continued

sponses Safety data Ref.

g cycles); anti-dsDNA- CRP (dd), D-dimers
and other acute-
phase proteins
without clinical
relevance during
cycles (complete
normalization in
resting phases); ECG,
abdominal
ultrasound,
echocardiography,
lung function =

ission rate in IL-2 group
o SOC at week 10:
6.7%, p=0.058;
nal outcomes in IL-2
ek 10 compared to
-h UPE ↓, hematuria↓,
↑, leukocyturia =, urea
=, creatinine (s) =,

SAE: Ø; TR-AE:
injection-site reaction,
fever, influenza-like
symptoms, nausea,
and diarrhea

(59)

SLEDAI score after 6
2 (p<0.0001), 24
.0001) compared to
ednisone dose ↓;
se =

SAE: Ø; TR-AE: not
evaluated

(60)

nse rates: 55.17%/
L-2-group vs 30.00%/
lacebo group at week

2) and week 24
rimary endpoint at
t met;no sign.
etween IL-2 and
up in change of
LAG, PGA, and
dose; higher
nt rate for rash and
-2 group, complete
pat. with lupus
53.85% in IL-2 group
t week 12 (p=0.013)
at week 24 (p=0.036)

group; 24-h UPE ↓, (s)
omplement C3/C4 ↑

SAE: Ø; TR-AE:
injection-site reaction,
influenza-like
symptoms, fever;
lower incidence of
infections in IL-2
group than in
placebo group

(61)

(Continued)
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Condition Trial phase/study
aims

Groups IL-2 administration Biological responses Clinical re

biological responses,
clinical outcomes

cycles), % CD45RO+CCR7+/- of Treg =, % CXCR5+ of Treg (TfR)
↓, sIL-2R ↑ (dd), corr. increase sIL-2R and GC dose with
increase % CD25hi Treg and increase % Ki67+ Treg;
Tcon/µl (CD3

+CD4+FOXP3-) =, % CD25hi in Tcon = (at highest
dose ↑), MFI CD25 in Tcon =, % Ki67+ of Tcon ↑ (dd), %
CD45RO+/-CCR7+/- Tcon subsets =, % CD3+CD4-CD8- T
cells =, % TFH of Tcon (CXCR5

+ and CD45RO+CCR7-

CXCR5+PD-1+) ↓, % TH17-like of Tcon (CD45RO
+CCR7-

CCR6+CXCR3−CCR4+) =;
CD19+ B cells/µl ↓, counts and % CD19+ IgD+CD27+ B cells ↓,
counts CD19+ IgD-CD27+ and CD19+ IgD-CD27- ↓, counts
and % of CD19+ CD20-CD27hiHLA-DR+/- =; counts CD8+

cells, NK T cells, NK cells =, % Ki67+ of CD8+ T cells, NK T
cells, NK cells ↑ (dd), eosinophils ↑

C3 ↑ (durin
Abs =

Single-centre, open-
label, controlled phase
I/II clinical trial in lupus
nephritis: safety,
biological efficacy,
clinical outcomes

IL-2 + SOC:
n=18,
SOC: n=12

3 cycles of s.c.
injections of 1 MIU
every other day for 2
weeks followed by a 2-
week break in
treatment (10 weeks)

% Treg (CD3
+CD4+CD25hiCD127lo) ↑, stronger increase of %

Treg in patients who achieved remission; sIL-2R (sCD25) =;
control group: no relevant changes

Higher rem
compared
55.6% vs 1
improved r
group at w
baseline: 2
albumin (s)
nitrogen (s
eGFR =

Single-centre,
uncontrolled phase I/II
clinical trial in refractory
SLE: biological
efficacy, clinical
outcomes

IL-2 +
rapamycin:
n=50

s.c. injection of 100
WIU 3-5d/months
combined with
rapamycin (0.5 mg,
once every other day,
oral) for 24 weeks

Treg/µl (CD4
+CD25+FOXP3+) ↑ at week 12 and 24, TH17 cells/

µl (CD4+ IL17+) =, ratio TH17/Treg ↓ at week 24
Decrease i
(p=0.002),
weeks (p<
baseline; p
DMARD do

Single-centre,
randomized, double-
blind, placebo-
controlled phase II
clinical trial: safety,
clinical efficacy

IL-2 + SOC:
n=30
placebo
+SOC:
n=30

3 cycles of s.c.
injections of 1 MIU
every other day for 2
weeks followed by a 2-
week break in
treatment (10 weeks)

IL-2 group: %Treg (CD3+CD4+CD25hiCD127lo) ↑; % NK cells ↑,
% CD56bright of NK cells ↑, % CD3+CD4+ and CD3+CD8+ T
cells =; placebo group: no relevant changes

SRI-4 resp
65.52% in
36.67% in
12 (p=0.05
(p=0.027):
week 12 n
difference b
placebo gr
SLEDAI, B
prednisone
improveme
arthritis in I
remission i
nephritis in
vs 8.33% a
and 16.67%
in placebo
albumin ↑,
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TABLE 1 | Continued

sponses Safety data Ref.

DNA-abs ↓ in IL-2
ared to baseline
f CLASI-A score ≥ 4
pared to baseline at day
atients; SLEDAI =; joint

SAE: Ø; TR-AE:
injection-site reaction,
influenza-like
symptoms,
eosinophilia; no
detection of anti-IL-2-
antibodies

(62)

f scalp hair in 4/5
ntinuation of
nt up to 6 months;
T scores 2/6 months
treatment: 76/69
2); DLQI ↓

SAE: Ø; TR-AE:
asthenia, arthralgia,
urticaria, injection-site
reaction

(63)

n of liver enzymes and
s of IgG in 1 patient

Not evaluated (64)

mprovement in CGI;
nt in disease-specific
UC, SLE, psoriasis); %
with fatigue and
improvement in
-5L-score (ns),

SAE: Ø (7 unrelated
SAE); TR-AE:
injection-site reaction,
seasonal upper and
lower respiratory tract
infections, no
detection of anti-IL-2-
antibodies

(65)

e in disease activity
-2 and control group;
id and DMARDs usage
)

SAE: Ø; TR-AE:
injection-site
reactions, influenza-
like symptoms,

(66)

(Continued)
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Condition Trial phase/study
aims

Groups IL-2 administration Biological responses Clinical re

(ns), anti-d
group com

Randomized, double-
blind, placebo-
controlled, multiple
ascending dose phase
Ib clinical trial: safety,
biological efficacy

NKTR-358
3.0 µg/kg
(n=9), 6.0
µg/kg (n=9),
12.0 µg/kg
(n=9), 24.0
µg/kg (n=9);
placebo:
n=12

s.c. injections of
NKTR-358 at 3.0 µg/
kg, 6.0 µg/kg, 12.0 µg/
kg, 24.0 µg/kg once
every 2 weeks, 3 times
in total (4 weeks)

Treg/µl and % Treg (CD4
+FOXP3+CD25hi) ↑ (dd), % Ki67+ of Treg ↑

(dd), FOXP3 demethylation ↑, expression of CD25, Helios, CTLA-4
in Treg ↑ (dd), CD56+ NK cells ↑ (dd), CD56bright NK subset ↑ (dd),
CD4+ and CD8+ T cells =; placebo group: no relevant changes

Reduction
points com
43 in 7/18
scores =

Alopecia areata Single-centre
uncontrolled phase I
clinical trial in refractory
disease: biological
efficacy, clinical
outcomes

IL-2: n=5 s.c. injections of 1.5
MIU/d for 5 d, followed
by three 5-d courses
of 3 MIU/d at weeks 3,
6, and 9 (9 weeks)

Treg/µl (CD3
+CD4+FOXP3+CD127loCD25+) ↑ (ns); skin biopsies:

Treg ↑ in 4/5 patients, CD8+ T cells ↓, persistent Treg increase 2
months after end of treatment

Regrowth
patients, c
improveme
median SA
after end o
(Baseline: 8

Autoimmune
hepatitis

Pilot study /
compassionate use in
refractory disease:
biological efficacy,
clinical outcomes

IL-2: n=2 6 monthly cycles of
s.c. injections of 1 MIU
for 5d (6 month)

% Treg (CD4
+FOXP3+CD25+) ↑, % CD45RA+FOXP3lo and

CD45RA-FOXP3hi ↑, % Ki67+ of Treg ↑, MFI CD25 and FOXP3
↑, sIL-2R ↑; % CD4+ Tcon and NK cells ↓

Normalizat
serum leve

RA, AS, SLE,
psoriasis,
Behçet’s
disease, GPA,
Takayasu’s
disease, CD, UC,
AIH, sclerosing
cholangitis

Multicentre,
uncontrolled phase I/IIa
clinical basket trial in
11 autoimmune
diseases (TRANSREG):
safety, biological
efficacy, disease
selection

RA (n=4),
AS (n=10),
SLE (n=6),
psoriasis
(n=5),
Behçet’s
disease
(n=2), GPA
(n=1),
Takayasu’s
disease
(n=1), CD
(n=7), UC
(n=4), AIH
(n=2),
sclerosing
cholangitis
(n=4) (in
total 46
patients)

induction phase: s.c.
injections of 1 MIU/d
for 5 d; maintenance
phase: fortnightly
injections of 1 MIU/d
for 6 months

Treg/µl and % Treg (CD4
+FOXP3+CD127loCD25hi) ↑ (peak at

d8), AUC %Treg ↑, Tcon (FOXP3
− CD4+ and CD8+ cells) =,

activated Teff (CD4
+CD25lo/+FOXP3−) =, Treg/Teff ratio ↑, Treg/

activated CD4+ Tcon↑, counts and % CD3+, CD4+ T cells, NK
cells = (↑ at d8), counts and % CD8+ T cells, CD19+ B cells =
(% ↓ at d8), =, % CD56bright of NK cells ↑, eosinophils ↑
(transient), plasma levels of TH1/TH2/TH17/Treg cytokines =,
similar biological efficacy (Treg expansion) across all 11
diseases, no differences due to different background therapies;
transcriptome: FOXP3, IL-2R, CTLA-4 genes and related
pathways ↑, Treg signature genes ↑

Significant
improveme
scores (AS
of patients
arthralgia ↓
EuroQL-5D

Primary
Sjögren’s
syndrome

Single-centre, open-
label, controlled phase
I/II clinical trial:
biological efficacy of
short-term treatment

IL-2 + SOC:
n=99, SOC:
n=91

s.c. injections of 0.5
MIU/d for 5d (1 cycle)

Treg/µl (CD4
+CD25+FOXP3+) ↑, TH17 cells/µl ↑, TH17/Treg ratio

↓; control group: no relevant changes
no differen
between IL
glucocortic
↓ (long-term
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TABLE 1 | Continued

al responses Clinical responses Safety data Ref.

counts T cells, B cells, CD4+ T cells, CD8+ T cells ↑, TH1
TH17 ↑, NK cells =; (gating strategy / definition of subsets
ed); control group: no relevant changes

VAS, ESR, CK, CK-MB, LDH,
HBDH ↓ in IL-2 and control group
compared to baseline, VAS ↓ in
IL-2 group compared to control
group (short-term)

not evaluated (67)

d % ↑, TH17/µl ↑, ratio TH17/Treg = , TH1/µl =, TH2/µl

H1/TH2 =; % TH17 cells ↑, % TH1 =, % TH2 = ; (gating
/ definition of subsets not provided)

TJC, SJC, VAS, ESR, DAS28-ESR,
PGA, DLQI, HAQ ↓ in IL-2 group
compared to baseline (short-term)

SAE: Ø; TR-AE:
injection-site reaction

(68)

d % Treg (CD4
+FOXP3+CD127-CD25hi ) ↑ (dd), Treg

% NK cells ↑, % CD8+ T cells ↑, % CD4+Tcon ↑, %
es ↓, MFI CD25 in Treg ↑, MFI CD25 in CD4+ Tcon ↑,
ils ↑, plasma levels of CCL2 ↓ (dd), CCL17 and
(dd),; placebo group: no relevant changes

No significant differences in disease
progression among the three
groups regarding ALSFRS-R score,
decline in vital capacity and plasma
NFL-MSD levels

SAE: Ø; TR-AE:
injection-site reaction
(dd), influenza-like
symptoms(dd),
nausea/vomiting,
urinary retention

(69)

l Rating Scale - Revised; AS, ankylosing spondylitis; AUC, area under the curve; BILAG, British Isles Lupus Assessment Group; CD,
ease Area and Severity; CK, Creatine kinase; d, days; Corr., correlation; DAS, disease activity score; dd, dose-dependent effect; DLQI
glomerular filtration rate; ESR, erythrocyte sedimentation rate; GC, glucocorticosteroids; GPA, granulomatosis with polyangiitis; HBDH,
virus; HAQ, Health Assessment Questionnaire; iAUC, incremental area under the curve; iEmax, incremental maximum effect; iEmin,
IU, million International Units; MMTT, mixed meal tolerance test; NFL, neurofilament light chain; NK cells, natural killer cells; NKT cells,
, serum; SAE, serious adverse event; SALT, severity of alopecia tool; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index ;
I-4, SLE Responder Index-4; SOC, standard-of-care treatment; Teff, effector T cells; TJC, tender joint count; TR-AE, treatment-related
olitis; VAS, visual analogue scale; VEGFR2, vascular endothelial growth factor receptor 2; 24-h UPE, 24 hour urine protein excretion.
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241
Condition Trial phase/study
aims

Groups IL-2 administration Biologic

Polymyositis/
Dermatomyositis

Single-centre, open-
label, controlled phase
I/II clinical trial:
biological efficacy of
short-term treatment

IL-2 + SOC:
n=31, SOC:
n=116

s.c. injections of 0.5
MIU/d for 5d (1 cycle)

Treg/µl ↑,
↑, TH2 ↑
not prov

Psoriatic
arthritis

Single-centre,
uncontrolled phase I/II
clinical trial: safety,
biological efficacy,
clinical outcomes of
short-term treatment

IL-2 + SOC:
n=22

s.c. injections of 0.5
MIU/d for 5 d (1 cycle)

Treg/µl a
=, ratio
strategy

Amyotrophic
lateral sclerosis

Single centre, parallel
three-arm,
randomized, double-
blind, placebo-
controlled phase IIa
clinical trial: safety,
biological efficacy,
clinical outcomes

IL-2 +
riluzole: 1
MIU (n=12),
2 MIU
(n=12),;
placebo +
riluzole:
n=12

3 cycles with s.c.
injections of 1 or 2
MIU/d or placebo for 5
d every 4 weeks (9
weeks)

Treg/µl a
supp. ↑,
monocy
eosinop
CCL18↑

Abs, antibodies; AIH, autoimmune hepatitis; ALSFRS-R score, Amyotrophic lateral sclerosis Functiona
Crohn’s disease; CGI, Clinical Global Impression Scale; CLASI-A, Cutaneous Lupus Erythematosus Dis
index, Dermatology Life Quality Index; DMARD, disease-modifying anti-rheumatic drug; eGFR, estimated
a-hydroxybutyrate dehydrogenase; HC, healthy controls; HCQ, hydroxychloroquine; HCV, hepatitis C
maximum decrease below baseline; LDH, lactate dehydrogenase; MFI, mean fluorescence intensity; M
natural killer T cells; ns, not significant; PGA, Physician’s Global Assessment; RA, rheumatoid arthritis;
sIL-2R, soluble interleukin-2 receptor; SJC, swollen joint count; SLE, systemic lupus erythematosus; S
adverse event; Treg, regulatory T cells; Treg supp., in vitro suppressive function of Treg; UC, ulcerative c
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Graßhoff et al. IL-2 Therapy in Autoimmunity
an phase I/II trial (PRO-IMMUN) demonstrated that one 5-day
course of low-dose IL-2 therapy with daily injections of 1.5
million IU was capable to selectively increase CD25 expression in
CD4+Foxp3+CD127lo Treg and to promote the efficient and
selective expansion of the CD4+FoxP3+CD127lo Treg
population in five patients with active SLE (25). Apart from
this, moderate increases in the numbers of NK cells, especially of
the CD56bright subset could be observed during this short-term
treatment. Subsequently, He et al. reported immunological
findings from 23 patients obtained during an uncontrolled,
single-center study. They found that, in parallel to an increase
in the percentage of the CD4+CD25+CD127lo Treg population,
low-dose IL-2 therapy led to decreases in the percentages of Tfh
and Th17-like cells among total CD4+ T cells (effects on absolute
numbers of these subsets have not been provided) (57). Based on
the results of these pilot studies, six phase I/II trials have been
conducted in recent years including in total app. 300 SLE
patients with different clinical manifestations. Administered
dose, treatment regimens and treatment duration as well as
follow-up-times varied between these clinical trials (Table 1).

The first larger clinical trial in Europe started in march 2014
and was a single-center, uncontrolled, dose-adaption, phase I/IIa
trial (PRO-IMMUN) with the primary aim to investigate the
safety, tolerability and biological efficacy of low-dose IL-2
therapy in 12 patients with active SLE who had refractory
disease activity under conventional therapy (58). Patients were
treated with four separate cycles of low-dose IL-2 therapy using
recombinant human IL-2 (aldesleukin) on top of standard-of-
care therapy. Each of the four treatment cycles consisted of daily
subcutaneous injections of IL-2 for 5 consecutive days followed
by a 9-16 day resting phase in between. The daily dose in the first
cycle was 1.5 million IU of IL-2 for all patients. In the subsequent
cycles, the single dose was either increased from 1.5 million IU to
3.0 million IU or decreased to 0.75 million IU according to
predefined dose adaption and safety criteria. The primary
endpoint was the number of patients who achieved at least a
100% increase in the proportion of CD25hi-expressing cells
among circulating CD3+CD4+FoxP3+CD127lo Treg at day 62
after four treatment cycles. Secondary study objectives included
clinical responses and changes in diverse serological and
immunological parameters. The treatment was well-tolerated
with single doses of 0.75 and 1.5 million IU and most
treatment-related AEs were transient and mild to moderate
(grade 1–2). The most frequent AEs were mild injection-site
reactions (20% of all AEs). Moderate and transient treatment-
related increases in acute-phase proteins, such as C-reactive
protein, in the absence of clinically relevant symptoms were
noted. Low-dose IL-2 therapy elicited substantial and dose-
dependent increases in the proportions and absolute numbers
of CD3+CD4+FoxP3+CD127loCD25hi Treg and 11 of the
12 treated patients (92%) achieved the primary endpoint.
Apart from moderate and transient increases in the numbers
of eosinophils and NK cells, no relevant increases in the numbers
of other leukocyte subsets were observed. Low-dose IL-2 therapy
also preferent ia l ly augmented the prol i ferat ion of
Foxp3+CD127lo Treg resulting in a partial restoration of the
Frontiers in Immunology | www.frontiersin.org 9242
homeostatic balance between Treg and Tcon, which is typically
disturbed in SLE patients. Clinical responses were observed in 8
of the 12 treated patients (66·7%) at day 62 after 4 treatment
cycles and no severe disease flares occurred during the treatment
period. The reduction in disease activity thereby correlated with
the magnitude of the Treg response, as measured by the increase
in the frequencies of CD25hi Treg among FoxP3+CD127lo Treg.
Transient increases in complement levels during the cycles, but
no decreases in SLE-associated auto-antibodies were observed.
The IL-2 expanded Treg population displayed a preserved
suppressive function and demethylated foxp3 locus,
maintained high levels of Helios, which is mainly expressed by
thymic-derived Treg, and expressed increased levels of the Treg-
associated molecules CD39 and CD137. Concomitantly to the
efficient and selective expansion of the Treg population, a
reduction in numbers of CD19+ B cells, especially of IgD+
CD27+ marginal-zone B cells, which was also reported in
other diseases (46, 51), and, though less pronounced, in the
frequencies of Tfh cells was observed, together suggesting that
IL-2 therapy may interfere with the germinal-center reaction in
lymphoid organs. This clinical trial proved that low-dose IL-2
therapy safely and selectively promotes the expansion of a
functionally competent and thymic-derived Treg population
and suggested clinical efficacy of low-dose IL-2 therapy in
patients with active and refractory SLE.

Briefly thereafter, the first randomized, placebo-controlled,
single-center trial with low-dose IL-2 therapy in 60 patients with
active SLE was published (61). In each group, 30 patients
received 3 cycles of either low-dose IL-2 at a single dose of 1
million IU or placebo subcutaneously applied every other day for
2 weeks followed by a 2-week break on top of standard treatment.
The primary endpoint was the proportion of patients who
achieved a SLE responder index-4 (SRI-4) response at week 12
compared to the placebo group. In the IL-2 group 55% of the
patients achieved a SRI-4 response at week 12, whereas in the
placebo group this was achieved in only 30%. However, although
being close to statistical significance, the primary endpoint was
not met (p=0.052). Nonetheless, a significant difference in the
proportion of patients with a clinical response between the IL-2
and placebo group was observed between week 6 and 10 and
during the follow-up phase. In addition, both at week 12 and 24
complete remission was observed in 54% of patients with renal
involvement compared to only 8% and 17% in the placebo group
(p=0.013 and 0.036). A decrease in anti-dsDNA antibodies was
only observed in the IL-2 treated group, and there was a higher
percentage of patients who achieved normalization of
complement levels. No serious infection occurred in the IL-2
group, but two in placebo group. Similar to previous studies, an
expansion of the Treg population and moderate increases in NK
cells, especially of the CD56bright subset, were observed in
this study.

Complementing these clinical trials, the efficacy of low-dose IL-
2 in patients with lupus nephritis was investigated in a single-
center, controlled phase I/IIa trial (59). 18 patients received three
cycles of low-dose IL-2 on top of standard-of-care treatment, and
12 patients in the control group received standard-of-care
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treatment only. Consistent with the results from He et al., a higher
remission rate in the IL-2-treated group (55%) compared to the
control group (17%) (p=0.058) was found after 10 weeks of
treatment. In addition, a single-center, uncontrolled study
investigated clinical and immunological responses of a
combination therapy with low-dose IL-2 applied monthly for 3-
5 days and continuous treatment with rapamycin every other day
in 50 patients with refractory SLE. The combination therapy was
applied for 24 weeks and significantly reduced disease activity and
prednisolone dose compared to baseline for up to 24 weeks (60).

Most recently, Fanton et al. reported the biological and
clinical effects of IL-2 therapy using four different doses of a
novel pegylated IL-2 conjugate named NKTR-358 in SLE
patients with cutaneous manifestations (62). Pegylation of IL-2
results in an increase in half-life to approximately 14 days
compared to a few hours for subcutaneously applied native
IL-2. In patients receiving NKTR-358 a dose-dependent
expansion and activation of CD25hi Treg and a reduction in
CLASI-A score in 7 of 18 treated patients was noted. Based on
these promising results, a phase II clinical trial has already been
initiated (NCT04433585).

The results of a meanwhile completed multi-center,
randomized, placebo-controlled phase II trial (LUPIL-2) with
50 patients in each group have not yet been published.

Other Rheumatic and
Autoimmune Diseases
As early as in 2014, an open-label pilot trial using low-dose IL-2
therapy in five patients with alopecia areata was published (63).
Skin biopsies in four of the five treated patients showed an
increase in Treg numbers and a decrease in CD8+ T cells, and
these patients had a significant improvement in hair regrowth on
scalp and body with effects extending beyond treatment period.

Two patients with refractory autoimmune hepatitis had been
treated with monthly 5-day cycles of low-dose IL-2 therapy for 6
month in a compassionate use setting (64). In both patients an
increase in the frequency of Treg was elicited, and one patient
experienced a substantial clinical response with normalization of
liver enzymes and total IgG.

More recently an open-label, multi-center phase I/IIa trial in
46 patients with mild to moderate forms of 11 different
autoimmune and inflammatory diseases, i.e. rheumatoid
arthritis, ankylosing spondylitis, SLE, psoriasis, Behcet’s
disease, granulomatosis with polyangiitis, Takayasu’s disease,
Crohn’s disease, ulcerative colitis, autoimmune hepatitis and
sclerosing cholangitis, was conducted (TRANSREG) (65). All
46 enrolled patients subcutaneously received 1 million IU of
aldesleukin per day for 5 consecutive days, followed by
fortnightly injections of 1 million IU of aldesleukin for a total
duration of 6 months. Low-dose IL-2 therapy was very well
tolerated independent of the underlying disease or concomitant
treatment. Immunological analyses demonstrated selective
expansion and activation of the CD4+FoxP3+CD127loCD25hi
Treg population without the induction of effector T cell
activation in all treated patients. In parallel preliminary signals
for the clinical efficacy of low-dose IL-2 therapy could be
obtained during this trial.
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Brief reports from open-label, therapy-controlled, single-
center studies in patients with primary Sjogren’s syndrome
(66), polymyositis/dermatomyositis (67) and psoriatic arthritis
(uncontrolled) (68) have been published more recently by the
same group. 99, 31 and 22 patients, respectively, were treated
with a short-term regimen of low-dose IL-2 therapy consisting of
one 5-day cycle with daily injections of 0.5 million IU of IL-2. In
all three studies, increases in the Treg population were
accompanied by decreases in the ratio of TH17 cells/Treg.
Despite the short duration of treatment, more pronounced
decreases in myositis-associated laboratory parameters and
VAS in the IL-2 group suggested clinical responsiveness in
patients with polymyositis and dermatomyositis. In psoriatic
arthritis, a rapid decrease in joint symptoms and arthritis scores
was observed. In Sjögren’s syndrome, the dose of glucocorticoids
and immunosuppressive therapies could be reduced during the
follow-up period, yet no significant difference in disease activity
measures between the IL-2 and control group could be detected
after the short treatment period.

More recently, a randomized, placebo-controlled phase IIa
trial was conducted in patients with amyotrophic lateral sclerosis
(ALS) to evaluate the therapeutic effect of three 5-day cycles of
low-dose IL-2 therapy (69). The rationale was based on previous
studies in ALS patients showing that decreased levels of Treg
correlated with disease severity and were predictive of disease
progression and survival (73). Despite a significant biological
response by means of an increase in Treg, indicators for disease
progression like ALSFRS-R score and plasma NFL-MSD levels
did not differ significantly between the treatment and placebo
group. The lack of clinical efficacy could have been due to the
short treatment duration in a rather slowly progressing disease.

Several studies are currently conducted to investigate
the efficacy and safety of low-dose IL-2 therapy in various
other autoimmune diseases such as Crohn ’s disease
(NCT04263831), Behcet’s disease (NCT04065672), macrophage
activation syndrome (NCT02569463), relapsing polychondritis
(NCT04077736) or multiple sclerosis (NCT02424396). In
addition, several modified IL-2 analogues, so called IL-2
muteins, which have either a higher selectivity for Treg or a
longer in vivo half-life have been developed and are currently
tested in phase 1 trials.

Safety Aspects
Low-dose IL-2 therapy is generally well tolerated at the lower
dose ranges up to single doses of 1.5 million IU and treatment-
related AEs are usually mild and transient. The by far most
frequently reported AEs are mild injection site reactions,
followed by myalgia, arthralgia, fever and flu-like symptoms,
which can be easily managed by symptomatic therapies or
antipyretics. However, AEs occurred more frequently and had
a higher severity grade when higher doses were administered
(e.g. single doses of 3.0 to 4.5 million IU). Apart from mild to
moderate increases in the numbers of eosinophils and NK cells
and the induction of a transient and clinically negligible acute-
phase reaction, no relevant deviations in the safety laboratory
assessments were reported so far. By contrast to high-dose IL-2
therapy, the induction of antibodies against IL-2 has not been
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observed in the low-dose setting until now. Nevertheless, due to
its pleiotropy, IL-2, even applied in low doses, may activate also
potentially harmful cells, which bears the risk to induce or
worsen autoimmunity. However, with the exception of type-1
diabetes in one clinical study (50), in none of the conducted trials
so far, where various doses and treatment regimens in different
diseases where tested, exacerbation of pre-existing or induction
of new autoimmune syndromes was observed. Thus, based on
the safety data from meanwhile numerous conducted studies in a
large variety of diseases, low-dose IL-2 therapy generally can be
considered a very safe therapeutic approach.
SUMMARY AND PERSPECTIVE

Data from several pilot studies and clinical trials, including first
randomized trials, broadly and reproducibly prove that low-dose
IL-2 therapy is very safe and capable to selectively expand a
functionally competent Treg population independent of the
underlying disease. In addition, these trials provided
preliminary evidence for the clinical efficacy of low-dose IL-2-
therapy in a large variety of inflammatory and autoimmune
diseases. Low-dose IL-2 therapy therefore can be considered a
novel targeted treatment option with a potentially broad
applicability in various autoimmune, inflammatory and
rheumatic diseases. Variations in the clinical responsiveness
between different diseases or subgroups of patients could be
due to a differing nature of Treg defects or the extent of their
contribution to disease pathogenesis. Possibly, but probably less
likely because of the quite universal response pattern to low-dose
IL-2 therapy reported so far, disease-related alterations in IL-2
signaling pathways and associated molecules leading to
differences in the biological responsiveness to IL-2 therapy
could also affect clinical efficacy. Despite some heterogeneity in
the clinical responsiveness, which also arises from quite
substantial variations in study design, applied treatment
regimens and treatment duration, the results of most of
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these trials justify the further exploration of this novel
therapeutic approach in autoimmune and rheumatic diseases
and provide a valuable scientific basis for placebo-controlled and
larger confirmatory clinical trials. The identification of
molecular, cellular and epigenetic key events in response
to low-dose IL-2 therapy at a common and disease-specific
level, and of biomarkers which can predict the biological and
clinical responsiveness to low-dose IL-2 therapy by advanced
immunophenotyping technologies will allow to select
appropriate diseases or patient subgroups and to stratify
patients according to their individual immune signatures in the
future (74). The clinical introduction of modified formulations of
IL-2 with a longer half-life or increased selectivity for Treg could
further contribute to a sustained clinical and biological efficacy,
including stability of Treg lineage and function, and will ease its
applicability for patients. Apart from this, because of its very
good safety profile and its unique mode of action, low-dose IL-2
therapy appears to be an optimal candidate for a combination
therapy, e.g. with agents that can block the activity of
inflammatory cytokines and pathways, which can also promote
resistance of Tcon to Treg-mediated suppression, or with B cell
directed therapies.
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Immunotherapy with antigen-processing independent T cell epitopes (apitopes) targeting
autoreactive CD4+ T cells has translated to the clinic and been shown to modulate
progression of both Graves’ disease and multiple sclerosis. The model apitope (Ac1-9
[4Y]) renders antigen-specific T cells anergic while repeated administration induces both
Tr1 and Foxp3+ regulatory cells. Here we address why CD4+ T cell epitopes should be
designed as apitopes to induce tolerance and define the antigen presenting cells that they
target in vivo. Furthermore, we reveal the impact of treatment with apitopes on CD4+ T cell
signaling, the generation of IL-10-secreting regulatory cells and the systemic migration of
these cells. Taken together these findings reveal how apitopes induce tolerance and
thereby mediate antigen-specific immunotherapy of autoimmune diseases.

Keywords: apitope, immunotherapy, immunological tolerance, interleukin-10, dendritic cell, autoimmune disease,
Tr1 cell, synthetic peptide
INTRODUCTION

There are many forms of potentially life-threatening autoimmune diseases that collectively impact
up to 10% of individuals at some time in their life. Current approaches to immunotherapy of
autoimmune diseases use non-specific immunotherapeutic drugs to treat the disease. These drugs
fail to address the underlying cause of immune pathology, loss of tolerance to self-antigen/s, and
expose the individual to a higher risk of infectious disease and cancer. Most novel approaches to
antigen-specific immunotherapy aim to induce tolerance in autoantigen-specific CD4+ T cells since
CD4+ T cells orchestrate the adaptive immune response (1, 2). Among all of the developing
approaches for specific immunotherapy, the most direct and straightforward is tolerance induction
with synthetic peptides based on CD4+ T cell epitopes (1, 3).

We have shown that some but not all T cell epitopes will induce tolerance to self-antigens. The
first rule is that synthetic peptides must mimic the conformation of the naturally processed antigen
in order to engage self-antigen reactive T cells and induce tolerance (4). Tolerogenic peptides are,
org April 2021 | Volume 12 | Article 6542011247
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therefore, designed as antigen-processing independent T-cell
epitopes (apitopes) that bind to MHC II in the correct
conformation and ligate the T cell receptor (TCR) on such
cells. The second rule is that peptides must be soluble for
effective tolerance induction (5, 6). Apitopes have been
designed to modulate disease progression in two autoimmune
diseases with distinct immune pathologies, Graves’ disease and
multiple sclerosis (7, 8). The successful outcome of early clinical
trials in these diseases imply that apitopes based on known self-
antigens will be appropriate treatments for other autoimmune
conditions where the target antigens are known.

Here we investigate why tolerogenic peptides need to be
designed as apitopes and why they depend on solubility. We
reveal that a model apitope, Ac1-9[4Y], based on the N-terminal
epitope of myelin basic protein, binds directly to steady state
dendritic cells (DC) rather than other antigen presenting cells
(APC) in lymphoid organs. The outcome of apitope treatment is
the induction of antigen-specific Tr1 cells that are both anergic and
immunoregulatory through secretion of interleukin-10 (IL-10) (9–
12). Tr1 cells were first described by Groux (13) and colleagues, are
distinct from Foxp3+ regulatory T (Treg) cells (14, 15) and mediate
suppression through secretion of IL-10 (16, 17). Here we show that
tolerance induction results in a membrane proximal block in cell
signaling associated with T-cell anergy and Tr1 cell generation.

Our evidence shows that tolerance induction and the
generation of the predominant immunoregulatory Tr1 cell
population occurs in secondary lymphoid organs. Here we use
an IL-10 reporter mouse derived from the ‘tiger’ reporter (18) to
demonstrate that tolerance induction results in migration of the
resulting IL-10 secreting regulatory T-cells to peripheral tissues
including the liver and CNS. These results address key remaining
questions relating to the mechanism of action of apitopes
including how they induce both anergy and Tr1 cell
differentiation and the systemic impact of the resulting tolerance.
MATERIALS AND METHODS

Mice
B10.PL (JAX mice), Tg4 (19), Tg4.CD45.1+, IL-10 reporter tiger-
Tg4 (20) and HLA-DR3 (21) mice were bred under SPF
conditions at the University of Bristol or Innoser (Diepenbeek,
Belgium). Experiments in the UK were conducted under Home
Office project license 30/3195 while studies with HLA-DR3 mice
studies were approved by the ‘Ethical Committee for Animal
experiments’ (ECD) at Hasselt University.
Frontiers in Immunology | www.frontiersin.org 2248
Peptide Antigens
Properties of the peptides used in this study including Grand
average of hydropathy (http://www.gravy-calculator.de/) are
shown in Table 1 and Supplementary Table 1. All MBP
peptides were synthesized by GL Biochem (Shanghai) Ltd
(GLS) while TSHR peptides were prepared by Severn Biotech
Ltd (Severn, Kidderminster, Worcs, UK) or Genscript (Leiden,
The Netherlands). Peptides were >95% purity.

Peptide Solubility
Peptides were stored lyophilized at 4°C and reconstituted in either
PBS or dimethyl sulfoxide (DMSO) (Sigma-Aldrich) at 4mg/ml, or
equivalent millimolar concentration. Serial dilutions were made in
either PBS or DMSO, depending on initial reconstitution. Visual
observations were made of turbidity after 16 hours at room
temperature. Samples were spun at 16,280 x g for 10 minutes, as
specified. Measurements of absorbance at 280nm and 340nm were
taken using a Nanodrop 2000 spectrophotometer (Thermo Fisher
Scientific), eight readings (or as specified) were taken from each
condition, with separate samples used for each reading. Aggregation
index was calculated by the formula AI = 100 x (Abs340/(Abs280-
Abs340)), giving a measure of aggregation in a solution. Absorbance
at 280nm is suitable for peptides containing amino acids with
aromatic rings that absorb the wavelength 280nm (phenylalanine
(F), tryptophan (W) or tyrosine (Y)).

For dynamic light scattering, peptides were reconstituted in
PBS or water and allowed to sit for at least 8 hours at the specified
concentration. Samples were spun in a benchtop microfuge at
13000rpm for 10 minutes. 100ml of supernatant was taken into
semi–micro cuvettes (BRAND, Sigma-Aldrich) which had been
cleaned with pure nitrogen. The samples were run on a Malvern
Zetasizer machine (Malvern Instruments Ltd., Malvern, UK).

Soluble Peptide Challenge and Dose
Escalation Tolerance Induction
Tg4 mice were primed with a single dose (80mg) of 4Y in PBS by
SC injection. Tolerance induction involved escalating dose
immunotherapy (EDI) whereby each Tg4 or tiger-Tg4 mouse
was treated with 0.08, 0.8, 8, 80, 80 and 80mg 4Y in PBS by SC
injection at the right-side flank every 3rd or 4th day (20).

Cell Purification and Flow Cytometry
CD11c+ cells were isolated from whole splenocytes in MACS
buffer using the CD11c microbead positive selection kit (Miltenyi
Biotec, Surrey, UK) as per the manufacturer’s instructions. Single
cell suspensions were used for magnetic selection using the
April 2021 | Volume 12 | Article 654201
TABLE 1 | Properties and sequences of modified MBP peptides.

Peptide name Sequence GRAVY score

Native MBP sequence Ac1-9[4K] Acetyl-ASQKRPSQR-amide -2.367
High affinity analogue Ac1-9[4Y] Acetyl-ASQYRPSQR-amide -2.078
High affinity analogues increasing in hydrophobicity 4Y-LF Acetyl-ASQYRPSLF-amide -0.456

4Y-2LF Acetyl-ASQYRPSLFLF-amide 0.227
4Y-3LF Acetyl-ASQYRPSLFLFLF

-amide
0.700
In bold: indicate the amino acids changed in the peptides.
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EasySep Mouse B Cell Isolation kit or EasySep Mouse Monocyte
Enrichment kit (both Stemcell Technologies, Grenoble, France)
as per the manufacturer’s instructions. In the B10.PL APC
targeting experiments, single cell suspensions (without
digestion) of Tg4 splenocytes were counted and T cells isolated
using Magnisort® Mouse CD4 T cell isolation kit (affymetrix,
eBioscience, Hatfield, UK) as per the manufacturer ’s
instructions. Cells were either enriched by magnetic sorting
prior to fluorescence-activated cell sorting (FACS) or sorted
from splenocytes. CD11c+ were enriched by MACS isolation
from B10.PL mice treated with a single 80µg dose of MBPAc1-9
[4Y], or 200µl of PBS. Cells were stained for CD4 (GK1.5,
eBioscience) and CD8 (53-6.7, Biolegend) expression and
sorted into CD11c+ subsets using a BD Influx™ flow sorter.
Peptide bound to APC was detected in vitro by activation of
naïve Tg4 cells, as evidenced through 3H.thymidine
incorporation. In the DR3-transgenic mouse APC targeting
experiments, CD11c+ cells were enriched by MACS isolation
from mice that had received a single SC injection of 80µg of the
5D-K16 peptide (see Table 1). Peptide bound to APC was
detected in vitro by activation of CD4+ T cells from the lymph
nodes and spleen of HLA-DR3 transgenic mice immunized with
the 5D peptide in CFA. T cell activation was detected by
interferon gamma secretion over 3 days.

Cell Transfer Protocol
Cells were isolated as specified and transferred to mice by
intraperitoneal (IP) injection in a volume of 200µl. On day -1
splenic CD4+ T cells were isolated from untreated Tg4.CD45.1+

mice by magnetic separation. Cells were resuspended in PBS at
5x106 per mouse for IP injection to untreated B10.PL mice.

On day 0, CD11c+ cells were isolated by magnetic selection
from splenocytes 2 hours following a single s.c. dose of 80µg
MBP Ac1–9 [4Y] or 200µl PBS. 1x106 of enriched CD11c+ cells
were transferred per mouse to B10.PL mice that had received
CD4+ cells from Tg4.CD45.1+ spleen (see above). Repeated
CD11c+ transfers were performed on day +5 and +10 after the
first CD11c+ transfer. Mice were sacrificed and spleens harvested
3-4 days following the final CD11c+ cell transfer, before being
processed for surface staining, intracellular cytokine staining
(ICCS) and proliferation assessment by tritiated thymidine
(3H-TdR) incorporation at the time specified.

Cell Proliferation and Cytokine
Measurement
Proliferation was assessed by tritiated thymidine (3H-TdR)
incorporation with either whole splenocytes or isolated APC
populations and antigen-specific Tg4 responder CD4+ T cells.
Tg4 whole splenocytes were cultured in 96-well round bottom
plates, 2x105 whole splenocytes per well, with addition of the
indicated concentration of the relevant peptide. Whole
splenocytes from B10.PL mice that had received CD4+

CD45.1+ T cells followed by CD11c+ cells were cultured in 48–
well plates at 1.25x106 per well. Isolated populations were plated
out at 5x104/well CD4+ T cells, with either equal numbers of
CD11c+ DC, B cells or monocytes enriched as specified. Cells
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were cultured at 37°C, 5% CO2. At 24 and 72 hours, supernatant
was taken for cytokine analysis and medium was supplemented
with 0.5µCi 3H-TdR (GE Healthcare Lifesciences, UK) for 16
hours. Plates were frozen at –20°C in preparation for later
harvesting with a Tomtec harvester onto filter papers (Cox
Scientific, Kettering, UK). Levels of incorporated radioactivity
were assessed from the dried filter papers, sealed in sample bags
(Wallac, Milton Keynes, UK) with 3ml scintillation fluid, 3H-
TdR incorporation was measured on a 1450 MicroBeta liquid
scintillation counter (Wallac).

MFBI Th1/Th2 Flow Cytomix Multiplex kits (eBioscience)
were used to measure the concentration of cytokines in the
serum 2 h after s.c. treatment with soluble peptide.

Fluorescence intensity was measured on a FACS Calibur flow
cytometer (BD Biosciences), and data were analyzed using
FlowCytomix Pro software (eBioscience). Conventional
sandwich enzyme-linked immunosorbent assays were
performed to quantify cytokine concentration in cell culture
supernatant (harvested at 24 h after re-stimulation for IL-2, at
72 h for IFN-g and IL-10) using matched antibody pairs (all BD
Biosciences). IL-2; coating, JES6-1A12 (2µg/ml), biotinylated,
JES6-5H4 (0.5µg/ml). IFN-g; coating, R4-6A2 (2µg/ml),
biotinylated, XMG1.2 (0.5µg/ml). IL-10; coating, JES5-2A5
(2µg/ml), biotinylated, SXC-1 (0.5µg/ml). Optical change was
measured with a SpectraMax 190 microplate reader (Molecular
Devices); cytokine concentration was calculated using
Microplate Manager software (Bio-Rad).

Intracellular cytokine staining of splenocytes was performed
after a 3-h stimulation with phorbol 12-myristate 13-acetate
(5ng/ml) and ionomycin (500ng/ml) (both Sigma-Aldrich) with
GolgiStop (BD Biosciences). Cells were stained with Vb8-FITC
(clone KJ16-133, diluted 1:100) or with fixable viability dye
eFluor780 (1:1,000) before surface staining with CD4-Alexa700
(GK1.5, 1:100) and fixation using IC fixation buffer (all from
eBioscience). Antibodies for intracellular cytokine staining were
diluted in permeabilization buffer; IL-10-allophycocyanin (APC)
(JES5-16E3, 1:200), IFN-g-PerCP-Cy5.5 (XMG1.2, 1:200) (both
from eBioscience). Data were collected using an LSR II flow
cytometer (BD Biosciences) and analyzed using FlowJo
software (Treestar).

Induction of EAE
EAE was induced in Tg4 mice by s.c. injection at the tail base of
100 ml of a sonicated emulsion containing equal volumes of CFA
and either 1 mg of spinal cord homogenate suspended in PBS or
200 mg of MBP Ac1-9[4K] in PBS. CFA was supplemented with
4mg/ml heat-killed Mycobacterium tuberculosis (both from
Difco). Pertussis toxin (200 ng) (Sigma-Aldrich) was
administered i.p. in 500 ml of PBS on days 0 and 2. Individual
mice were monitored daily for EAE and scored as follows: 0, no
disease; 1, flaccid tail; 2, hindlimb weakness and/or impaired
righting; 3, hindlimb paralysis; 4, hind and forelimb paralysis; 5,
moribund or dead.

Western Blotting
Proteins were extracted in 50 mM Tris, 120mM NaCl, 1 mM
EDTA with 1% IGEPAL CA-630 and protease and phosphatase
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inhibitor cocktails (Thermo) before SDS-PAGE. Western
blotting was conducted using standard techniques. Proteins
from cellular lysates were separated on 10% SDS-PAGE
NuPAGE gels (Invitrogen, Carlsbad, CA). Following
electrotransfer to supported Immobilon-P PVDF Membrane
(Merck Life Science UK Ltd. Dorset, UK), blots were blocked
with 5% non-fat dry milk in TBS, 0.1% Tween-20 for 1 h at room
temperature. Blots were then incubated overnight at 4°C with
antibodies against the following proteins: ERK2 or GAPDH,
phospho-ERK, phospho-STAT3 and phospho-STAT5 (Cell
Signaling Technology, London, UK). The blots were washed
with TBS-Tween-20 (0.1%) followed by incubation with anti-
rabbit IgG, HRP linked antibody (Cell Signaling Technology,
London, UK). The blots were developed using an ECL
chemiluminescence detection kit (Cytiva).

Statistics
Cell proliferation data was transformed using the transformation
Y=√(Y) followed by Y=Log (Y). Proliferation, serum cytokine,
cytokine ELISA and peptide aggregation data was analyzed by 2-
way ANOVA followed by multiple comparisons using the
Bonferroni post hoc test of significance. For flow cytometry
analysis, the Student’s t-test for pairwise comparison or one-
way analysis of variance (ANOVA) with Sidak’s post hoc test was
used for the comparison of more than two groups. Otherwise, the
nonparametric equivalents of the t-test the Mann-Whitney U
test or the nonparametric equivalent of ANOVA the Kruskal-
Wallice with Dunn’s post hoc test was used. For sample sizes of
three, a nonparametric test was always chosen for comparison.
RESULTS

Antigen-Presenting Cells Targeted by
Tolerogenic Peptides
We have shown previously that antigen-specific immune
responses can be modulated by administration of soluble
peptide via intranasal (IN) (9) or subcutaneous (SC)
administration (20). These peptides must behave as antigen
processing independent epitopes (apitopes) to induce effective
tolerance (4). Our studies have shown that repeated IN or SC
administration of a model apitope, the high affinity analogue of
the N-terminal epitope of myelin basic protein Ac1-9[4Y]
(abbreviated to 4Y), in the TCR transgenic Tg4 mouse leads to
transient T cell activation followed by T cell anergy and the
generation of IL-10 secreting Tr1 cells (20, 22). A single
administration of 4Y leads to secretion of IL-2 into the serum
of naïve mice with levels of cytokine peaking at 2h. This implies
that injection of soluble peptide leads to rapid activation of T
cells in lymphoid organs. Indeed, we originally showed that
peptide administered IN was detectable on splenic and lymph
node APC at 20 mins, as evidenced by the ability of the APC to
present the peptide to naïve T cells in vitro, with levels of APC
loading reaching a peak between 1 and 4h (23). Here we
investigate which APC in spleen and lymph node are targeted
by apitopes. We gave a single SC dose of 4Y known to induce
Frontiers in Immunology | www.frontiersin.org 4250
secretion of cytokines into blood and then enriched different
APC subsets from the recipient spleen at 2h, the time of peak
cytokine secretion. As shown in Figure 1A, splenic CD11c+ DC
were the only major APC clearly capable of binding peptide
administered by the SC route whereas neither monocytes nor B
cells were targeted by soluble peptide in vivo. As a control, we
showed that all three APC populations were able to present 4Y
when the peptide was added back to co-cultures in vitro. After
identifying the APC population presenting soluble 4Y peptide ex
vivo, we next sought to establish whether splenic CD11c+ DC
subsets loaded peptide equally. Three subsets of CD11c+ splenic
DCs have been defined by their expression of CD11c, CD11b,
CD4 and CD8 (24, 25). CD11c+ CD8- CD11b+ cells have been
shown to be involved in i.v. tolerance (25), suppression of EAE
(26) and presentation of exogenous antigens efficiently on MHC
class II (27), whereas the CD11c+ CD8+ population is associated
with MHC class I presentation of endogenous antigens (25).
Three subsets of CD11c+ cells were isolated by FACS from
B10.PL mice after SC 4Y peptide administration, or PBS
control: CD4-CD8+, CD4+ CD8- and CD4- CD8-. The CD11c+

populations were assessed for in vivo loading of 4Y by their
ability to induce proliferation in untreated Tg4 CD4+ T cells in
vitro. The CD11c+ subsets all presented peptide; however, both
CD8- DC populations induced more proliferation than the CD8+

subset, whether CD4+ or CD4- (Figure 1B). This agrees with
previous findings that demonstrated CD8- CD11c+ splenic DCs
are more efficient at presentation of antigen on MHC II (27).

We next investigated what impact either a single or repeated
injection of DC collected from mice treated with soluble 4Y
would have on the immune responsiveness of T cells following
transfer into naive recipients (Figure 1C). B10.PL mice were
seeded with CD4+ cells from CD45.1+ Tg4 mice and rested for
24h before receiving either a single dose of DC from 4Y treated
mice or 3 doses of DC from mice treated either with PBS or 4Y.
As shown in fig. 1D, mice receiving control DC from mice
treated with PBS showed little cell proliferation or cytokine
secretion. Mice given a single dose of 4Y-DC were primed and
showed enhanced IL-2 production and proliferation. Both
priming for IL-2 secretion and cell proliferation were
abrogated, however, by repeated administration of 3 doses of
4Y-DC (Figures 1D, E). The in vivo response to transferred 4Y-
DC, therefore, recapitulates the impact of repeated
administration of peptide alone whereby a single dose leads to
priming of IL-2 secretion which is suppressed with repeated
dosing (9).

Role of Peptide Solubility in Peptide-
Induced Tolerance Induction
Previously we have shown that the impact of CD4 T cell epitope
administration in the absence of adjuvant depends on peptide
solubility. An insoluble peptide epitope (861-874) from the red
blood cell band 3 protein was shown to promote autoimmunity
when administered intranasally in the NZB model of
autoimmune hemolytic anemia (5). Importantly, however,
addition of charged residues at the N- and C-termini of the
band 3 epitope rendered it both soluble and immuno-
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FIGURE 1 | Soluble peptide epitopes target steady-state DC in vivo: B10.PL mice received a SC injection of 80µg 4Y or PBS alone (not shown). After 2h, splenic
APC populations were enriched by FACS. (A) sorted APCs were cultured in a 96-well plate at 5x104 per well with equal numbers of CD4+ T cells isolated from an
untreated Tg4 mouse. Open bars represent cells from mice that received 80µg MBP Ac1-9[4Y] SC, filled bars show proliferation of cultures with 4Y added in vitro
(1µg/ml). Proliferation was measured by tritiated thymidine (3H-TdR) incorporation at d3. Graphs show mean of triplicate wells and error bars show SEM. (B) as (A);
however, CD11c+ DC from mice treated with 4Y or PBS alone were fractionated by FACS into major subsets before culture with Tg4 CD4+ T cells. (C) protocol for
cell transfer experiments. (D) 4Y–DC (x3) and PBS–DC (x3) group received three transfers of 1x106 CD11c+ DCs from mice pre-treated with 4Y or PBS respectively
on days 0, 5 and 10. 4Y–DC (x1) received MBP Ac1-9[4Y]-loaded DCs on day 10 only. Splenocytes from individual mice were cultured at 2.5x106/ml with Ac1-9[4K]
for 72 hours, proliferation was measured by tritiated thymidine (3H-TdR) incorporation. Graph shows mean of four repeat wells per mouse (n=2 mice per group), error
bars show SEM (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). (E) graphs of % of IL-2, IFN-g and IL-10 expressing cells following ICCS staining protocol. Data
represents mean value for two samples per treatment group, error bars = SEM, n.s. = not significant.
Frontiers in Immunology | www.frontiersin.org April 2021 | Volume 12 | Article 6542015251

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Shepard et al. Mechanism of Action of Apitopes
modulatory. Unlike the insoluble 861-874 that both primed band
3 reactive inflammatory T cells and promoted generation of
pathogenic anti-erythrocyte antibodies, the more soluble
derivative (861-875 (Glu861, Lys875)) did not induce
inflammatory T cells and prevented development of anemia (5).

We have investigated the role of peptide solubility by creating
a panel of peptides based on the model apitope 4Y, see Table 1.
These peptides were rendered increasingly hydrophobic by
addition of repeated leucine-phenylalanine motifs at the C-
terminus. As shown in Figure 2A, the more hydrophobic
peptides aggregated and lost absorbance fol lowing
centrifugation. The aggregated peptides still remained antigenic
when incubated with Tg4 splenocytes in vitro (Figure 2B)
although the 3LF derivative was significantly weaker at a
limiting dose (1 ng/ml).

We have used the CD11c+ dendritic cell (DC) targeting
approach shown in Figure 1 to compare targeting by either
soluble or relatively insoluble peptides. As shown in Figure 2C,
the soluble [4Y] peptide was presented by splenic CD11c+

dendritic cells (DC) collected 2h after SC administration
whereas the relatively insoluble 3LF analogue was barely
detectable. This implies that the insoluble peptide is held at the
site of injection and prevented from reaching steady state DC in
lymphoid organs. We then used the previously described dose
escalation protocol (20) to compare the ability of soluble versus
insoluble peptides to induce T cell anergy in the Tg4 model. As
shown in Figures 2D, E, lymph node cells or splenocytes from
4Y treated mice were unable to proliferate in vitro when
stimulated with the Ac1-9 peptide. The majority of these cells
were anergic as evidenced by their ability to proliferate in the
presence of exogenous IL-2 (Figure 2F). Cells from mice treated
with the 3LF analogue were partially suppressed and only
marginally more proliferative in the presence of IL-2. These
results imply that insoluble peptides are significantly less effective
in their ability to induce anergy in CD4 T cells either because the
levels of effective peptide reaching APC in lymphoid organs is
decreased substantially (Figure 2C) or potentially because the
peptide is processed at the site of injection before being carried to
lymphoid organs by skin APC.

The efficacy of presentation of soluble versus insoluble
peptide was compared in vivo by measuring the kinetics of IL-
2 secretion, detectable in the blood, in response to a single dose of
4Y versus 3LF. As shown, in Figure 3A, SC injection of 4Y led to
a peak of IL-2 secretion at 2h, as previously shown for both IN
(22) and SC (20) routes. The level of serum IL-2 induced by the
poorly soluble 3LF peptide did not peak until 8h after SC
injection and was ~200 fold lower than that induced by the
soluble peptide (Figure 3B). Kearney and colleagues previously
noted that antigen-specific T cells disappear from the circulation
when activated with soluble peptide (28). This approach showed
that the administration of either soluble or insoluble peptide did
not impact the % of CD4 cells in lymphoid organs (Figure 3C).
In response to the 4Y peptide, however, CD4 cells in blood
disappeared significantly by 30 mins and were virtually
undetectable at 2h. Blood CD4 cells were also reduced in
response to the 3LF peptide but this took between 2 and 8h.
Frontiers in Immunology | www.frontiersin.org 6252
The ultimate effect of 4Y administration in the Tg4 model is
the induction of IL-10 secreting Tr1 cells (20, 22). For tolerance
induction we used the previously described dose escalation
protocol whereby the dose of peptide injected every 3rd or 4th

day is increased 10-fold before giving repeated maximal doses
(20) as shown in Figure 3E. Figure 3D shows the levels of IL-10
detectable in the serum of Tg4 mice treated with 4Y versus 3LF.
No IL-10 was detectable in mice treated with 3LF. This
observation was supported by intracellular cytokine staining of
spleen cells after the final 80 µg dose of peptide. This showed that
>20% of CD4 cells from [4Y] treated mice produced IL-10
whereas cells from mice treated with 3LF were close to
background levels.

We have analyzed the role of solubility in apitope-induced
tolerance using other model peptides. For example, we have
designed tolerogenic pan-DR binding apitopes from the
dominant T cell epitopes of thyroid stimulating hormone
receptor (TSHR), the target of activating antibodies in Graves’
hyperthyroid disease. Appropriate analogues with optimized
antigenicity and solubility have been tested in HLA-DR3
transgenic mice (6) and in humans through a phase 1 clinical
trial in patients with mild to moderate Graves’ disease (8). The 5D
peptide represents amino acids 81-95 of the extracellular domain
of TSHR (Supplementary Table 1). Analogue 5D-K1 spans
residues 82-95 with 4 lysine residues at the N- and 3 lysines at
the C-terminus while 5D-K16 spans residues 82-93 with 3 lysine
residues at N- and C-termini. Supplementary Figures 1A–C
shows solubility analysis of the 5D epitope compared to 5D-K16
apitope as measured by aggregation and dynamic light scattering.
We then tested the kinetics of peptide delivery to steady state DC
in vivo (Supplementary Figure 1D). Analysis of repeat
experiments (n=8) shows that the 5D-K16 peptide is presented
by splenic DC within 5 mins following SC injection as evidenced
by IFN-gamma secretion from 5D-specific T lymphocytes.
Presentation of this peptide reached a peak at 15 mins after SC
injection and remained readily detectable for up to 1h.

Impact of Soluble Peptide Therapy on
T Cell Signaling and Function
We have shown previously that the optimal protocol for
tolerance induction in the Tg4 mouse involves dose escalation
of the 4Y model apitope from 0.08 to 80µg with peptide being
injected SC every 3rd or 4th day (Figure 3E) (20). Here we
compare ERK phosphorylation in naïve versus tolerized Tg4
mice. Mice were treated with an escalating dose of 4Y in PBS
(Figure 3E) or with PBS alone. Splenic CD4 cells from PBS
treated mice responded to a single dose of 80µg 4Y with
phospho-ERK appearing rapidly following SC injection (Figure
4A) and declining within 30 mins. ERK phosphorylation was
substantially suppressed in the spleens of mice rendered tolerant
by SC injection of 4Y. Furthermore, as shown in Figure 4B,
activation of both phospho-ERK and phospho-p70S6K signaling
pathways was effectively switched off following two doses of
peptide since the level of phosphorylation of both ERK and
p70S6K was diminished substantially. Attenuation of ERK and
p70S6K pathways did not alter responsiveness of Tg4 T cells to
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cytokine signaling as shown by sustained activation of both
STAT3 and STAT5 pathways in vivo Figure 4C.

Peptide Induced Tr1 Cells Migrate Into
Tissues and Control Inflammation
Our previous analysis of the IL-10+ CD4+ T cells induced by SC
administration of the model apitope 4Y (20) showed that these
Frontiers in Immunology | www.frontiersin.org 7253
cells have the same phenotype, expressing CTLA-4, Tim3,
TIGIT and Lag3, as Tr1 cells generated in vitro (29). In order
to monitor the appearance and migration of IL-10 secreting
cells following administration of soluble peptide, we have used
the tiger-IL-10 reporter mouse (18) backcrossed onto the Tg4
mouse background, as described previously (20). The tiger
mouse, developed by Flavell and colleagues, is a green
A B

C D

E F

FIGURE 2 | Peptide solubility predicts accessibility to steady state DC and determines tolerance induction: The 4Y peptide was rendered increasingly insoluble by
addition of LF motifs. Aggregation index (AI) calculated by the formula AI = 100 x (Abs340/(Abs280-Abs340). All bars show the mean and SEM of eight repeat
measurements taken in a single experiment. (A) peptides with 2-3 LF motifs were increasingly aggregated but remained antigenic (B) as evidenced by tritiated
thymidine (3H-TdR) incorporation at d3 after addition to Tg4 splenocytes (2x105 per well) in vitro. (C) shows cell proliferation of Tg4 CD4+ T cells simulated in vitro
with CD11c+ cells purified from mice treated with 80µg 4Y or 4Y-3LF SC, as in Figure 1A. (D) Tg4 mice received escalating doses (see Figure 3E) of 4Y (filled
circle), 4Y-3LF (filled inverted triangle), or PBS (open square) injections SC every 3-4 days. Inguinal and brachial lymph nodes were isolated three days following the
sixth dose and cultured at 5x104 cells per well in a 96–well plate with Ac1–9[4K]. Proliferation was measured by tritiated thymidine (3H-TdR) incorporation at 72
hours. Using the same conditions as in (D), (E) analyses the response of 5x104 splenocytes per well without IL-2 or following addition of exogenous rhIL-2 at
20 U/ml (F). Graphs show mean of triplicate wells and error bars show SEM (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001).
April 2021 | Volume 12 | Article 654201

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Shepard et al. Mechanism of Action of Apitopes
fluorescent protein (GFP) knock-in mouse and a valuable tool
for IL-10 analysis whereby multiple rounds of TCR stimulation
generates cells highly committed to produce IL-10 in vivo (18).
The tiger mouse has been used previously to study Tr1 cell
differentiation (16, 20, 30) with IL-10 expressing cells
upregulating expression of inhibitory receptors such as Lag3.
Here we reveal the gradual increase in proportion of IL-10+
Frontiers in Immunology | www.frontiersin.org 8254
cells in tiger-Tg4 mice following treatment with escalating
doses of 4Y peptide (see Figure 3E). The proportion of IL-10
producing cells increased to between 5 and 10% in spleen and
lymph nodes but reached substantially higher levels in lungs of
treated mice (Figure 5A). Absolute numbers of IL-10
producing cells were higher in spleen and lung when
compared with lymph nodes (Figure 5B).
A B
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FIGURE 3 | Impact of soluble versus insoluble peptide treatment on T cell function in Tg4 mice. A single SC dose of soluble 4Y (80µg) induces rapid and high levels of IL-
2 into the serum of Tg4 mice (A) when compared to insoluble 4Y-3LF (B). For the data shown in (C), Tg4 mice received a SC injection of 80µg MBP Ac1-9[4Y] or 4Y-3LF.
Blood was removed from the tail vein at the specified times following injection, baseline was taken prior to peptide injection and the cellular fraction was stained for flow
cytometry. Inguinal lymph node (ILN), brachial lymph node (BLN) and spleen were collected at 48–hours. Percentages of CD4+ cells were gated on live singlets. Dose
escalation of 4Y peptide given SC using the protocol shown in (3E) induced high levels of IL-10 secretion into blood (D) that was not seen in mice treated with 4Y-3LF
(open bars = 4Y; filled bars = 4Y-3LF), error bars show SEM. (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). (E) shows the dose escalation protocol used for
tolerance induction in (D). Tg4 mice were given SC injections of PBS containing the indicated doses of 4Y peptide given every 3rd or 4th day (2 doses per week).
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Figure 6 shows the distribution of IL-10 secreting cells in
different tissues. Levels of these cells increased with increasingly
higher doses of peptide or, in other words, the proportion of
IL-10 secreting cells increased with higher signal strength.
Importantly, administration of soluble peptide led not only to
increasingly higher proportions of Tr1 cells in spleen and lymph
nodes (20) but also to high proportions of IL-10+ CD4+ cells in
brain and spinal cord. These results show that SC administration
of peptides leads to migration of IL-10+ regulatory cells, the
majority of which were Tr1 cells to extra-lymphoid tissues
including liver and the CNS. As shown previously (20), the IL-
10+ cells induced by 4Y expressed PD-1, Tim3 and TIGIT. The
majority of IL-10+ cells were Foxp3- although there was also an
increase in the % of Foxp3+ cells in lymphoid organs (20). Both
the Foxp3+ and majority Foxp3- (Tr1) cell populations entering
Frontiers in Immunology | www.frontiersin.org 9255
the CNS displayed upregulated IL-10, PD-1, Tim3 and TIGIT
(data not shown).

We have shown previously that treatment of Tg4 mice with
soluble 4Y peptide led to protection from experimental
autoimmune encephalomyelitis (EAE) that was both dose
(20) and IL-10 dependent (31). Furthermore, we have shown
that 4Y treatment after disease induction blocks disease
progression in the Tg4 model (20). Here, EAE was induced
in mice that had previously received 4Y by dose escalation or
PBS as control. Tissues were harvested from mice with grade 3
EAE or simultaneously from mice protected by therapy with
SC 4Y peptide. As shown in Figure 7, there was no significant
difference between the proportion of CD4 cells in the lymphoid
organs of control mice with EAE versus tolerized mice with no
signs of disease. There was, however, a significant reduction in
A

B

C

FIGURE 4 | Impact of peptide induced tolerance induction on cell signaling (A) CD4+ T cells were enriched from spleens of naïve (PBS treated) versus tolerized Tg4
mice at the indicated times following challenge with 80µg MBP Ac1-9[4Y] SC, cell extracts prepared and Western blots stained for either phospho-ERK or total ERK
protein. (B) CD4+ T cells collected at the indicated time after Tg4 mice were tolerized by dose escalation as shown in Figure 3E. Western blots were stained for
phosphor-ERK and phosphor-p70S6K using GAPDH as loading control. (C) CD4+ T cells were enriched from spleens of naïve versus tolerized Tg4 mice at the
indicated times following challenge with 80µg MBP Ac1-9[4Y] SC, cell extracts prepared and Western blots stained for either phospho-STAT3 or phospho-STAT5.
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the % of cells found in the brain tissue of protected mice.
Furthermore, analysis of cells recovered from the CNS of tiger-
Tg4 mice, in an EAE experiment, were consistent with the
results shown in Figure 6. There was no difference between 4Y-
tolerized versus control mice in the % of GFP+ cells in
lymphoid tissues, lung and liver at the peak of EAE.
However, 9% of the few cells in the brain of tolerized,
disease-free mice were IL-10+ whereas only 3% of cells were
GFP+ in control mice with EAE. This implies that peptide
treatment reduces the migration, persistence and/or
proliferation of potentially pathogenic cells in the CNS while
allowing passage of immunoregulatory IL-10-secreting cells
into the tissue.
Frontiers in Immunology | www.frontiersin.org 10256
DISCUSSION

Our previous studies have shown that soluble peptides based on
CD4+ T cell epitopes can protect from autoimmune and allergic
diseases (3). This results in the generation of both linked and
bystander suppression (32), suppression of inflammatory
cytokine production and induction of IL-10 (22, 31).
Importantly, apitope treatment has been shown to both protect
from and suppress ongoing disease in the EAE model of multiple
sclerosis (20, 33, 34). The work described here addresses key
mechanisms in the process of tolerance induction with the model
apitope 4Y and the function of the resulting Tr1 cells by focusing
on the nature of the APC, peptide solubility, the impact on cell
signaling and migration of the induced IL-10 secreting,
predominantly Tr1 cells.

In theory, soluble CD4+ T cell epitopes administered SC
could bind to many APC ranging from skin resident DC, to
lymphoid DC, B cells and monocytes. It is important to
appreciate that small, soluble peptides will have a short half-
life in vivo. Such peptides will enter the blood and lymph and
will be excreted rapidly. Nevertheless, we have shown that the
model apitope 4Y is found on splenic APC within minutes of
injection and is readily detectable beyond 2h hours later (23).
The question is which APC do soluble peptides bind to and
which APC are responsible for tolerance induction? Here we
show that soluble peptides preferentially bind steady state
CD11c+ DC but not B cells or monocytes and that these cells
induce anergy on repeated administration in vivo. Why should
soluble peptides selectively target steady state DC? Stern and
colleagues previously showed that immature, steady state DC
from both mouse and human have peptide-receptive MHC at
the cell surface (35, 36). This exceptional property of steady
state DC can be accounted for by the lower level of endosomal
acidification in immature, steady state DC which prevents
efficient MHC loading (37).

We propose that peptides need to be soluble to induce
optimal tolerance through induction of anergy and promotion
of IL-10. Furthermore, we show here that soluble peptides target
steady state DC in spleen and lymph nodes whereas insoluble
analogues of the same peptides fail to do so. Two observations
suggest that peptides target steady state DC in lymphoid organs
rather than binding skin DC that then migrate to draining lymph
nodes. First, we show that peptide can be detected on steady state
DC within 5 mins following SC injection and secondly, that this
leads to immediate TCR triggering as evidenced by ERK
phosphorylation. The rapid appearance of peptide on steady
state DC is inconsistent with migration of DC from skin which in
mice is known to occur between 6 and 24h following skin
sensitization (38). SC injection of poorly soluble peptide led to
a markedly delayed and a substantially lower level of T cell
activation in vivo (<1%). Data on IL-2 production and CD4 cell
levels in blood is, therefore, consistent with migration of peptide
carrying DC from skin or alternatively the slow release of low
levels of peptides from insoluble complexes. Either way, the level
of peptide delivered is low as evidenced by the low levels of IL-2
induced and this is insufficient to promote IL-10 production
in vivo.
A

B

FIGURE 5 | IL-10 production in tiger-Tg4 mice during dose escalation
immunotherapy. Tg4GFP/IL10 mice were treated with 4Y according to the
dose escalation protocol in Figure 3E. Different organs were isolated from 6
mice over 2 independent experiments (ILN=inguinal lymph nodes;
MLN=mediastinal LN). The inset shows a representative cytometry plot from a
spleen after the last dose of 4Y gated on live single CD4+ T cells. Bar graphs
show mean ± SEM. (A) represents % of GFP+ cells among gated CD4+ cells
whereas (B) shows the absolute number of GFP+ IL-10 producing CD4+ cells.
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As shown previously, the first encounter with soluble peptide
leads to transient T cell activation but this is followed by cell
anergy and the generation of a Tr1 phenotype (22, 39). Here we
show that peptide induced tolerance correlates with suppression
of ERK phosphorylation while cytokine receptor signaling is
unaffected, reflecting a selective TCR proximal block in signaling.
It is then reasonable to ask how this block in TCR signaling
promotes differentiation of IL-10 secreting Tr1 cells. Recently, we
Frontiers in Immunology | www.frontiersin.org 11257
have shown that the peptide induced differentiation of Tr1 cells
such as that induced by the model apitope 4Y arises from the
combined impact of a membrane proximal block in signaling
combined with epigenetic priming of a set of tolerance associated
genes (11). Bevington and colleagues provide evidence that Tr1
cell differentiation, arising from peptide immunotherapy,
involves a combination of epigenetic priming among a set of
tolerance associated genes along with a membrane proximal
FIGURE 6 | Distribution of IL-10 producing CD4+ T cells during the course of tolerization. tiger-Tg4 mice were treated with 4Y peptide by dose escalation as shown
in Figure 3E. Two hours after the indicated dose animals were perfused with PBS and organs were isolated. After gating on viable, single CD4+ T cells, IL-10+ T
cells were investigated by flow cytometry. Horizontal lines indicate the mean (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). In the spleen, ILN (inguinal lymph
nodes), MLN (mediastinal LN), lung and BLN (brachial LN) each dot represents one individual. In the liver, in some cases cells from two animals were combined due
to low cell numbers while in the CNS compartment each dot represents two individuals.
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block in signaling that deprives inflammatory genes of the
transcription factors they require for transcription. Genes
associated with inflammation depend on transcription factors
arising from strong signaling in naïve and effector T cells. These
inflammation-associated genes are not epigenetically primed and
are not expressed in tolerant cells because they require an
elevated threshold of signaling for their induction. Conversely,
epigenetic priming creates an accessible chromatin environment
at immune-suppressive genes including Ctla4 and Il10 such that
they can be induced in tolerant Tr1 cells in the presence of
reduced levels of TCR/CD28 signaling. Together with the data in
this paper, this novel model of T cell anergy explains how soluble
peptide administration results in tolerance and the generation of
regulatory cells with a Tr1 phenotype.

Although we have shown that the model apitope 4Y induces
regulatory Tr1 cells, we did not know whether these cells and
other IL-10 producing regulatory populations would migrate
from lymphoid tissues to control autoimmunity in other organs.
Here we show that up to 10% of CD4 cells recovered from
lymphoid organs of Tg4 mice treated with tolerogenic peptide
express IL-10. A higher % of the remarkably high number of cells
recovered from the lung expressed IL-10 and an even higher % of
cells migrating into CNS tissue were IL-10 positive at later stages
of tolerance induction. It could be argued that this represents a
Frontiers in Immunology | www.frontiersin.org 12258
progression from tolerance induction in lymphoid organs
through migration of Tr1 cells to peripheral tissues and
accumulation in CNS tissues. Our evidence suggests, however,
a special role for lung tissue since levels of IL-10+ve cells were
similar in liver and lymphoid tissue but much higher in lung.
This is reminiscent of previous studies by Odoardi and
colleagues who showed that activated T cells specific for
myelin basic protein (MBP) migrate to lung tissue prior to
entering the CNS (40). They suggested that T cells become
licensed in the lung to enter the CNS. The implication of our
findings is that such licensing could also impact the migration
and accumulation of MBP specific Tr1 cells.

In conclusion, here we have addressed some of the key
remaining questions relating to the use of apitopes based on T
cell epitopes for antigen-specific immunotherapy and for the
resulting Tr1 cell induction. The importance of peptide solubility
relates to the need for tolerogenic peptides to flow rapidly to
lymphoid organs and bind steady state DC. Peptide bearing DC
reproduce the anergy inducing properties of injected peptides by cell
transfer. We confirm that the tolerogenic effect of soluble peptides
results in a block in cell signaling that selectively suppresses TCR-
mediated signaling while leaving cytokine signaling intact. This
complements recent cell signaling studies in the Tg4 model that
revealed a novel mechanism whereby selective epigenetic priming of
FIGURE 7 | Distribution of CD4+ T cells in EAE after tolerization. Tg4 mice were treated with PBS or 4Y by dose escalation (Figure 5A) before the induction of EAE
with their cognate peptide in CFA, and pertussis toxin given on days 0 and 2. Animals were analyzed at the peak of disease when mice treated with PBS showed
complete hind limb paralysis (grade 3) and EDI-treated animals showed no sign of disease. Gated on single cells. Horizontal lines indicate mean (*p ≤ 0.05, **p ≤

0.01, ***p ≤ 0.001, ****p ≤ 0.0001). Each dot represents one individual.
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tolerance-associated genes permits their transcription despite the
suppression of TCR-mediated signaling (11). Finally, we use the
tiger-Tg4 IL-10 reporter mouse to demonstrate that the Tr1 cells
induced by tolerogenic peptides migrate from lymphoid organs and
can traffic to the CNS. Our results provide a mechanistic basis for
the use of tolerogenic peptides for treatment of human autoimmune
conditions. Recent clinical trials of immunotherapy with apitopes in
Graves’ disease and MS show that tolerogenic peptides are well
tolerated with promising evidence of efficacy (7, 8).
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The breakdown of immunological tolerance leads to autoimmune disease, and the
mechanisms that maintain self-tolerance, especially in humans, are not fully
understood. Genome-wide association studies (GWAS) have identified hundreds of
human genetic loci statistically linked to autoimmune disease risk, and epigenetic
modifications of DNA and chromatin at these loci have been associated with
autoimmune disease risk. Because the vast majority of these signals are located far
from genes, identifying causal variants, and their functional consequences on the correct
effector genes, has been challenging. These limitations have hampered the translation of
GWAS findings into novel drug targets and clinical interventions, but recent advances in
understanding the spatial organization of the genome in the nucleus have offered
mechanistic insights into gene regulation and answers to questions left open by GWAS.
Here we discuss the potential for ‘variant-to-gene mapping’ approaches that integrate
GWAS with 3D functional genomic data to identify human genes involved in the
maintenance of tolerance.

Keywords: genome-wide association studies, single nucleotide polymorphism, autoimmunity, multi-omics, immune
tolerance, variant-to-gene mapping
INTRODUCTION

Immune tolerance is established through clonal deletion during development of the immune
repertoire, and is reinforced in the periphery through cell-intrinsic and -extrinsic mechanisms that
limit activation and differentiation. Breakdown of central or peripheral tolerance can lead to
autoimmunity (1), thus understanding the molecular and cellular mechanisms that control
tolerance promises opportunities to therapeutically reprogram the immune system to treat
inflammatory disease. The study of rare spontaneous or engineered monogenic mutations in the
mouse have contributed significantly to our understanding of tolerance and autoimmunity.
However, autoimmune disease in humans is relatively common, and the genetics of
predisposition is complex, polygenic, and heavily influenced by environmental factors. Hundreds
of genetic loci influencing susceptibility to various autoimmune and inflammatory disorders have
been discovered by genome-wide association studies (GWAS) in humans, and in many cases have
confirmed mouse models and yielded novel insights into mechanisms underpinning disease (2).
Despite this, the identity of causal variants and their target genes remain largely unknown because
variants rarely alter protein coding sequences. Instead, approximately 90% of immune disease-
associated variants are located in non-coding regions, and integration of GWAS with cis-regulatory
org April 2021 | Volume 12 | Article 6332191261
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element annotations in immune cell types has shown that ~60%
map to immune cell enhancers (3–8). Identification of causal
variants and their target genes are the next, necessary steps for
understanding the molecular mechanisms by which genetic
variation regulates immune tolerance, and for identifying new
drug targets for treating autoimmune disease. This perspective
discusses cellular and molecular mechanisms involved in the
breakdown of immunological tolerance, as well as the potential
of functional genomic approaches to define target genes in
specific immune cell types to better understand the mechanism
of autoimmunity.
MAINTENANCE OF IMMUNOLOGIC
TOLERANCE IN HUMANS AND ITS ROLE
IN AUTOIMMUNITY

Central tolerance takes place in the thymus and bone marrow
through apoptotic deletion of autoreactive lymphocytes. Without
negative selection, T and B cells respond to self-antigens and
attack self-tissues, resulting in autoimmune pathologies (9–12).
Autoreactive lymphocytes that escape negative selection in the
primary lymphoid organs are normally held in check by
additional, peripheral tolerance mechanisms that operate to
dampen activation in secondary lymphoid tissues. The
discovery of regulatory T cells (Tregs) represents a
fundamental advance in our understanding the cellular basis of
immune tolerance in the context of autoimmunity,
transplantation, and cancer (13). The monogenic immune
disorder IPEX (Immunodysregulation, Polyendocrinopathy,
Entereopathy, X-linked syndrome) provides an example of a
breach in tolerance in which mutations in the forkhead box P3
(FOXP3) gene leads to loss of Treg and/or their function (14, 15).
A recent study used the combination of deep flow cytometric and
single-cell RNA-seq profiling of Tregs and conventional CD4+ T
cells from IPEX patients to identify gene signatures associated
with IPEX (16). Using CRISPR-Cas9 genome editing, Goodwin
et al. modified the FOXP3 gene in human hematopoietic stem
cells to enhance the stability of FOXP3 expression and the
suppressive capacity in Tregs (17). A similar gene editing
approach in a mouse model resulted in the generation of
“super Tregs” capable of resolving the severe inflammation in
IPEX-like disorders by modulating the chromatin modifier Brg1
(18). Studies of monogenic disorders like IPEX could lead to new
biomarkers and therapeutic strategies for managing polygenic
autoimmune disorders. Dysregulation of the IL-1B,
inflammasome-related proteins (NLR genes), and type-I
interferon pathway represent additional mechanisms known to
contribute to the loss of self-tolerance (19, 20), and need to be
further studied to understand the role of dysregulated tolerance
in human autoimmunity disease.

In contrast to monogenic diseases, autoimmune disorders
such as systemic lupus erythematosus (SLE), rheumatoid
arthritis (RA), multiple sclerosis (MS), and type 1 diabetes
(T1D) are heritable diseases involving more than one gene and
cell type in their etiology. Immune dysregulation observed in
Frontiers in Immunology | www.frontiersin.org 2262
patients include enhanced activation of autoreactive Th1 and Th17
CD4 cells (21, 22), CD8 suppressor T lymphocytes targeting self-
antigens in the CNS (23, 24), defective regulatory T cells (25–27),
autoreactive B cells (28, 29), and aberrant T lymphocyte signaling
and cytokine production (30–34). Given the complexity and
heterogeneity associated with polygenic autoimmune disease,
there is a need for better therapeutic approaches that specifically
target pathogenic mechanisms. Understanding the specific cell
types and functions dysregulated in autoimmune disease offers
the potential for new drug targets and therapeutic approaches (35,
36). Tregs have been shown to be defective in the autoimmune
disease settings, and ex vivo-expanded Tregs isolated from T1D
patients have been used in phase I clinical trial as adoptive
immunotherapy in T1D. In this trial expanded cells were found
to retain their phenotype, TCR diversity, and functional capacity in
patients for long periods (37). A transcriptomic study conducted in
SLE patients showed that gene signatures associated with interferon
signaling is significantly dysregulated (38), although current efforts
targeting IFN in SLE have not been successful. A more recent study
in this field profiled six major immune types in SLE patients by
single-cell RNAseq and found a unique set of genes in monocytes,
including two well-known immune modulators for SLE and RA
therapeutics (TNFSF13B/BAFF: belimumab and IL1RN: anakinra,
respectively) (39). A single cell transcriptomic study in Crohn’s
patients revealed a gene program associated with inflamed tissue,
consisting of genes expressed by plasma cells, inflammatory
mononuclear phagocytes, and activated T cells (40). These
cutting-edge approaches are changing our appreciation of the
complexity and heterogeneity of autoimmune disorders, and are
helping to discover new therapeutic strategies and identifying new
therapeutic biomarkers.
COMPLEX GENETICS AND EPIGENETICS
OF THE LOSS OF IMMUNOLOGIC
TOLERANCE IN HUMANS

Genetic predisposition and epigenetic modifications are
implicated in the loss of tolerance and autoimmunity, and
emerging genomic technologies are enabling comprehensive
interrogation of genetic variants that contribute to
autoimmune disease risk. Genome-wide association studies
have implicated hundreds of loci in disease susceptibility,
many of which are disease-specific. However, a number of risk
loci are shared across multiple diseases, suggesting the
involvement of common pathways associated with the loss of
tolerance. The MHC locus is genetically associated with all
autoimmune diseases (41, 42). Much of this linkage is thought
to be driven by HLA coding polymorphisms that affect self-
peptide binding, however, this region contains over 200 genes,
and high polymorphism and linkage disequilibrium across the
locus presents technical challenges for identifying risk alleles and
alternative causal genes. CTLA4 has been linked with T1D (43)
and auto-antibody positive RA (44). This immunoglobulin
superfamily member is expressed on the surface of
conventional and regulatory T cells that transmits an
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inhibitory signal for T cell activation and strips costimulatory
ligands from antigen presenting cells. A non-synonymous
variant in PTPN22 was shown to be associated with many
autoimmune diseases, including T1DM, RA, SLE and Graves
disease (45–47). The risk variant in PTPN22 gene affects the
binding of lymphoid phosphatase (LYP) to the signaling
suppressor SRC kinase and ultimately affects the signaling
pathways during T cell and B cell receptor response.

Several approaches have been used to map autoimmune
disease variants to effector genes in recent years. The advent of
the Illumina Infinium SNP Immunochip has helped to fine map
many autoimmune GWAS loci including SLE. In a study of
lupus, researchers used a random forest machine learning
method to integrate Immunochip genotyping and T and B cell
RNA-seq analysis from SLE patients and healthy control
subjects, identifying three novel genes (ZNF804A, CDK1,
and MANF) that were not previously been associated with SLE
or any other autoimmune disorder (48). To functionally validate
the allele specific expression pattern of 3,000 genes identified by
genotype data from the Immunochip, an eQTL analysis was
performed in B and T cells from healthy donors which leads to
the involvement of cis-regulatory SNPs in gene regulation.
Conclusively, six SLE associated genes found to be regulated by
cis-rSNPs were IKZF1, NCF2, IL12A and TNIP1 in B cells and
ANK3, and PHRF1 in T cells (48). The combination of machine
learning and allele-specific transcriptome analysis represents a
valuable tool for validation of target genes associated with disease
risk and offers a functional follow-up strategy to test these
molecular targets under clinical settings.

A growing body of work links epigenetic modifications in
immune cells with autoimmune disease risk. Epigenetic
processes like DNA methylation and histone modification
contribute to the expression of genes associated with disease
(49, 50), and characterization of epigenetic factors could provide
deeper insight into the onset and progression of disease. An
example is the association of SLE with perturbed DNA
methylation, a process that influences expression of cytokines
like IL-2, IFN-gamma, IL-4 and IL-13 (51–53), and the Treg
transcription factor FOXP3 (54). Naïve T cells from SLE patients
exhibit global hypomethylation due to decreased DNMT1
activity (55), with specific genes such as CD11a (ITGAL),
perforin (PRF1), CD70 (TNFSF7), and CD40LG (TNFSF5)
showing decreased DNA methylation (56). In addition, altered
DNA methylation patterns at STAT3, IL6 and CXCL12 has been
associated with RA pathogenesis (57), and expression of the
epigenetic enzymes DNMT1, MBD3 and MBD4 were found to
be decreased in systemic sclerosis patients. The latter was
associated with increased expression of CD40L, CD11a,
and CD70 (58). As these epigenetic modifications alter gene
expression programs of immune cells, epigenetics-based drugs
and editing tools are emerging as a promising therapeutic option
to restore healthy epigenetic landscapes under disease settings.

Integration of transcriptomic and epigenomic data with
GWAS data provides a genome-scale view of the potential
function of autoimmune risk variants in disease relevant cell-
types. The Encyclopedia of DNA Elements (ENCODE) database
has been used to corelate known genetic variants with histone H3
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lysine 4 tri-methylation (H3K4me3) marks to identify cell types
associated with particular autoimmune disease. Examples are
studies that colocalized 31 RA-associated SNPs with H3K4me3
marks in CD4+ T cells (59), and colocalization of RNA-seq and
ChIP-seq signals for the H3K4me1 and K3K27Ac enhancer
marks in neutrophils and CD4+ T cells with JIA-associated
variants in patients (60). Yuen et al. used publicly available
ENCODE and Roadmap Epigenomics data generated in CD4+
T cells and B cells along with the ChIP-seq data generated in
human neutrophils to examine the “epigenetic landscape” of SLE
SNPs in a cell type-specific manner in adult immune cells (61).
To identify whether immune disease variants regulate activation
and differentiation, researchers profiled chromatin accessibility
by ATAC-seq along with active enhancers and promoters by
ChIPmentation-seq analysis in naïve and memory CD4+ T cells
and macrophages. Using a newly developed statistical SNP
enrichment method (CHEERS), the authors provided a
comprehensive view of epigenetic mark enrichment at immune
disease variants under specific activation and polarization
conditions (62). The advent of single-cell genomics and gene
editing technologies like CRISPR will allow functional validation
of regulatory variants that influence immune tolerance and
localize their effects to specific immune cell subsets.
STATISTICAL LINKAGE OF AUTOIMMUNE
RISK VARIANTS WITH TOLERANCE
GENE EXPRESSION

GWAS identifies large blocks (10–1,000 kb) of the genome that
contain hundreds or thousands of SNPs, any of which could be
causal (63), and colocalization studies like those described above
have helped to identify potentially regulatory SNPs at GWAS loci.
However, the vast majority of disease-associated SNPs and their
associated epigenomic features are not located in gene promoters,
and therefore the genes they regulate are not known. cis-eQTL
(expression quantitative trait loci) analyses have been used to
statistically link gene expression with SNP genotype. Most large
eQTL studies so far have used peripheral blood expression data
(64–67), and have linked ~42% of autoimmune sentinel SNPs to
expression of a gene at the locus. A number of studies have shown
that causal SNPs (e.g., in celiac disease and rheumatoid arthritis)
disrupt transcription factor binding sites (68–70) and massively
parallel reporter assays have identified SNPs that affect the activity
of regulatory elements (69). However, the majority of autoimmune
loci lack eQTL support, likely due to use of data from
undifferentiated and/or non-activated immune cells, as
colocalization studies show that risk SNPs are enriched for
functional marks mainly in stimulated and differentiated cell
types (3). Using RNA-seq data collected from PBMC of 629
healthy patients, Ricano-Ponce et al. performed conditional cis-
eQTL mapping and implicated 233 causal genes (e.g., IL6, CXCR4,
BCL-XL, MYC), including 53 long non-coding RNAs, from 120
loci associated with 14 autoimmune disorders (64). Another study
linked 39 lupus-associated variants to genes through the
integration of GWAS and eQTL data from TwinsUK microarray
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and exon-level RNA-seq cohort in lymphoblastoid cell lines. This
study identified novel, SLE-associated splice variants and novel
candidate SLE eGenes, including SOCS1, CSK, and the
transcription factor IKZF2 involved in Treg stabilization during
inflammatory responses (71, 72). Importantly, these studies
showed that more than half of the associated genes were not
those nearest to the candidate SNP.
BIOPHYSICAL LINKAGE OF
AUTOIMMUNE VARIANTS TO
TOLERANCE GENES THROUGH
CHROMOSOME CONFORMATION-
BASED APPROACHES

The human genome is organized in three-dimensional (3D)
space in the nucleus into active and inactive compartments
(73). Within active compartments, chromatin is organized into
loops that can connect long-range regulatory elements with
distant gene promoters. Recent high-throughput approaches
for measuring the 3D structure of the genome in cells have
provided new insights into global genome organization and the
role of chromatin topology in genome function and dysfunction
in health and disease. Two examples are studies by Jung et al. and
Javierre et al. using a low-resolution Capture-HiC approaches to
map the interactomes of ~18,000 human gene promoters in 27
human tissue/cell types (74), and ~30,000 promoter
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connectomes in 17 hematopoietic cell types (75). Genomic
regions caught interacting with promoters were enriched for
open chromatin, active histone marks, and disease-associated
SNPs and eQTLs. Both studies were able to detect cell-type
specific regulatory architectures, and the latter study also
assembled a set of core genes connected to SNPs associated
with multiple autoimmune disorders into an “autoimmune
network” (75). Importantly, both studies found that less than
10% of disease-associated SNPs were connected to the nearest
gene, further emphasizing that one cannot assume that risk SNPs
(or other genomic features) regulate their nearest gene.
Significant associations have been found between complex
traits and gene deserts (>500 kb of genomic region which
either lack protein coding sequence or annotated gene) which
suggests that disease causing SNPs can affect gene expression by
altering transcription factor binding to long-distance regulatory
elements (76–78). Thus, integrating complexity of 3D genome
into functional validation of GWAS studies can help uncover
new insights in autoimmune disease pathogenesis.

In a more recent study, Su et al. used the combination of
high-resolution promoter-Capture-C and ATAC-seq to map
regulatory SLE variants to their target genes (79). Importantly,
this study focused on follicular T helper cells (TFH) ‘caught in
the act’ of helping B cells to produce antibodies in human
tonsil. Unlike undifferentiated T cells or cell lines commonly
used for these types of genome-scale studies, TFH play an active
role in generating the pathogenic auto-antibodies characteristic
of SLE, and represents a highly relevant target tissue for
FIGURE 1 | From genome to function: Graphical depiction of a pipeline leveraging genetic and epigenetic datasets to connect auto-immune disease associated
variants to their target genes with focus toward drug development and repurposing. Genome wide association studies (GWAS) can identify multiple common genetic
variants that confer risk for various diseases (as shown by Manhattan plot) including auto-immune disorders, but which variants are causal and which genes are
involved remains largely unknown. Expression quantitative trait locus (eQTL) studies, high-resolution analysis of epigenomic and spatial organization can connect
potentially functional SNPs with expression of putative disease genes in relevant cell types. Disease pathway exploration and experimental validation may lead to
drug development and repurposing efforts.
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functional genomic analyses. This study identified ~400
accessible SLE variants connected to a network of 330 genes
enriched for high expression in TFH and roles in T cell
differentiation, humoral immunity, systemic autoimmune
disorders , rheumatic disease , and type 1 diabetes .
Remarkably, the physical SLE SNP-gene linkages measured in
this one cell type confirmed one out of three linkages
established statistically (eQTL) in a prior study (8). CRISPR/
CAS9 genome editing validated novel SLE-associated
regulatory elements that regulate TFH and SLE genes like
BCL6, CXCR5, and IKAROS. A separate study combined
the SNPs associated with 19 autoimmune diseases with
cell-specific multi-omics approaches to develop an epigenetic
weighted scoring method to evaluate the functionality of
all noncoding autoimmune SNPs. The analysis also suggested
long-range chromatin interactions between functional SNPs
and distal target genes, highlighting the unique regulatory roles
of noncoding SNPs associated with autoimmune diseases (80).

In addition to revealing the disease-associated regulatory
architectures of known autoimmune genes, spatial maps of
variant accessibility and gene connectivity in immune cell
types can be used to identify novel genes involved in tolerance
and autoimmunity. For example, the study by Su et al.
highlighted a set of genes identified by virtue of their physical
connection to SLE variants that had no prior known role in lupus
or TFH function. Two of these genes encode the kinases HIPK1
and MINK1, and genetic or pharmacologic inhibition of their
function in human TFH cells resulted in reduced secretion of IL-
21, a signature TFH cytokine required for class-switched
antibody production by B cells. Targeting of HIPK1 in TFH
reduced expression of the SLE genes PTPN22, IL6R, IL2R,
BACH2, and PD1 (79). The coalescence of state-of-the-art,
genome-scale 3D-omic data from relevant immune cell types
holds promise to further our basic understanding of the
mechanisms that control immune tolerance, and point to novel
targets for therapeutic intervention to treat and/or prevent
autoimmune and inflammatory disorders (Figure 1).
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CONCLUSION

Detailed characterization of the functional effects of autoimmune
disease-associated genetic variation on gene expression and
immune cell function is of paramount significance to our
understanding of immune tolerance. Interpreting SNP-trait
associations requires integration of functional information
from resources and repositories such as Genotype-Tissue
Expression (GTEx), ENCODE, the Epigenomics Roadmap
Project, and focused variant-to-gene (V2G) mapping
studies like those described here. To overcome challenges
like co-regulation of multiple genes and tissue heterogeneity,
techniques must be fine-tuned to identify the most specific
drug targets and biomarkers. Single-cell transcriptomic
(scRNA-seq) and epigenomic (scATAC-seq) approaches
offer the potential to dissect the contributions of cell, SNP,
gene, and functional heterogeneity to immune disease. Tools
for detecting and analyzing global genetic and epigenetic
diversity are continuously evolving, and are on track
to revolutionize our understanding of normal immune
development and function, immune dysregulation and the
breakdown of tolerance, and targets for new therapeutics to
treat inflammation.
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Sandra Lelias2, Anne S. De Groot2,3* and Bruce D. Mazer1*
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Montreal Children’s Hospital, McGill University Health Centre, Montreal, QC, Canada, 2 EpiVax, Inc., Providence, RI,
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Tregitopes (T regulatory epitopes) are IgG-derived peptides with high affinity to major
histocompatibility complex class II (MHCII), that are known to promote tolerance by
activating T regulatory cell (Treg) activity. Here we characterized the effect of IgG
Tregitopes in a well-established murine model of allergic asthma, demonstrating in vivo
antigen-specific tolerance via adoptive transfer of Tregitope-and-allergen-activated Tregs.
Asthma is a heterogeneous chronic inflammatory condition affecting the airways and
impacting over 300 million individuals worldwide. Treatment is suppressive, and no
current therapy addresses immune regulation in severely affected asthmatics. Although
high dose intra-venous immunoglobulin (IVIg) is not commonly used in the asthma clinic
setting, it has been shown to improve severe asthma in children and in adults. In our
laboratory, we previously demonstrated that IVIg abrogates airway hyperresponsiveness
(AHR) in a murine model of asthma and induces suppressive antigen-specific T-regulatory
cells. We hypothesized that IgG-derived Tregitopes would modulate allergic airway
disease by inducing highly suppressive antigen-specific Tregs capable of diminishing T
effector cell responses and establishing antigen-specific tolerance. Using ovalbumin
(OVA-) and ragweed-driven murine models of allergic airway disease, we characterized
the immunoregulatory properties of Tregitopes and performed Treg adoptive transfer to
OVA- and ragweed-allergic mice to test for allergen specificity. Treatment with Tregitopes
attenuated allergen-induced airway hyperresponsiveness and lung inflammation. We
demonstrated that Tregitopes induce highly suppressive allergen-specific Tregs. The
tolerogenic action of IgG Tregitopes in our model is very similar to that of IVIg, so we
foresee that IgG Tregitopes could potentially replace steroid-based treatment and can
offer a synthetic alternative to IVIg in a range of inflammatory and allergic conditions.

Keywords: Tregitope, allergic airways disease (AAD), adoptive transfer, T regulatory cells (Tregs), induced Tregs
(iTregs), murine model of asthma, allergic asthma
Abbreviations: Tregitope, Regulatory T Cell epitope in IgG; AAD, Allergic Airways Disease; AHR, Airway Hyperresponsiveness;
BAL, Bronchoalveolar lavage fluid; Tregs, Regulatory T Cells; iTregs, induced Regulatory T Cells; nTregs, natural Regulatory T
cells (thymic-derived); pTregs; peripheral Regulatory T Cells; DC, Dendritic Cells; MHC, Major Histocompatibility Complex;
TCR, T Cell Receptor; BMDC, Bone Marrow-derived Dendritic Cells; H&E staining, Hematoxylin and eosin stain.
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INTRODUCTION

Asthma is a heterogeneous chronic inflammatory condition
affecting the airways. The global incidence of asthma is on the
rise, with more than 300 million individuals diagnosed
worldwide. It is also the most prevalent chronic disease in
children globally, causing significant morbidity in adults,
youth, and children (1). There are many triggers for asthma
symptoms, including allergens, infectious agents and
environmental factors, including pollution. The most common
predisposition for asthma is a history of atopy, noted in up to
70% of children and 50% of adults.

There are several existing endotypes of asthma, and specific
inflammatory profiles characterize each subtype. Current
treatment strategies include bronchodilators, corticosteroids
and, for severe asthma, biological therapies, such as anti-
IgE and anti-IL5 (2). However, given the heterogeneity and
complexity of the disease, finding effective treatments
applicable to all subtypes is challenging. While most novel
treatments are aimed at ameliorating the inflammatory
component of asthma by targeting a single pathway,
treatments that can better regulate the inflammatory response
may be more successful, with less secondary effects.

Our laboratory has previously demonstrated that intravenous
immunoglobulin G (IVIg) attenuates murine allergic airways
disease (AAD) by inducing highly suppressive T-regulatory cells
(Treg) (3, 4). Most recently, we have established that
the Treg induced by IVIg are antigen-specific (5). T regulatory
cell epitopes (Tregitopes) potentially offer a synthetic alternative
to IVIg (6). Tregitopes are peptides derived from conserved
sequences in the Fc and Fab region of IgG, which bind with
moderate to high affinity to multiple major histocompatibility
complex class II (MHCII) molecules, for subsequent
presentation to T cells (7). Rather than activating T effector
immune responses, these highly conserved, HLA DRB1-
promiscuous T cell epitopes appear to activate natural
regulatory T cells.

Since their identification in 2008 by De Groot and Martin, a
wide range of mouse studies have explored the anti-
inflammatory properties of IgG Tregitopes in a range of pre-
clinical models. Potential applications that have been evaluated
include Tregitope treatment for Type I diabetes (8),
cockroach induced-allergy (9), experimental colitis (10) and
pregnancy loss (11). Several studies have demonstrated
Tregitope’s ability to induce tolerance by activating and
expanding Treg in vitro and in vivo. Furthermore, many
studies show a local and systemic increase in transcription and
translation of immunosuppressive cytokines such as TGFb and
IL-10 upon treatment with IgG Tregitopes (9, 11).

Mechanistic commonalities with IVIg, including Treg induction
and anti-inflammatory characteristics, prompted us to explore
the suppressive capacity and antigen-specificity of Treg in
murine models of allergen induced asthma. We hypothesized
that IgG Tregitopes would abrogate allergic airway disease by
inducing highly suppressive T regulatory cells capable of
modulating (or modifying) T effector cells and would lead
Frontiers in Immunology | www.frontiersin.org 2269
to the induction of tolerance in an antigen-specific manner.
We demonstrate that IgG Tregitopes indeed diminish allergic
inflammation in murine lungs and can induce highly
suppressive allergen-specific Treg.
MATERIALS AND METHODS

Animals
C57BL/6 (WT), B6.Cg-Foxp3tm2Tch/J (B6-Foxp3EGFP) and
B6.Cg-Tg(TcraTcrb)425Cbn/J (OT-II) mice were acquired
from the Jackson Laboratories and bred in a pathogen-free
environment in the animal facility of the Research Institute of
the McGill University Health Center. 6 to 10 week old mice were
used in the experiments. All protocols were approved by the
McGill University Animal Care Committee.

Generation of Bone Marrow Derived
Dendritic Cells
Bone-marrow was extracted from the femur and tibia of CO2
euthanized WT mice and cultured at a concentration of 0.5
million/ml in 6 well plates in complete medium supplemented
with 20ng/ml granulocyte-macrophage colony-stimulating factor
(GMCSF, Peprotech). Fresh medium was added on days 3, 5, 7,
and 9. BMDCs were harvested in a two-step process. First, non-
adherent cells contained in media were removed by aspiration.
Second, loosely adherent cells were harvested by adding 2 ml of
ice-cold media in each well and gently shaking the plate at 4°C for
10 minutes. After centrifugation, both non-adherent and loosely
adherent cells were mixed and resuspended in fresh medium.
This suspension was composed of 90% CD11c+ expressing
cells. Cells were used for experiments on Day 10 of culture.

Ovalbumin-Induced Allergic Airway
Disease Model
WT Mice were sensitized, intraperitoneally (IP), with 50mg of
ovalbumin (OVA, Sigma-Aldrich) and 800 mg of aluminum
hydroxide (AlOH, Sigma-Aldrich) in 200 ml of sterile
phosphate buffered saline (PBS, Wisent Bioproducts). IP
injection of OVA/AlOH was performed on days 0 and 14. On
day 27, mice were treated IP with IVIg (2g/kg, Hema Quebec),
vehicle control (<0.5% DMSO in PBS) and two different mixtures
of Tregitopes (21st Century Biochemicals) emulsified in 500 ml
sterile PBS. Two mixtures of human Tregitopes (hTR), mixture
hTR 084/289 (25mg hTregitope 084 + 25 mg hTregitope 289) and
mixture hTR 167/289 (25mg hTregitope 167 + 25 mg hTregitope
289), and a range of concentrations of murine Tregitope, mTR
167 (mTregitope167) as defined in earlier dosing studies, were
prepared in PBS solution with a final DMSO concentration of
<0.5%. Human Tregitopes have been demonstrated to bind to
murine MHC and were used in these experiments to enable
subsequent translation to human studies (12).

From day 28 through 30, mice were challenged intranasally
with 20ml of a 1% OVA preparation. Alternatively, for the
adoptive transfer experiments, bone marrow-derived dendritic
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cells (BMDCs) were stimulated overnight with 300 mg/ml OVA
ex vivo. Cells were washed twice and 1 million BMDCs in 100ml
PBS were transferred intratracheally (IT) in each lung. On day
10, mice were challenged with 50 ml of a 1.5% OVA preparation
and euthanized 72 hours later.

Ragweed-Induced Allergic Airway
Disease Model
WT Mice were sensitized IP on days 0 and 4 with a 100 ml
solution composed of 75 ml 1 mg/ml of mixed ragweed (Greer
Labs) and 25 ml of Imject aluminum adjuvant (Thermo Fisher
Scientific) in sterile PBS as previously described (5). On day 10,
mice were treated IP with vehicle control, IVIg or hTregitopes.
From day 11 through 13, mice were challenged intranasally with
20 ml of a 0.1% ragweed. Alternatively, day-10 bone marrow-
derived dendritic cells (BMDCs) were stimulated overnight with
100 mg/ml ragweed. Cells were washed twice and 1 million
BMDCs in 100ml PBS were transferred in each lung IT. On
day 10, mice were challenged IT with 50 ml of a 1.5% ragweed
preparation and euthanized 72 hours later.

Preparation of Lung, Spleen, and Lymph
Node Cell Suspensions
Lung perfusion was performed by injecting 10 ml of cold PBS
through the right ventricle. Harvested lungs were collected in a
solution containing Collagenase D (0.15 U/ml, Roche Life
Sciences) and DNase (40U/ml, Roche Life Science) dissolved in
a Hank’s Balanced Salt Solution (HBSS) supplemented with
calcium and magnesium (Thermo Fisher). Lungs were
subsequently placed in Gentle MACs C tubes and processed
using the GentleMACS Dissociator (Miltenyi Bio-tec) for 30
minutes at 37°C. The cell suspension was filtered through a
40mm strainer and lysed using red blood cell lysis solution (RBC
Lysis Buffer, Biolegend). Cells were washed twice with PBS,
counted and used for assays. Spleen and mediastinal lymph
nodes were collected in PBS and passed through a 40mm cell
strainer. After lysis, cells were reconstituted in PBS for
further use.

Lung Homogenates
Lungs were harvested and placed in cold RPMI. Gentle MACS M
tubes (Miltenyi Biotec) were used to homogenize the tissue, and
supernatant was collected and stored at -80°C for
cytokine analysis.

Lung Histology
Lungs were fixed by inflation with 1 ml of 10% formalin and
processed. Sections of 0.5mm were stained with H&E and
scanned using the digital scanner Aperio AT Turbo. For
scoring, peri-bronchial inflammation and the quality of
infiltrates were assessed and added using the following grading
system: none = 0, mild = 1, moderate = 2, severe = 3 (13).

Cytokine ELISA
Total serum IgE, and levels of IFNg, IL-13, IL-17 in lung
homogenates were measured using commercial ELISA kits
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(Biolegend). OVA-specific IgE was measured as previously
reported (5).

Flow Cytometry
Flow cytometry analysis was performed using a Becton-
Dickinson LSR Fortessa 20X or CANTO II. We used the
following antibodies: CD4 (clone RM4-5, BV510 or
FITC, Biolegend), CD25 (3C7, PE, Biolegend or PC61,
BV605, Biolegend), Siglec-F (LOU, BV421, BD Biosciences),
Foxp3 (FJK-16s, APC, eBioscience), Helios (22F6, Pacific blue,
Biolegend), CD11c (N418, APC, Biolegend), MHCII (M5/
114.15.2, BV510, Biolegend), CD11b (M1/70, PercP,
Biolegend), Ly6G (1A8, PE/Cy7, Biolegend), Ly6C (HK1.4, PE,
Biolegend), IL-13 (eBio13A, PE, eBioscience), IL-17A (TC11-
18H10.1, PercP/Cy5.5 or AlexaFluor700, Biolegend),
IFNg (4S.B3, BV421 or XMG1.2, APC/Cy7, Biolegend), CD45
(30-F11, Alexa Fluor700 or APC, Biolegend), fixable viability dye
(Zombie Aqua, Biolegend), and fixable viability dye
(eFluor780, eBioscience).

Treg and Naïve CD4+ T Cell Purification
CD4+ T cells were isolated from cell suspensions of lung, LNs and
spleen from Foxp3EGFP mice using the EasySep CD4+ T cell
isolation kit (Stemcell). Subsequently, cells were stained for CD25,
CD4 and viability dye, and CD25+Foxp3+ cells were sorted using
FACS ARIA II (Becton Dickinson). For in vitro OTII studies,
naïve syngeneic CD4+ T cells and CD25+ Tregs were isolated
using the mouse EasySep naïve and Treg isolation kits,
respectively (Stemcell). For adoptive transfer experiments,
isolated Tregs were administered IT (50,000/mouse), one day
prior to challenge with OVA or ragweed.

Treg Suppression Assay
To study the suppressive effect of Treg induced by human
Tregitopes on murine CD4+ effector T function, naïve OTII-
CD4+ responder cells were stained with 1mMof CFSE at 37°C for
7 minutes. CD25+ Tregs were purified from lung, spleen and
LNs of Control- and Tregitope- treated OVA-allergic mice.
OTII-CD4+ responder cells were then co-cultured with either
Control- or Tregitope- induced CD25+ Tregs in the presence of
OVA-pulsed CD11c+ cells in a 96 wells round-bottom plate at
37°C. CFSE staining was assessed by flow cytometry after 96
hours of culture.

Airway Hyperresponsiveness
Measurement
Airway hyperresponsiveness (AHR) to methacholine was
measured, as previously described by Massoud et al. (3, 5)
using Flexivent for small animals (SCIREQ, Montreal, Canada).

Statistical Analysis
Statistical analysis was carried out using GraphPad Prism 6
(GraphPad). One- or two- way ANOVA test was used for
statistical analysis. Statistical significance was considered to be
achieved when p < 0.05. All graphed data represent at least 2
independent experiments.
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RESULTS

Tregitopes Improve AHR in an OVA-
Induced Murine Allergic Airways
Disease Model

We have previously demonstrated that intravenous
immunoglobulin G (IVIg) treatment attenuates lung
inflammation and AHR in an OVA-driven model of AAD (3, 5,
14, 15). Initially we evaluated whether a single mTregitope167
(mTR 167) could replicate the therapeutic effect of IVIg in this
model (Figure 1A). This dose-response study with mTR 167
assessed the impact of Tregitope treatment on AHR
improvement. OVA sensitization and challenge significantly
increased airway resistance, as measured by Flexivent, in
mice treated with the vehicle control for Tregitopes. In contrast,
AHR was diminished by treatment with IVIg (Figure 1B)
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and also by mTregitope 167 at all three doses in this dose-ranging
study (25mg/ml, 50mg/ml, 100mg/ml) (Figure 1B). In this
study, mTregitope 167 was as effective as IVIg, with treatment
resulting in airway resistance measures that were comparable
to the non-sensitized PBS group (Figure 1B).

As we had confirmed that human Tregitopes (hTR) bind
equally well to humanMHC and to MHC class II of C57B/6 mice
(I-Ab) and were as effective as murine Tregitopes (mTR) in
murine studies in vivo (12), the remaining assays were performed
with hTR. Supplemental Table S1 lists the sequences and
EpiMatrix binding Z-scores for all of the Tregitopes used in
these studies. To explore the potential synergy of multiple
Tregitopes, we used two combinations of human Tregitopes:
hTregitope 289 with hTregitope 084 (hTR 084/289) and
hTregitopes 289 with hTregitope 167 (hTR 167/289) at a total
concentration of 50mg/ml (25 mg per Tregitope) for
each mixture.
A

B
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C

FIGURE 1 | Tregitopes improve OVA-driven murine allergic airways disease. When compared to IVIG, IgG Tregitopes were equally as effective at reducing airway
disease. (A) Timeline of the OVA-driven model of murine allergic airways disease used in this experiment. Sensitization to OVA/AlOH was performed on days 0 and
14. Treatment with Control, IVIg and Tregitopes was administered on day 27. Challenge was done intranasally with OVA on days 28, 29 and 30. (B) Airway
hyperresponsiveness to methacholine was performed on day 31 (2 independent experiments, n = 3). (C) Representative images of formalin-fixed lung slides stained
with H&E and (D) associated inflammation scores for the Control, IVIg, hTR 084/289 and hTR 167/289 treatment groups (2 independent experiments, n = 4-5). Two
pathologists, blinded to the study, assessed and graded the slides for peri-bronchial inflammation and quality of cell infiltrates. For each group 8-10 slides from 4-5
animals were used in the evaluation. (E) OVA-specific IgE in plasma and (F) Total IgE, measured by ELISA. ***p, 0.005, **p, 0.01, *p, 0.05, one-way ANOVA test.
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Tregitope Treatment Abrogates Airway
Inflammation and Diminishes Inflammatory
Cytokine Production
H&E stained lung sections from Tregitope-treated mice
demonstrated reduced peri-vascular and peri-bronchial
infiltrates compared to the vehicle control group (Figure 1C).
The inflammation score was also significantly reduced in
Tregitope-treated groups (Figure 1D). As expected, there was
also a significant reduction in OVA-specific IgE, as measured by
ELISA in both Tregitope groups (Figure 1E). Total IgE, however,
was only reduced in the hTR 084/289 group (Figure 1F).

We further investigated the effect of Tregitopes on lung
inflammation by performing cellular phenotyping of lung
eosinophils and neutrophils and by measuring cytokines IL-17A,
IL-13 and IFNg in whole lung extracts. Neutrophils were detected
in the Ly6G+CD11b+ gate while eosinophils were defined as Ly6G-
SiglecF+CD11b+CD11c- (Figure 2A). Our model was neutrophil-
dominant, and neutrophilia was significantly diminished, in terms
of percentage and total cell number, upon both IVIg
Frontiers in Immunology | www.frontiersin.org 5272
and Tregitope treatment (Figures 2B, C). The percentage of
lung eosinophils was not significantly reduced, while total
eosinophils tended to be lower (albeit not significantly) in the
IVIg and hTR 167/289 treatment groups as compared to vehicle
control (Figures 2D, E). Although IL-17A levels of total lung
homogenates remained constant (Figure 2F), IL-13 decreased in
the lung homogenates of all OVA-Tregitope treatment groups and
significantly in the hTR 167/289 group as compared to control
(Figure 2G). IL-17A is a proinflammatory cytokine produced by
innate (iNKT, NKT, gdTcells, mast cells, neutrophils) as well as
adaptive (IL17-A producing CD4+ T cells) immune cells (16–18).
IL-17A production by innate cells occurs within a few hours post-
antigen or pathogen exposure while Th17 cells differentiation is a
process that takes days. At the study time point, we are capturing
accumulation of IL-17A cytokine by all cell types, over several
days, in total lung. It is possible that an earlier time point might
show a different IL-17A distribution across groups in whole lung.

IFNg decreased across all three treatment groups (Figure 2H)
with significance for hTR 167/289. Again, this is probably due to
A B
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C

FIGURE 2 | Tregitopes modulate neutrophil and cytokine profiles of mice in OVA-driven murine allergic airways disease. Neutrophils and IL-13 are significantly
reduced in the lungs of mice treated with IVIG or Tregitopes. (A) Gating strategy for lung neutrophils and eosinophils of OVA-allergic mice undergoing treatment with
Control, IVIg, or hTR 084/289 and hTR 167/289. (B) Percentage and (C) absolute number of lung neutrophils. (D) Percentage and (E) absolute number of lung
eosinophils (representative of 3 independent experiments, n = 5-13). (F) Cytokines concentration of IL-17A (G) IL-13 and (H) IFNg measured by ELISA in whole lung
homogenates. ***p, 0.005, **p, 0.01, *p, 0.05, one-way ANOVA test.
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the level of IFNg accumulation over time after treatment with
Tregitopes, or Tregitope effect may be Th2 biased and have a
greater effect on other cytokines. A time course analysis of
cytokine changes over time would address this issue.

Tregitopes Ameliorate Ragweed-Driven
Murine Allergic Airways Disease
We further tested the immunomodulatory properties of IVIg
and Tregitopes in the ragweed-driven model of murine AAD.
We used a systemic 14-day acute model, which does not elicit
significant airway remodeling (data not shown) (Figure 3A).
In this model, lung neutrophilia and eosinophilia were
similarly prevalent both in terms of cell frequency and total
Frontiers in Immunology | www.frontiersin.org 6273
cell number. Treatment with IVIg and Tregitopes significantly
reduced the proportion of lung neutrophils as compared to
other cells and the total cell count of lung neutrophils (Figures
3B, D). There was a trend for the percentage of lung
eosinophilia to decrease (albeit not significantly) (Figure
3C), however, there was a significant decrease in absolute
eosinophil count following treatment with hTR 167/289
(Figure 3E).

Similar to the observations made with OVA-Tregitope
treatment (Figure 2), lung cytokines decreased in ragweed-
Tregitope-treated animals. IL-17A, IL-13 and IFNg levels in
whole lung homogenates were markedly lower in mice treated
with IVIg, hTR 167/289, and hTR 084/289 (Figures 3F–H).
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FIGURE 3 | Tregitopes modulate lung granulocytes and cytokines profile of mice with ragweed-driven murine allergic airways disease. In the more acute ragweed model
of allergic airway diseases, Tregitopes (and IVIG) significantly reduce cellular infiltration (neutrophil as well as eosinophils) and broadly reduce cytokine levels in the lungs.
(A) Timeline of the ragweed-driven model of murine allergic airways disease used in this experiment. Sensitization to OVA/AlOH was performed on days 0 and 4.
Treatment with Control, IVIg or Tregitopes was administered on day 10 and challenge was done intranasally with ragweed on days 11,12 and 13. (B) Percentage and
(D) absolute number of neutrophils. (C) Percentage and (E) absolute number of lung eosinophils in the lungs of ragweed-allergic mice undergoing treatment with
Control, IVIg or Tregitopes on day 10 (representative of 3 independent experiments, n = 5-9). (F) Cytokines concentration of IL-17A, (G) IL-13 and (H) IFNg measured by
ELISA in whole lung homogenates. (representative of 3 independent experiments, n = 5-9). ***p, 0.001, **p, 0.01, *p, 0.05, one-way ANOVA test.
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Tregitopes Modulate Effector
T Cell Responses
We assessed Th1, Th2, and Th17 effector T cell responses by
measuring intracellular IFNg, IL-13, and IL-17A, respectively, in
PMA/ionomycin stimulated lung cells from allergic mice
(Tregitopes treated and vehicle control) (See Supplemental
Figure S1). Unstimulated cells were used to establish cytokine
gating. While IFNg production by CD4+ cells did not decrease
following treatment with Tregitopes in the OVA and ragweed
models, in contrast, IL-17A producing cells were significantly
decreased upon treatment with both Tregitope mixtures. In the
OVA model, IL-13 expression in CD4+T cells and in total
cells was significantly reduced in the Tregitope treatment group
as in the ragweed model. Taken together, Th2 and Th17 responses
in AAD were attenuated by treatment with hTregitopes.

Tregitopes Induce Highly Suppressive
Antigen-Specific Tregs
Tregs are important immunoregulatory cells in asthma. We have
shown that IVIg promotes generation and activation of
CD25highFoxp3+ peripheral Tregs (pTregs) and increases the
suppressive function of the pTregs (5, 15). We hypothesized that
pTregs from Tregitope-treated mice would be more suppressive
than Tregs from the vehicle-treated control group in vivo and
in vitro.

Here we have tested the effect of Tregitope treatment in the
induction of Tregs in ragweed-allergic mice. We observed that the
frequency of CD25highFoxp3+ pTregs and Helios+Foxp3+ pTregs in
mediastinal lymph nodes of ragweed-allergic mice was augmented
upon Tregitope treatment compared to vehicle treatment
(Supplemental Figures S3A–C). We subsequently tested the
suppressive ability of Tregs derived from allergic mice treated with
Control or Tregitopes, in vitro, using an OVA-specific suppression
assay. We therefore isolated CD25+Foxp3+ Tregs from spleen, lymph
nodes, and lungs from differentially treated OVA-allergic mice.
We tested the ability of these Tregs to suppress OVA-specific OTII+
CD4+ T cells proliferation in vitro using an OVA-specific suppression
assay at a 16:1 ratio of OVA-specific CD4+ T cells (derived from OTII
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TCR transgenic mice (15)) to Treg cells isolated from OVA- and
Tregitope-treated allergic mice. The Tregitope-activated (OVA-hTR
084/289 and OVA-hTR 167/289)-Tregs were significantly more
suppressive than OVA-Control-Tregs (Figures 4A, B). Both sets of
Tregitope-treated (OVA-hTR 084/289-Tregs andOVA-hTR 167/289)-
Tregs also demonstrated higher suppressive capacity than OVA-
Control-Tregs groups at all ratios (Figures 4A, B). This experiment
corroborates findings from an earlier study that was performed using
OVA in ex vivo cultures of CD4+ T cells from Tregitope-treated
DO11.10 mice (19).

Tregitopes Induce Antigen-Specific Tregs
Inducing an antigen-specific regulatory response is essential for
successful treatment strategies in allergic asthma. Since we had
previously established that IVIg elicits tolerance by inducing
peripheral antigen-specific Tregs (5), we wished to determine
whether the Tregitope- and allergen-treated Tregs would
demonstrate antigen-specificity in the same model. This
experiment involved inducing allergen-specific Tregs to either
OVA or Ragweed, and then transferring the Tregs into the lungs
of OVA-sensitized mice.

We first performed a Treg dose-response experiment to
determine the absolute number of Ragweed-Control-Tregs that
could be adoptively transferred without abrogating the lung
inflammatory responses in a non-specific manner. To perform
the dose-response study, we induced AAD by intratracheally
transferring ragweed-treated BMDCs in the lungs of mice
followed by antigen challenge 10 days post transfer (Figure 5A).
Adoptively transferring 200,000 Ragweed-Control-Tregs (not
treated with Tregitope) prior to challenge, was effective at
ameliorating airway inflammation in a non-specific manner
(Supplemental Figure S2). In contrast, transferring a lower dose
of 50,000 Ragweed-Control-Tregs did not rescue inflammation,
making it possible to contrast this dose of non-specific Tregs to
Tregitope-and-allergen-treated Tregs on lung inflammation
(Supplemental Figure S2). Adoptively transferring 50,000
Ragweed and hTregitope 084/289-treated Tregs and Ragweed
and hTregitope 167/289-treated Tregs prior to challenge reduced
A B

FIGURE 4 | Tregitopes induce highly suppressive Tregs in an in vitro bystander assay. An OVA-specific co-culture system was established by co-culturing OVA-
specific OTII-CD4+ responder T cells, OVA-stimulated splenic DCs from OTII mice, and Tregs isolated from OVA-allergic mice treated with Control, hTR 084/289 or
hTR 167/289. Proliferation was monitored by cell tracer staining and flow cytometry. (A) Representative histograms of cell tracer stained CD4+ proliferating cells and
(B) frequency of CD4+ proliferating cells associated with generational distribution after 4 days of co-culture. *p, 0.05, one-way ANOVA test.
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FIGURE 5 | Tregitopes-Tregs are more efficient at improving murine airways disease than Control-Tregs in vivo. (A) Diagram depicting the Treg transfer experiment
used to determine the efficacy and antigen-specificity of Tregs from Tregitopes treated allergic mice. Donor mice were sensitized with either Ragweed or OVA and

treated with Control and Tregitope combinations as indicated (① or ②). Treg (CD25highFoxP3-EGFP+) cells were isolated from lungs, spleen and mediastinal lymph

nodes of donor mice and transferred to recipient mice. Sensitization with antigen primed-BMDCs in recipient mice was performed as described in Methods. On day
9 after sensitization, Control Treg or Antigen-Specific Tregs were adoptively transferred to the lungs of sensitized recipient mice as indicated followed by antigen
challenge on day 10. (B) Ragweed-sensitized recipient mice were treated with 50,000 Control Treg, Rag-hTR 084/289-Tregs or Rag-hTR 167/289-Tregs derived

Treg➊, then challenged with Ragweed, and lungs were harvested after 72 hours, H&E-stained lung sections were examined by microscopy (20X, 100X) (C) and
scored for inflammation by two independent observers. Representative of 2 independent experiments, n = 3-4. **p, 0.01, one-way ANOVA test.
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airway inflammation as demonstrated by histology and
inflammation scores, compared to the Tregs not treated with
Tregitopes and allergen control group (Figures 5B, C).

Both OVA and hTregitope 084/289-treated Tregs (OVA-hTR
084/289-Treg) and OVA and hTregitope 167/289-treated Tregs
(OVA-hTR 167/289-Treg) improved airway inflammation when
transferred to OVA-allergic mice and were significantly more
suppressive than OVA and vehicle-control-treated Tregs (OVA-
Control-Tregs) as shown by significant decreases in OVA-
specific IgE and lung inflammation scores (Figures 6A–C). This
replicates the data obtained, showing that Ragweed-Tregitope-
Tregs improve ragweed-driven lung inflammationmore effectively
than Ragweed-vehicle control-treated Tregs (Figures 5B, C).
We then determined if Tregitope-induced Tregs required
antigen-specificity to be effective by transferring 50,000
Ragweed-Tregitope-Tregs to OVA-sensitized mice prior to
challenge. At a dose of 50,000 Tregs per lung, Ragweed-
hTregitope 084/289-treated Tregs (Rag-hTR 084/289-Treg), and
Ragweed-hTregitope 167/289-treated Tregs (Rag-hTR 167/289-
Treg) did not ameliorate lung inflammation with inflammation
scores in OVA-sensitized mice, and did not suppress OVA-
specific IgE levels across all Tregitope treatment groups (Figures
6D–F). These transfer studies strongly suggest that Tregitope
treatment induced antigen-specific Tregs.
DISCUSSION

In this study, we have carefully dissected the regulatory responses
involved in the anti-inflammatory activity of Tregitopes using
murine models of allergic airways disease (AAD). We showed
that treatment with murine (m) and human IgG Tregitopes
(hTR) alleviated allergen-induced-airway hyper-responsiveness
and reduced lung inflammation. The action of the human
IgG Tregitopes attenuated allergic airways disease (in mice) in
a manner similar to that of IVIg. However, in addition to
increases in peripheral CD25high Tregs in mediastinal lymph
nodes (mLN), there was an expansion of Helios+ Tregs
upon Tregitope treatment. Importantly, Tregs from IgG
Tregitope-treated mice were demonstrated to be more highly
suppressive compared to similar numbers of Treg derived from
controls. Furthermore, when Tregs from IgG Tregitope-treated
mice were transferred into allergen-sensitized mice, we
demonstrated that only Tregitope-induced Tregs from mice
exposed to the same allergen were capable of attenuating AAD.
The antigen-specificity of the regulatory T cell response in the
Tregitope-allergen treatments has important implications for
safety and specificity in clinical translation.

We have previously demonstrated that human IgG Tregitopes
bind to murine MHC (12) and therefore employed two different
formulat ions of human Treg i topes in th i s s tudy :
hTregitopes 167/289, and hTregitopes 084/289. Although both
formulations were efficient at diminishing lung neutrophilia, IL-
13 concentrations, IL13+CD4+ T cells, and increased peripheral
Tregs, hTregitopes 167/289 abrogated IL-17A production
by CD4+ T cells in both OVA and ragweed models
Frontiers in Immunology | www.frontiersin.org 9276
while hTregitopes 084/289 was effective in the ragweed model
only. Lung cell counts were also decreased in allergic mice,
following treatment with hTregitopes 167/289 to an extent
greater than with hTregitopes 084/289 (Supplemental Figure
S4). The impact of hTregitopes 167/289 on lung neutrophils has
implications for other neutrophil-mediated pulmonary diseases.

T regulatory cells play a significant role in establishing airway
tolerance. Treatments like IVIg, capable of inducing highly
suppressive total and de novo Tregs in an antigen-specific
manner, can improve AAD in mice (5, 14). In this study, we
showed similar results. Total Tregs from Tregitopes-treated mice
had higher suppressive capacity compared to vehicle control.
Although at high enough doses, Tregs can inhibit inflammatory
responses non-specifically, by using titration studies, we
demonstrated that it took 4-fold less CD4+FoxP3+ Tregs from
Tregitope-treated mice to attenuate the inflammatory changes
observed following antigen challenge. This observation has two
potential explanations. IgG Tregitope-induced T-reg may have
properties that increase their stability and diminish their
plasticity leading to a more suppressive phenotype, or IgG
Tregitope treatment may induce antigen-specific Tregs,
enabling them to interact with APC at the site of antigen
presentation and suppress the action of effector T-cells.

Consistent with both hypotheses, IgG Tregitope treatment of
mice in the context of allergen led to an increase in mLN Tregs
which was most prominent in CD4+Helios+FoxP3+ cellular
subset. Helios+ Tregs are associated with Treg cells that are
highly suppressive and have less plasticity (20, 21).

Initially, Helios+ Tregs were only found in nTreg of thymic
origin (22, 23). This may have been due to the conditions for
induction of the Treg. Indeed, Gottschalk et al. showed that
pTreg could be Helios+ if the conditions for induction of Treg
included antigen presenting cells and sources of antigen (20, 21,
24). This is very relevant for our whole animal AAD model,
which required APCs and antigen for the induction of Treg by
IVIg (15). This finding from our current study may indicate a key
advantage for an IgG Tregitope-based immunotherapy with
potential to accelerate and maintain stable allergen-
specific tolerance.

Previous work in in vitro assays using human PBMCs from
individuals with birch-pollen allergy, where the allergen was co-
incubated with either of the IgG Fc-derived hTregitopes,167 or
289, revealed a shift from Th2 to Th1/Treg response and showed
that Tregs that were induced after 30 days of Tregitope treatment
in vitro were specific to the Birch-pollen antigen (7). Antigen-
specificity has also been demonstrated in several transplant
models (25). The studies performed herein confirmed the
potency of these IgG-derived Tregitopes in AAD and
separately, the adoptive transfer studies corroborated the
ability of Tregitopes to induce antigen-specific Tregs in the
allergic asthma model. Tregitope treatment in conjunction
with allergen immune tolerance induction may have the
potential to contribute to a more stable Treg Helios+
phenotype. Further characterization of Treg cells with antigen-
specific tetramer would provide conclusive evidence that the
Helios+ Tregs are antigen-induced iTregs.
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FIGURE 6 | Tregitopes induce antigen-specific Tregs. (A) Please see schematic in Figure 5A. OVA sensitized mice were treated with 50,000 OVA-Control-Tregs, OVA-hTR

084/289-Tregs or OVA-hTR 167/289 -Tregs➋, challenged with OVA, and lungs were harvested after 72 hours. H&E-stained lung sections were examined by microscopy

(20X, 100X) (B) and scored for inflammation by two independent observers. (C) OVA-specific plasma IgE levels were significantly diminished in OVA-Treg transferred mice.

(D) OVA sensitized mice were treated with 50,000 Rag-Control-Tregs, Rag-hTR 084/289-Tregs or Rag-hTR 167/289 -Tregs➌, challenged with OVA, and lungs were

harvested after 72 hours. H&E stained lung sections were examined by microscopy (20X, 100X) (E) and scored for inflammation by two independent observers. (F) In contrast
to panel (C), OVA-specific plasma IgE levels were not diminished in Rag-Treg transferred mice. Representative of 2 independent experiments, n = 3-4 **p, 0.01,
one-way ANOVA.
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We observed subtle differences between the two combinations
of the IgG Tregitopes that we employed in these studies,
hTregitope 167 or hTregitope 084 in combination with
hTregitope 289. The variability in efficacy may be explained by
intrinsic differences, in nature and function, of the peptides such
as binding affinity for different MHC molecules in the murine
model. EpiMatrix-predicted MHC binding promiscuity (EMX)
score for the C57BL/6 MHCII, which parallels the T cell
response, amounts to 10.67 and 1.94 for hTregitope 167 and
hTregitope 084, respectively (Supplemental Table S1) (6, 7, 26).
Additionally, we expect that epitopes that are cross-conserved to
other self-proteins on the TCR face to be more tolerogenic, and
evaluation using JanusMatrix reveals that hTregitope 167 has 24
TCR matches in the murine genome, as compared to 6 for
hTregitope 084 (27) (See Supplemental Table S1). Alternatively,
one or another formulation of Tregitopes may be more efficient
depending on the specific disease model. Furthermore, given the
different amino acid sequences and resulting specificities of each
peptide, peptide stability may differ.

We note that the effect of Tregitopes has been described
extensively in both in vitro studies using human T cells as well
as in animal models. Despite these findings, potential alternative
explanations for the effect of Tregitopes have been suggested.
Studies that compared their effect on suppressing CD8+ T cell
restricted immune responses have dispelled the concept that the
effect is due to competition for HLA binding. Careful use of
control arms in in vivo models, as described here, show that the
effect is not due to small amounts of DMSO that is present in the
solution used to dissolve the Tregitope peptides. Peptides are not
the only means of delivering Tregitopes: Tregitopes are also
effective when fused with albumin (8, 19), delivered in AAV as
a transgene (28), and when conjugated to a carrier protein. IgG
Tregitopes are active in TCR-transgenic mice, but not when TCR
recombination is inhibited, suggesting that IgG-Tregitope-specific
T cells may themselves be Tregitope specific. The Tregitope effect
requires direct contact between Tregs and T-effectors in vitro (29),
suggesting that while cytokines signal their effect, they are not
required for the immunomodulatory properties of Tregitopes.
This study further elucidates the expected effect of Tregitopes,
which is to transform antigen-specific T cells into antigen-specific
Tregs resulting in a highly specific immunomodulatory therapy
that has potentially protective effects on lung inflammation. In
concurrence with previously published data in NOD mice, here
we have shown that Tregitope treatment with antigen produces
antigen-specific Tregs, which can suppress reactivity in similar
antigen-challenged mice as shown by these adoptive
transfer experiments.

In this study, Tregitopes exhibited tolerizing effects similar to
the IVIg treatment groups in both the OVA and ragweed allergy
models. We postulate that Tregitopes are among the active
components (similar to the active pharmaceutical ingredient,
or API) within IVIg, and can be considered to be one of the
mechanisms by which IVIg therapy is effective at ameliorating
inflammatory response (12, 30). As demonstrated in a clinical
trial, the use of high dose intra-venous immunoglobulin (IVIg)
can improve severe asthmatic condition in children, an
Frontiers in Immunology | www.frontiersin.org 11278
observation that has been reproduced in adults (31, 32). IVIg
is more commonly used for organ transplant recipients and
autoimmune diseases (33–35) due to the need to infuse IVIg and
low patient acceptance of IVIg due to adverse effects during
infusion. IVIg is a costly human blood-derived product that also
presents potential risks associated with adverse reactions
including renal impairment, thrombosis and hemolytic anemia
(36). Tregitope-based therapy may lead to improved treatments
for allergy and other inflammatory conditions, over IVIg. IgG
Tregitope-based treatment could become a synthetic alternative
to IVIg, and unlike steroid-based treatments for allergic asthma,
is not a general immunosuppressant.

In conclusion, Tregitopes, in combination with allergen,
provides a natural mode of immune tolerance that may induce
highly suppressive Helios+ Treg in an antigen-specific manner.
Tregitope-based immunomodulation holds promise as a novel
treatment to reduce reactive airway disease in humans and other
allergic conditions.
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Autoimmune diseases, such as multiple sclerosis and type-1 diabetes, are the outcomes
of a failure of immune tolerance. Immune tolerance is sustained through interplays
between two inter-dependent clusters of immune activities: immune stimulation and
immune regulation. The mechanisms of immune regulation are exploited as therapeutic
targets for the treatment of autoimmune diseases. One of these mechanisms is immune
checkpoints (ICPs). The roles of ICPs in maintaining immune tolerance and hence
suppressing autoimmunity were revealed in animal models and validated by the clinical
successes of ICP-targeted therapeutics for autoimmune diseases. Recently, these roles
were highlighted by the clinical discovery that the blockade of ICPs causes autoimmune
disorders. Given the crucial roles of ICPs in immune tolerance, it is plausible to leverage
ICPs as a group of therapeutic targets to restore immune tolerance and treat autoimmune
diseases. In this review, we first summarize working mechanisms of ICPs, particularly
those that have been utilized for therapeutic development. Then, we recount the agents
and approaches that were developed to target ICPs and treat autoimmune disorders.
These agents take forms of fusion proteins, antibodies, nucleic acids, and cells. We also
review and discuss safety information for these therapeutics. We wrap up this review by
providing prospects for the development of ICP-targeting therapeutics. In summary, the
ever-increasing studies and results of ICP-targeting of therapeutics underscore their
tremendous potential to become a powerful class of medicine for autoimmune diseases.

Keywords: immune checkpoints, autoimmune diseases, therapeutics, fusion protein, viral protein, nucleic acid, cell
INTRODUCTION

The immune system is powerful and versatile in protecting the body: it neutralizes invading
pathogens and toxins, detects and destroys infected and malignant cells, and orchestrates the
recovery of compromised tissues. As famously said in the movie Spider-Man, “With great power
comes great responsibility.” The immune system has the “responsibility” to refrain from excessively
attacking and destroying cells and tissues, particularly self and benign cells and tissues.
Immunostasis is the immune system’s adaptation to provide restraint. Immunostasis is achieved
and maintained through the competition and interplays between two clusters of activities, immune
stimulation and immune regulation. The stimulation wing of immunity ensures the immune system
is powerful and specific when immunity is needed to decisively eliminate invading pathogens and
org April 2021 | Volume 12 | Article 6456991281
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malignant cells. Stimulation also cultivates immune memory so
that the immune system is able to stem the outgrowth of
pathogens or malignance faster and more effectively when it
encounters pathogens and malignancy again. The regulation
wing of immunity, on the other hand, keeps all the traits or
strengths of stimulation in check. As put by a Chinese idiom, 过
犹不及(Guò-yóu-bù-jı)́ or in English, “Going beyond the limit is
as bad as falling short,” it is extremely important for the immune
system and immune stimulation to stay in check because
excessive attack, whether in the sense of target ranges,
intensity, or duration, will do more harm than benefit to the
body. In addition, excessive attack wastes the energy of
the immune system, a loss which could prevent the
immune system to use its full strength to tackle real
threats. Immune regulatory activities may lead to an outcome
termed immune tolerance. Indeed, the immune system has
diversified and sophisticated mechanisms to achieve and
maintain immune tolerance, ranging from central tolerance,
peripheral tolerance, to clonal tolerance (1). The failure of
immune tolerance, either due to inherited genetic deficiencies
or exogeneous stimulants, is the fundamental reason for
autoimmune disorders including type 1 diabetes (T1D),
multiple sclerosis (MS), rheumatoid arthritis (RA), and so on.
Collectively, these diseases affect approximately 12.5% of world
population (2).

One relatively newly discovered mechanism to help to maintain
immune tolerance is immune checkpoints (ICPs) (3–6). The first
Frontiers in Immunology | www.frontiersin.org 2282
ICP, cytotoxic T lymphocyte antigen-4 (CTLA-4), was reported in
the early 1990s (7). In the last 20 plus years, ICPs have proven their
importance to immune tolerance thanks to extensive research
efforts and consequent discoveries around it. ICPs usually required
two biomolecular components, a receptor and a ligand. Receptors
are mostly expressed on the surface of immune cells (8–13).
Ligands, on the other hand, are expressed sometimes by
immune cells, and sometimes by non-hemopoietic cells (14–21).
When a receptor and a ligand of an ICP engage with each other,
that ICP is flipped on and transmits inhibitory signals. Meanwhile,
the cells possessing ICP receptors transform into their immune
regulative (suppressive) mode. To date, several ICPs have been
revealed. Among them, eight ICPs (Figure 1) have been
recognized with sufficient knowledge so that experimental
therapeutics are developed on the basis of these ICPs. Thus, our
review focuses on these eight ICPs: programmed death-1 (PD-1)
(22), CTLA-4 (7), B and T cell lymphocyte attenuator (BTLA)
(23), T-cell immunoglobulin domain and mucin domain-
containing molecule-3 (TIM-3) (24), T cell immunoglobulin and
ITIM domain (TIGIT) (25), V-domain Ig suppressor of T cell
activation (VISTA) (26), lymphocyte activation gene 3 (LAG-3)
(27), and CD200 (28).

The necessity of ICPs in maintaining immune tolerance and
preventing autoimmune disorders are underscored by data from
animal models. As shown in Table 1, when receptors of ICPs are
knocked out in mice, autoimmune disorders emerge and
manifest in varied severity and organ-specificity, depending the
FIGURE 1 | Schematics of eight immune checkpoints (ICPs). For each ICP, one type of cells is used as the representatives that host ICP receptors or ligands. The
main immune activation and inhibition implications of ICPs are illustrated with the representative cell types. It is noteworthy that the receptors and ligands may be
expressed by additional cell types. The functional implications of ICPs are not limited to what are illustrated here.
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type of ICPs and the genetic background of the mice. The PD-1
receptor knockout increases the prevalence of T1D among
nonobese diabetic (NOD) mice (29), results in the lupus-like
phenotype in the C57BL/6 background (30), and causes lethal
myocarditis among Murphy Roths Large mice (31). The
knockout of the BTLA receptor triggers experimental
autoimmune encephalitis (EAE), a murine version of MS (23).
The knockout of the TIGIT receptor increase susceptibility to
EAE (32). The knockout of the LAG-3 receptor exacerbates T1D
among NOD mice (33), and renders B6.SJL mice more
susceptible to the hyper production of autoantibodies (34). The
most striking and pervasive impact of the ICP knockout comes
from the knockout of CTLA-4 ICP. Mice carrying such a
knockout experience massive lymphoproliferation and die of
multiorgan autoimmune destruction within 4 weeks after their
birth (35). Recently, we examined the role of the PD-1 ICP and
more specifically, the role of PD-1 positive cells in driving
autoimmune disorders including EAE and T1D. The depletion
PD-1 positive cells drastically delayed the onset of T1D and
promoted the recovery from clinical presentations of EAE (36).
These results unambiguously demonstrate the central role of PD-
1 positive cells in these autoimmune diseases.

The necessity of ICPs for immunostasis and immune
tolerance is also supported by human data. First and foremost,
a therapeutic that reinforces the CTLA-4 ICP, Abatacept
(Orencia®), has been approved to treat adult RA. From
another perspectives, when the CTLA-4 and PD-1 ICPs are
blocked in cancer patients, some patients experienced adverse
autoimmune syndromes such as arthralgia, arthritis, Sjögren’s
syndrome, and encephalitis (37, 38). The blockade inhibits the
function of ICPs, which unleashes the attacking power of
immune cells that express the corresponding ICP receptors.
Thus, the fact that the ICP blockade induces autoimmune
disorders in human proves the suppressive function of ICPs in
autoimmunity. Interestingly, the blockade of the CTLA-4 ICP
causes significantly more prevalent toxicity than the blockade of
PD-1 ICP (39), which echoes the observations of the ICP
knockout data from animal models.

With the recognition of the critical role of ICPs in immune
tolerance and autoimmune diseases, autoimmune disease
therapeutics that target ICPs have already been widely
explored. These therapeutics can be generally classified into
two categories in terms of strategies: one, enhancement of
ICPs; and two, depletion of immune cells that express ICP
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receptors. We will summarize the therapeutics in these two
categories, with an emphasis on their design, mode of action,
and efficacy. Before we dive into these therapeutics, we will first
provide mechanistic information for eight ICPs that have been
exploited as therapeutic targets. Table 2 summarizes the
receptors and ligands of these ICPs.
MECHANISMS OF COMMON IMMUNE
CHECKPOINTS

For the PD-1 ICP, its receptor, PD-1 is primarily expressed on T
cells, B cells, dendritic cells (DCs), and macrophages after their
activation. PD-1 has two ligands, PD-L1 and PD-L2. PD-L1 is
expressed on antigen presenting cells (APCs) including DCs,
macrophages, and B cells (14). PD-L1 is also expressed on non-
hematopoietic cells, such as vascular endothelial cells, epithelial
cells, fibroblastic reticular cells, and pancreatic islet cells (15).
PD-L2, similar to PD-L1, is expressed on both APCs and
nonhematopoietic cells such as respiratory tract epithelial cells
(16). Regarding PD-1 on T cells, the engagement of PD-1 with its
ligands confers inhibitory signals to the T cells that express PD-1.
The activation of the PD-1 ICP dampens the proliferation,
cytokine secretion, as well as the cytotoxicity of T cells.
Regarding PD-1 on human macrophages, an elevated
expression of PD-1 by these cells leads to an increase of the
IL-10 level and decreases the IL-12 level in blood, a sign of
immune self-regulation on macrophages (40, 41). Lastly, PD-1
positive APCs show a weaker ability than PD-1 negative APCs in
terms of promoting the differentiation of CD4 T cells into T
regulatory cells (Tregs) (42).

CTLA-4 is an ICP receptor primarily expressed on DCs and
activated T cells including memory T cells and Tregs (8). It has
two ligands, (B7-1) and CD86 (B7-2), mainly expressed on
APCs. CD80 and CD86 also bind with a co-stimulation
receptor, CD28, on T cells. Although CTLA-4 has been shown
to have an intracellular working mechanism where binding with
its ligands triggers downstream signaling (43, 44), the literature
on CTLA-4 primarily focuses on its extracellular working
mechanism. There therapeutic development around the CTLA-
4 ICP also primarily leverages the extracellular mechanism.
Extracellularly, CTLA-4 executes its immunosuppressive
function by competing with CD28 for access to CD80 and
TABLE 1 | Autoimmune disorders caused by the knockout of ICP molecules.

Modulation of gene Preclinical model Autoimmune disorders Reference

PD-1
knockout

NOD mice T1D (29)
C57BL/6 mice Lupus-like Phenotype (30)
Murphy Roths Large mice Lethal Myocarditis (31)

BTLA
knockout

BALB/c mice EAE (23)

TIGIT
knockout

C57BL/6 mice EAE (32)

LAG-3
knockout

NOD mice T1D (33)
B6.SJL mice Hyper Production of Autoantibodies (34)

CTLA-4 knockout BALB/c and C57BL/6 mice Massive Lymphoproliferation and Lethal Multiorgan Destruction (35)
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CD86. One outcome of this competition is weakened
proliferation and cytokine secretion by T cells (45). When
CTLA-4 on Tregs binds with CD80 and CD86 on DCs, the
DCs show reduced antigen-presenting capacity (46). CTLA-4
expressed on Tregs also augments the suppression effect of Tregs
by extending the interaction time between Tregs and effector
cells (47). Further, when mature DCs are treated with agonistic
anti-CTLA-4 antibodies, the production of IL-8 and IL-12 by the
DCs reduces by two thirds, and the antigen presentation ability
of DCs decreases to approximately one fourth of the normal
level. The treatment of the anti-CTLA-4 antibodies also
weakened the capacity of the DCs to stimulate T cell
proliferation by 50% (48, 49).

For the BTLA ICP, its receptor, BTLA, belongs to the CD28
family. BTLA is mainly expressed on activated T cells but also on
resting B cells, mature DCs, and natural killer (NK) cells (9). The
ligand of BTLA is the herpesvirus entry mediator (HVEM) that is
expressed on resting T cells, macrophages, and immature DCs
(17). In addition to BTLA, HVEM also binds with four other
molecules: CD160 (expressed on effector T cells and NK cells),
tumor necrosis factor superfamily member 14 (TNFSF14, also
termed as LIGHT or CD258, expressed on activated T cells and
immature DCs), lymphotoxin-a (expressed on T cells, B cells,
and NK cells), and HSV-1 glycoprotein D (expressed on herpes
simplex virus infected cells), independently. Indeed, HVEM is a
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“bidirectional switch” of immune activation (50–53). When
HVEM binds with BTLA or CD160, immune inhibitory signals
are transmitted (HVEMmay also be referred to as a ligand of the
CD160 ICP in this sense); when HVEM binds with TNFSF14,
lymphotoxin-a, or HSV-1 glycoprotein D, immune stimulatory
signals are transmitted. The engagement of HVEM by BTLA
delivers a diminishing effect on immune stimulation. The
engagement also dampens T cell proliferation and B cell
activation, reduces the number of CD8+ DCs, and lessens the
secretion of cytokines such as TNF-a, IFN-g, IL-2, and IL-4 by
these cells (52, 54–57).

Regarding the TIGIT ICP, the receptor, TIGIT, is expressed
on Tregs, memory T cells, effector T cells, and NK cells after
these cells are activated (10, 11). Up to now, TIGIT has been
found to interact with three molecules: poliovirus receptor (PVR,
also termed as CD155), PVRL2, and PVRL3. The immunological
implication of the interactions between TIGIT and PVRL2 or
PVRL3 remains elusive. The functional implication of the
interaction between TIGIT and PVR is, however, much clearer
and intriguing. PVR is found on DCs and B cells and has a high
binding affinity to TIGIT. In addition to TIGIT, PVR also
interacts with CD226 on naive T cells. When PVR binds with
TIGIT on activated T cells, coinhibitory signals are transmitted
(58, 59). The binding also dampens the proliferation and
activation of T cells and promotes the generation of
TABLE 2 | Receptors and ligands of immune checkpoints (ICPs).

ICP receptor Expression pattern of receptors ICP ligand Expression pattern of ligands

PD-1 Activated T cell
B cell
DC
Macrophage

PD-L1 Antigen presenting cell
Non-hematopoietic cellPD-L2

CTLA-4 Activated T cell
DC

CD80 Antigen presenting cell
CD86

BTLA Activated T cell
Resting B cell
Mature DC
NK cells

HVEM T cell
Macrophage
DC

TIGIT Activated T cell
NK cell

PVR DC
PVRL2
PVRL3

VISTA / PD-1H T cell
NK cell
DC
Macrophage

VSIG-3 Neuron
Glial cell

PSGL-1 T cell
B cell
Macrophage
DC

TIM-3 T cell
DC
NK cell
Macrophage

Gal-9
Phosphatidyl serine
High mobility group protein B1
Ceacam-1

LAG-3 Activated T cell
B cell
DC
NK cell

MHC class II Antigen presentation cell

CD200R T cell
B cell
Resting mast cell
DC

CD200 Epithelial cell
Endothelial cell
Lymphoid cell
Myeloid cell
Neuron
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tolerogenic DCs (10). In contrast, when PVR binds with CD226
on naive T cells, costimulatory signals are delivered (58, 59). In
this sense, PVR is a “bidirectional switch” like HVEM in the
BTLA ICP. As for TIGIT on NK cells, its ligation with the PVR
on B cells leads to a reduction of cytokine secretion by the NK
cells. Also, the knockout of TIGIT from NK cells leads to a
reduction in the IFN-g secretion from the cells from 500 to 300
pg/ml in cell culture medium (60).

For the TIM-3 ICP, its receptor, TIM-3, is expressed on T
cells, DCs, NK cells, and macrophages. There are at least four
ligands identified for TIM-3: Galectin-9 (Gal-9), Phosphatidyl
serine (61) high mobility group protein B1 (62) and Ceacam-1
(63). Among these ligands, Gal-9 is the best known and is
ubiquitously expressed in the lymph nodes, spleen (18), and
liver. Functional implications of the TIM-3 activation on Th1
cell, CD8 T cells, NK cells, macrophages, and DCs have been
reported. The ligation of TIM-3 on Th1 cells by Gal-9 on
hepatocytes decreases the secretion of cytokines such as IFN-g
and TNF-a by Th1 cells. The ligation also promotes apoptosis of
Th1 cells (64), which is accompanied by an influx of calcium
(65). The ligation of TIM-3 on CD8 T cells by Gal-9 leads to an
inhibition of TCR signaling through the co-localization of TIM-3
and receptor phosphatases (66). For NK cells, it was proven that
the blockade of TIM-3 on these cells boost the IFN-g production
by the cells (67). As for macrophages, the ligation of TIM-3 on
these cells by Gal-9 on hepatocytes inhibits the production of IL-
2 and IFN-g by the macrophages (68). Last, the enhancement of
the TIM-3 ICP on DCs by agonist antibody inhibits the
activation and maturation of the DCs (12).

As for the LAG-3 ICP, its receptor, LAG-3, is expressed on
activated T cells. It is also expressed on B cells, DCs, and NK
cells. The ligand of LAG-3 is MHC class II on APCs. It was found
that the ligation between LAG-3 and MHC II suppressed the
proliferation of Th cells (12). In addition, Tregs are able to inhibit
the activation and maturation of DCs through the LAG-3 ICP
(69). And, the knockout of LAG-3 reduces the likelihood for
CD4 T cells to differentiate into Tregs (70). As for NK cells, the
LAG-3 knockout compromises natural killer activity in a mouse
model (71). Lastly and interestingly, the PD-1 and LAG-3 ICPs
show synergy with each other. Mice with the single knockout of
PD-1 only show minimal autoimmune sequelae, such as a lupus-
like condition. Mice with the single knockout of LAG-3 do not
develop any autoimmune disorders within the first year after
birth (72). In contrast, mice with the double knockouts of LAG-3
and PD-1 have lethal autoimmune disorders, including
myocarditis and pancreatitis (73). In addition, two studies
showed that cancer patients who were resistant to a single PD-
1 ICP blockade therapy responded to the dual blockade therapy
involving LAG-3 and PD-1 ICPs (74, 75).

CD200R1 is an ICP receptor that is expressed on resting
macrophages, DCs, plasma cells, memory B cells, and T cells. T
helper cells express a greater level of CD200R1 than cytotoxic T
lymphocytes and naive T cells (19). The ligand of the ICP, CD200,
is expressed on epithelial cells, endothelial cells, lymphoid cells,
myeloid cells, neurons, and mesenchymal stem cells (19, 20). For
macrophages and lymphocytes, the activation of the CD200 ICP
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boosts their production of TGF-b and IL-10, while decreasing
their production of TNF-a, IL-1, IL-6, and INF-g (20, 76–78). In
addition, the activation of this ICP inhibits the activation of
lymphocytes and macrophages, while promoting CD4 T cells to
differentiate into Tregs (76–78).

VISTA is the newest ICP among the ones we discuss and
was identified in 2011 (26). Its receptor, VISTA, is
constitutively expressed on most immune cells except for B
cells (13). VISTA is also known as a PD-1 homolog. The
knockout of VISTA lowers the fraction of Tregs in the lung
and spleen from 20% to approximately 10% (79). Since Tregs
are critical to immune tolerance (80, 81), the reduction of
Tregs implicates the importance of the VISTA ICP in
maintaining immune tolerance. The VISTA ICP suppresses
the proliferation and differentiation of T cells, as well as their
production of cytokines such as IL-17 (82). The activation of
the VISTA ICP results in the inhibition of the production of
inflammatory cytokines and chemokines by DCs and
macrophages, such as IP-10 and MCP-1 (83). To date, two
ligands were reported for VISTA, V-set and immunoglobulin
domain containing 3 (VSIG-3) and P-selectin glycoprotein
ligand-1 (PSGL-1). VSIG-3 is expressed restrictively on
neurons and glial cells in the brain and on Sertoli cells in the
testis (21). Activation of the VISTA ICP by VSIG-3 retards
the proliferation and cytokine secretion of T cells, such as the
secretion of IFN-g, IL-2, and IL-17 (84). PSGL-1 is expressed
on many types of immune cells including T cells, B cells, DCs,
and macrophages. It is also expressed on platelets and
endothelial cells. The biological implications of the ligation
PSGL-1 to VISTA remain elusive to date.
ICP-TARGETED EXPERIMENTAL
THERAPEUTICS FOR AUTOIMMUNE
DISEASES

The reported, ICP-targeted therapeutics may be divided into two
classes based on their intended working mechanisms. The first
class includes most of the reported therapeutics and shares a
working mechanism—enhancing the ICP. This class takes the
form of recombinant proteins, monoclonal antibodies, nucleic
acids, and engineered cells (Figure 2). The second class embraces
a more straightforward idea that ICP receptors or at least some
ICP receptors on immune cells may be employed as biomarkers
for pathogenic immune cells in autoimmune diseases. A
corresponding working mechanism is the depletion of those
ICP receptor positive cells. Currently, there is only one reported
therapeutic in the second group. Below, we will recount these
ICP-targeted therapeutics in the order of working mechanisms
and forms. Table 3 summarized these therapeutics and the
disease models in which they are tested. We emphasize
“experimental” in our section title because there is only one
ICP-targeted drug, Abatacept, approved for use in clinics, which
indicates both the challenges and opportunities in the
development these therapeutics.
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Enhancement of ICPs
Soluble ICP Ligands and Receptors
Soluble ICP ligands are used to enhance the activity of an ICP.
For example, soluble PD-L1 was used to engage with PD-1 and
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flick on the PD-1 ICP. On the other hand, soluble ICP receptors
were used in a more fascinating manner. Taking the TIGIT ICP
as an example, TIGIT, as a receptor, engages with its cognate
receptor, CD155, on DCs (10). The engagement dampens the
FIGURE 2 | Schematics for the different forms of ICP-targeting therapeutics. One representative for each form of therapeutics was shown. (A) Viral proteins. UL144
is used to engage with BTLA and activate the corresponding ICP, which enhances immune inhibitory signals. (B) Soluble ligand and receptors. A fusion of CTLA-4
and Fc is used to engage with CD86/CD86 and activate the CTLA-4 ICP, which enhance immune inhibitory signals. (C) Nucleic acids. A coding gene of PD-L1 is
used to increase the expression of PD-L1 in host cells. The increased expression strengthens the PD-1 ICP and immune inhibitory signals. (D) Antibodies. An anti-
BTLA antibody is used as an agonist to enhance the BTLA ICP, which amplifies immune inhibitory signals. (E) Cells. DCs are collected and transfected with the
coding genes of PD-L1 and MOG peptide. These engineered DCs have the enhanced expression of PD-L1 and MOG peptides. After these DCs are transferred back
into mice, they promote immune inhibitory signals in vivo through the PD-1 ICP and the presentation of the MOG peptide to T cells.
TABLE 3 | Experimental therapeutics to enhance ICPs.

Therapeutic form ICP Disease models Reference

Soluble ligand and receptor PD-1 Lupus (85)
Experimental Autoimmune Glomerulonephritis (86)
Experimental Cerebral Malaria (87)
Psoriasis (88)

TIGIT GVHD (11)
CD200 (89)

Viral protein BTLA (90)
Antibody BTLA AAV (91)

VISTA GVHD (92)
VISTA Experimental Asthma (79)

Nucleic acid BTLA Herpetic Stromal Keratitis (93)
PD-1 Pancreatic Islet Transplantation (14)

Cell PD-1 EAE (94)
PD-1 Pancreatic Islet Transplantation (95)
CTLA-4 T1D (96)

Combination therapy CTLA-4 and BTLA Pancreatic Islet Transplantation (97)
Immunotoxin PD-1 EAE & T1D (36)
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activation signaling mediated by CD226 because the activation
signaling depends on the interaction between CD155 and CD266
while TIGIT’s “occupation” of CD155 prevents the interaction
(58, 59). Soluble TIGIT also has the ability to prevent the
interaction between CD155 and CD266.

The developers of these soluble ICP ligands and receptors
have put them on a proven protein “Noah’s Ark”, the fragment
crystallizable region of an antibody (Fc). When fused with Fc,
proteins usually assume longer in vivo half-lives. Fc also helps to
immobilize Fc fusion proteins on the cell surface of APCs
through binding with Fc receptors on these cells (98). These
fusion proteins are often produced as secreted proteins using a
mammalian cell expression system. One example of such
production procedure is that Wang and coworkers generated
an expression plasmid carrying the coding genes for the mouse
PD-L1 extracellular domain and the mouse lgG1 Fc (87). Then,
they transfected FreeStyle 293 cells with the plasmid. Lastly, they
purified fusion proteins from the supernatant of the cell culture.

The most successful soluble ICP receptor-based therapeutic is
Abatacept. Abatacept is a fusion protein that consists of the
extracellular domain of human CTLA-4 and the Fc of human
IgG1 (99). Compared to CD28, Abatacept has a greater affinity to
CD80 and CD86. Abatacept is able to inhibit the CD28-mediated
stimulation signaling through competition for CD80 and CD86.
The therapeutic has a plasma half-life of 14.7 days in patients in the
dosing range of 0.5 to 50 mg/kg (99). Abatacept was approved to
treat RA. Arthritis patients were evaluated based on a 50%
improvement in the number of tender and swollen joints
(American College of Rheumatology, ACR50) after treatments.
Among Abatacept-treated patients, 21.8% of reached ACR50 after
6 months; in contrast, only 3.8% of placebo-treated patients reached
ACR50 (100). The same study also proved that this medicine is safe:
adverse events happened to 79.5% of the Abatacept-treated patients
and 71.4% of the placebo-treated patients; but there is no increase in
serious infections among Abatacept-treated patients when the
infections of Abatacept-treated and placebo-treated patients were
compared (100). In 2011, a derivative of Abatacept, Belatacept, was
also approved to be used as an immunosuppressive agent for
kidney transplantation.

Besides Abatacept, other PD-L1-Fc fusions have also been
reported (86–88, 101). The efficacy of these fusions was
demonstrated in various autoimmune disease models,
including experimental autoimmune glomerulonephritis and
lupus. Zhou et al. found that PD-L1-Fc significantly reduced
the auto-antibody production and tubular proteinosis in murine
lupus models according to histological assessments. The
treatment of PD-L1-Fc extended the survival of treated mice
from an average of 45 to 60 weeks. When PD-L1-Fc was used in a
prophylactical manner, it completely prevented proteinuria
(101). Reynolds and coworkers showed the treatment of PD-
L1-Fc reduced the glomerular infiltration of T cells by half in a
mouse experimental autoimmune glomerulonephritis model
(86). It is noteworthy that PD-L1-Fc fusions have also
demonstrated their ability to weaken immune responses in
inflammation and infection models. A study reported by Wang
et al. showed that PD-L1-Fc reduced the number of CTLs by 75%
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and alleviated the disruption of the blood–brain barrier that was
caused by over-reactive CD8 T cells in the mouse experimental
cerebral malaria model (87). The treatment also increased the
survival rate of the mice from 10 to 60% by 10 days after
infection. Kim and coworkers demonstrated that the treatment
of PD-L1-Fc reduced the production of IL-17A by T cells by 75%
and alleviated psoriasis inflammation in imiquimod-treated mice
(88). Together, these data suggest that PD-L1-Fc is able to
suppress immune responses in both autoimmune disease and
inflammation models.

The TIGIT-Fc fusion is an example of soluble receptors that
are used to compete for its cognate receptors. The fusion consists
of the extracellular domain of mouse TIGIT and human lgG3 Fc
domain. The TIGIT-Fc was found to inhibit the activation of
macrophages and increase their secretion of IL-10, an anti-
inflammatory cytokine, by three times (102). Further, in the
mouse acute GVHD model, the treatment of TIGIT-Fc increases
the survival rate from ~5 to ~30%. Among the mice that have
already shown the GVHD symptoms, TIGIT-Fc prolongs their
survival time from shorter than 30 days to longer than 40 days
(11). Together, these data validate the idea that TIGIT-Fc can be
used to suppress immune responses.

There was also an exploration of adding a cytokine into the
fusion proteins that consist of ICP ligands and the Fc (89).
Gorczynski and coworkers generated an immunosuppressive
protein that includes CD200, Fc, and TGF-b. There is a Glycine
(n = 6) linker between the Fc and TGF-b (93). The fusion protein,
CD200FcGly6TGF-b; was able to bind with TGF-b receptors on
T cells and CD200R1 on APCs. The immunosuppression effect of
the protein was observed both in vitro and in vivo. Specifically, the
treatment of CD200FcGly6TGF-b boosted the percentage of
Tregs in the spleen from ~3% to more than 10%.

Viral Proteins
Some viral proteins mimic the biological functions of ICP
receptors or ligands and are hence explored as an “Off” switch
for undesirable immune responses (90, 103). UL144, a
cytomegalovirus protein, is an ortholog of HVEM, a ligand of
the BTLA ICP (104). However, in contrast to HVEM that
interacts with not only BTLA but also CD160, TNFSF14,
lymphotoxin-a, and HSV-1 glycoprotein D (50), UL144 only
binds with BTLA. Thus, while HVEM is a bidirectional switch
depending on its binding partners, UL144 is dedicated to
activate the BTLA ICP (105). In addition, UL144 is
approximately three times more potent than HVEM in
suppressing the proliferation and activation of T cells, despite
the fact that UL144 binds five times weaker to BTLA than
HVEM (90). Further, the binding selectivity of UL144 was
attributed to its N-terminal cysteine-rich domain 1 (CRD1)
and the CRD2 loop (106). Sedy and coworkers leveraged the
binding selectivity insight of UL144 and engineered a tetra-
mutant of HVEM that carried four site mutations, S58R, G68T,
L70W, and L90A. The tetra-mutant of HVEM not only assumed
the binding selectivity just like UL144 but also acquired a 10-
fold stronger affinity to BTLA compared with the wild type (90).
The tetra-mutant exhibited a significant inhibitory effect to the
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SHP-1-sensitive, type I interferon signaling pathway of B cells
and NK cells. It also effectively inhibited TCR-mediated
antigen signaling.

Monoclonal Antibodies
Monoclonal antibodies are one of the most common forms of
therapeutics in general. They have specific binding target and
activity, and possess desired safety and pharmacokinetics
properties. Their popularity is also backed by robust antibody
engineering and production technology, which ensure
reproducible and economically sensible products. Thanks to
these advantages, monoclonal antibodies are also a popular
form of therapeutics that enhance ICPs even though they were
not examined exclusively in autoimmune disease models.
Monoclonal antibodies are developed as agonists of ICP
receptors to enhance immune regulation. It is noteworthy that
along with the development of ICP-enhancing antibodies, there
are successful developments of monoclonal antibodies as ICP
blockers. These blockers are developed to facilitate immune
stimulation and are now exclusively used in boosting anti-
cancer immune responses. Seven of such ICP blockers
have been approved by the FDA for cancer therapy. This
development outcome, on the one hand, highlights the
feasibility to develop antibody-based therapeutics to target
ICPs, but on the other hand, alerts us to distinguish ICP-
blockade and -enhancement antibodies.

An anti-BTLA antibody was found to have the ICP agonistic
effect in the antineutrophil cytoplasmic antibody-associated
vasculitis (AAV) model (91). This antibody suppressed T-cell
proliferation by 32% and IL-17A secretion by 30% in the AAV
model. It is worth mentioning that IL-17A is a key driver in
pathogenesis of AAV and that the knockout of IL-17A protects
mice from developing AAV (107, 108). IMP761, a humanized
anti-LAG-3 antibody, showed immunosuppressive effect in a
delayed-type hypersensitivity model of cynomolgus macaque
that was induced by tuberculin. IMP761 decreased the
infiltration of inflammatory T cells into the DTH site to one
third of the control level. In vitro, IMP761 reduced the
proliferation and activation of self-antigen-induced T cells with
a mean inhibition rate of 50% (109).

The immunosuppressive effect of ICP agonist antibody was
also demonstrated in the graft-versus-host disease (GVHD) and
asthma models. Dallas and coworkers showed the treatment of
an anti-VISTA antibody extended the survival of mice of the
GVHD model. Treated mice were able to live up to 18 months
with no sign of GVHD, infection, or cancer (92). Meanwhile, the
treatment reduced the accumulation of T cells in the spleen and
liver by eight and five times, respectively. When an anti-VISTA
antibody was used to treat OVA-induced asthma in mice, the
accumulation of eosinophils in bronchoalveolar lavage fluid of
these mice was reduced to one third of the untreated, control
level (79). According to the histological analysis, the mucus
production also decreased significantly in the antibody-treated
mice. Data from these aforementioned animal models reinforces
the point that agonistic antibodies of ICPs could be a powerful
tool to enhance ICPs and suppress autoimmunity and other
undesired immune responses.
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It is noteworthy that the sub-classification of agonist
antibodies influences their efficacy (110). lgG is the most
popular class of therapeutic antibodies due to its stability and
long half-life. Among the subclasses of IgG, IgG2 appears to be
the most effective subclass of agonists (95, 111–113). When three
subclasses anti-CD200R antibodies, lgG1, lgG2, and lgG4, were
compared, lgG2 showed 2-fold greater efficacy than both lgG1
and lgG4 (110). This result suggests the importance of
considering the subclasses and the Fc structure of antibodies
when designing antibody therapeutics targeting ICPs.

Nucleic Acids
Genes that encode ICP receptors and ligands are used as
therapeutics to suppress immunity. These genes are able to
increase the production of receptors and ligands inside the
body. Plasmids and virus are used as vectors to deliver the
genes and transfect cells in murine models. To date, this gene
therapy approach has achieved an increased expression of
receptors and ligands as well as immunosuppression in the
animal models of inflammation and organ transplantation. It
could be effective in autoimmune disease models.

A plasmid that carries a coding gene of BTLA was used to treat
herpetic stromal keratitis (93). According to immunohistological
analysis, this treatment decreased the infiltration of CD4 T cells
into infected corneas by half. The treatment also reduced IFN-g
positive cells in murine corneas and draining lymph nodes by
seven and two times, respectively. Further, splenocytes collected
from the treated mice produced less IFN-g (0.4 ng/ml versus 1.4
ng/ml of the control group). The result of IFN-g is a sign of
weakened Th1 responses. Ultimately, the treatment with the
BTLA plasmid lowered the incidence rate and the severity of
corneal lesions (the clinical score decreased from ~4 to less than 1,
even 0).

An adenovirus was constructed to deliver the coding gene of
PD-L1 by Li and coworkers (14). The adenovirus was preferred
for gene delivery due to their high transfection efficiency and low
toxicity. This PD-L1 adenovirus was tested in a pancreatic islet
transplantation model using mice with diabetes. The treatment
with the virus resulted in a high-level presence of soluble PD-L1
in mice for at least 28 days (21 mg/ml in caudal vein blood). The
treatment also prolonged the survival time of islet grafts from an
average of 8 to 28 days. In addition, the treatment lowered blood
glucose levels (from >20.0 mmol/L to <11.1 mmol/L), another
indicator that the treatment helped to protect islet grafts.

Cells
Since ligands of ICPs are intrinsically expressed in hematopoietic
and non-hematopoietic cells to ignite ICPs, it is a reasonable
strategy to supplement cells that express the ligands to the body
in order to strengthen ICPs. DCs express multiple types of ICP
ligands (12, 14, 16, 46, 84). and hence were exploited to carry out
the task. Hirata and coworkers used this approach to prevent EAE
(94). They engineered DCs that co-expressed both PD-L1 and a
myelin oligodendrocyte glycoprotein-derived antigenic peptide
(MOG, p35-55). The mice that received a transfer of these dual
expression DCs experienced the significantly reduced severity of
EAE as compared to untreated mice or mice that were treated with
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DCs expressing the MOG peptide only. The mean clinical score
reduced from 3.0 to less than 1.0. Treatment with the PD-L1/MOG
peptide dual expression DCs also abolished T cell infiltration into
spinal cords. As a prophylactic measure, the dual expression DCs
prevented the development of EAE and maintained a mean clinical
score under 1.0. It is worth mentioning that PD-L1 and the MOG
peptide are preferred to be expressed by the same DCs according to
data. When PD-L1 and the MOG peptide are expressed in two
separate DC populations, and when the combination of the two
populations was used to treat mice with EAE, the combination
therapy did not deliver the same level of efficacy as the dual
expression DCs. The result underscores the necessity of co-
expression of PD-L1 and the MOG peptide in the same DCs for
this therapeutic strategy.

In addition to DCs, other types of cells were also engineered
and utilized to ameliorate autoimmune diseases. Pancreatic b
cells were engineered to express the scFv of anti-CTLA-4
antibody (96). In a coculture experiment containing T cells
and the engineered b-cells, the b-cells inhibited the level of T
cell proliferation by half. The same research group also generated
transgenic NOD mice that specifically express the scFv of anti-
CTLA-4 antibody in b cells. The expression was induced by
insulin. It was found that, at 21-weeks old, the diabetes incidence
rate for the wile type NOD mice was 59%, while the rate for the
CTLA-4 expression NOD mice was only 7.4%.

The cell engineering strategy was also employed to protect
transplanted organ allografts. Wen et al. generated pancreatic b-
cells that overexpress PD-L1 (95). They treated streptozotocin-
induced diabetic mice by intraperitoneal injection of allogenic
PD-L1-overexpressing b-cells. The engineered b-cell allograft
had much longer survival than the wildtype b-cell allograft, more
than 60 days versus fewer than 20 days. Their analysis further
showed that the engineered b-cells lowered lymphocyte
proliferation by half, increased the apoptosis rate of
lymphocytes from ~40 to ~60%, and reduced the secretion of
IFN-g by lymphocytes from ~25 to ~10 pg/ml.

Combination of Therapeutics
Since some of the aforementioned therapeutic strategies have
complementary working mechanisms, it is reasonable to explore
combination therapies that consist of multiple of strategies. One
reported effort is the combination of soluble ICP molecules and
antibodies (97). Truong et al. designed a combination that
included an anti-BTLA antibody and a CTLA-4-Fc fusion and
used the combination to foster immune tolerance toward islet
allografts in mice (97). This combinational treatment led to
indefinite allograft survival (>100 days) through attenuating
CD4 and CD8 T-cell mediated immune rejections. In contrast,
the monotherapy of the anti-BTLA antibody or the CTLA-4-Fc
fusion only delivered moderate survival benefits; the islet
allografts survived for 20–30 days.

Depletion of ICP Receptor Positive
Immune Cells
Existing data on the PD-1 ICP point to the importance of PD-1
positive cells in the pathogenesis of multiple autoimmune
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diseases including T1D, MS, and SLE (29, 114–122). Further, a
correlation was reported between the pathogenic potential and
the PD-1 expression of autoreactive lymphocytes (123). Thus, it
is plausible to use PD-1 as a biomarker of autoreactive immune
cells in autoimmune diseases. We recently created an
immunotoxin that is able to specifically ablate PD-1 positive
cells (36). The depletion of PD-1 positive cells effectively
ameliorated autoimmune attacks. Specifically, the depletion
treatment delayed the onset age of the spontaneous T1D in
NODmice from 19 to 29 weeks. The depletion also enabled mice
to recover from the advanced stage of EAE. What makes this
depletion treatment even more desirable is that the treated mice
maintained healthy adaptive immunity, evidenced by their full-
strength humoral and cellular immune responses to
vaccinations. The healthy adaptive immunity was protected
after the depletion of PD-1 positive cell because naive
lymphocytes, which are PD-1-negative (PD-1−), are spared by
the depletion (15, 124–126). These naive lymphocytes can be
activated, mount normal immune responses, and maintain
healthy adaptive immunity after the depletion.
SAFETY OF ICP RELATED AUTOIMMUNE
THERAPIES

Therapeutics for autoimmune diseases, in principle, should exert
an immunosuppressive effect. Often, such suppression happens
to not only autoimmunity but also healthy immunity, leading to
immune deficiency and undesirable side effects. Patients who
take these therapeutics long term are prone to opportunistic
infections and endure a greater risk of malignancy. Thus, it is
critical to evaluate whether autoimmune disease therapeutics
cause unacceptable immune deficiency during the therapeutic
development. Such a requirement should apply to ICP-based
therapeutics as well.

According to reported data of ICP-based therapeutics, these
therapeutics appear devoid of serious side effects. None of the
cited studies in this review revealed serious side effects. Given
that the efficacy evaluation of these therapeutics normally
requires long-term studies, it is reasonable to assume these
therapeutics do not cause severe side effects within a
reasonably long period of time. In our recent study, we
continuously applied the treatment of PD-1 positive cell
depletion to NOD mice and observed these mice for 17 weeks.
We did not observe any serious side effects on the mice during
the entire study except for hyperglycemia at the end phase of the
study (36). In Zhou’s study of PD-L1 fusion proteins, treated
mice were followed for more than 60 weeks after treatment. No
severe side effect was detected (101). In addition, Abatacept was
proven safe for clinical use through clinical trials (127). These
results may serve as an indication that these ICP therapeutics are
devoid of severe side effects when treating autoimmune diseases.

In addition to the aforementioned passive observations of side
effects, some studies of ICP-based therapeutics included an active
assessment of protective immunity after treatments. In the
above-mentioned PD-1 positive cell depletion study, we
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evaluated blood cell counts and humoral and cellular immunity
two days after the depletion. Our data showed that treated mice
have a normal level of B cell, CD4 T cell, and CD8 T cell counts
in blood and spleens (36). These treated mice developed normal
antibody and cytotoxic T lymphocyte (CTL) responses toward
vaccinations. In a study of PD-L1-Fc proteins, the administration
of PD-L1-Fc did not alter the percentages of peripheral CD4 and
CD8 T cells, nor the population of FoxP3 positive cells (101).
However, the treatment of PD-L1-Fc reduced the fractions of
antibody-secreting cells among peripheral mononuclear cells,
splenic cells, and bone marrow cells to one third of the normal
levels. Together, these results of active assessments suggest that
the impact of ICP-based therapeutics on protective immunity
may be dependent on the mode of action of these therapeutics.
Meanwhile, while the side effects of ICP therapeutics are
generally mild, it is difficult to draw general conclusions about
their safety because of their distinct working mechanisms.
Meanwhile, these results are promising because they suggest
the possibility to mitigate side effects of ICP therapeutics by
employing therapeutics with different mode of actions.
THE PROSPECT OF ICPs AS A CLASS OF
THERAPEUTIC TARGET

ICPs have promising prospects as targets for autoimmune
disease therapeutics. Such a point of view is backed by various
facts and reasonings that we will state below. These facts and
reasonings may be categorized into four aspects, clinical
successes, mechanistical support, preclinical successes, and
safety assurance of ICP-based therapeutics.

First and foremost, there is already an FDA-approved drug
targeting an ICP. Abatacept targets the CTLA-4 ICP and was
approved as a treatment of a type of RA that does not respond to
disease-modifying anti-rheumatic drugs and anti-TNF-a.
Besides Abatacept, an anti-PD-1 agonist antibody (Celgene:
CC-90006) has been tested clinically in psoriasis patients since
2016 (NCT03337022). In all, although there is only one FDA-
approved ICP drug thus far, the clinical progress still underscores
the feasibility of developing autoimmune disease therapeutics
targeting ICPs.

Second, there exists a wide range of data supporting ICPs as
the targets for autoimmune disease therapeutics from a
mechanist ic aspect . Data from the murine models
demonstrated the critical relationship between the dysfunction
of ICPs and the pathogenesis of autoimmune diseases (23, 29–36,
128). Further, clinical data revealed the correlation between
autoimmune diseases and the deficiency of ICP signaling in
humans (129–133). These data, together, show the important
role of ICPs in the maintenance of immune tolerance and
support the notion that molecules that restore or enhance ICP
signaling could be effective therapeutics to prevent, alleviate, or
cure autoimmune diseases.

Third, the experimental therapeutics we recounted in Section
3 showed solid efficacy in various animal models of autoimmune
disease and inflammation (Table 3). These therapeutics are able
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to suppress autoimmunity and inflammation. These preclinical
results validate ICPs as an appealing therapeutic target for the
treatment of autoimmune diseases. In addition, these results
confirmed that fairly diversified methods and agents can be used
to leverage on ICPs to dampen autoimmunity.

Last, experimental therapeutics that target ICPs showed
relatively mild and potentially acceptable side effects. As
summarized in Section 4, no severe side effect was reported for
the wide range of therapeutics we reviewed. Although one
therapeutic of one ICP was shown to impair humoral
responses, another therapeutic targeting the same ICP but
having a different mode of action did not compromise
humoral responses. While more systemic studies are required
to draw a general conclusion on the safety of the therapeutics
that target ICPs, the safety data to date point to a positive
prospective for these therapeutics.

Overall, the development of ICP-targeted, autoimmune
disease therapeutics is still in its infancy and trails behind the
development of ICP-targeted cancer therapeutics: fewer drugs
were approved for clinical use; fewer publications are present.
The underdevelopment of autoimmune disease therapeutics
could be attributed to multifaceted factors: greater research
efforts and investment in cancer therapy development, the
urgency to develop cancer therapeutics, the higher safety
requirements for autoimmune disease therapeutics, and so on.
The underdevelopment reality, however, also provides a broader
horizon to explore ICPs as therapeutic targets and utilize the
targets. There is a great development space to explore. Given the
aforementioned prospects of this class of therapeutics, it is
reasonable to believe that ICPs as therapeutic targets will yield
more successes in the future.
CONCLUSION

ICPs are an important mechanism to maintain immunotolerance
and suppress autoimmunity. Evidences from preclinical studies
and clinical trials have shown that an abolishment or a blockade
of ICPs leads to the loss of immune tolerance and autoimmune
disorders. To date, there are eight ICPs that have been mostly
studied and reported. Distinct to other reviews of ICPs that focus
on their utilizations in cancer immunotherapy (85, 134, 135), this
review focuses on autoimmune disease therapeutics targeting
ICPs. These therapeutics may be categorized into two groups
according to their working mechanisms: the first group shared a
working mechanism of enhancing ICPs; the second group
utilized ICP receptors as biomarkers for pathogenic immune
cells of autoimmune diseases and treated the diseases by
depleting ICP-receptor positive immune cells. The ICP-based
autoimmune disease therapeutics, in general, have acceptable
safety profiles although more clinical and long-term evaluations
are warranted. Given the impact of the ICPs on immune
tolerance and the current development status of ICP-based
therapeutics, it is deemed that there is a great space to develop
this line of therapeutics, and this type of therapeutics holds
promise to transform autoimmune disease therapy.
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ImmTOR biodegradable nanoparticles encapsulating rapamycin have been shown to
induce a durable tolerogenic immune response to co-administered biologics and gene
therapy vectors. Prior mechanism of action studies have demonstrated selective
biodistribution of ImmTOR to the spleen and liver following intravenous (IV)
administration. In the spleen, ImmTOR has been shown to induce tolerogenic dendritic
cells and antigen-specific regulatory T cells and inhibit antigen-specific B cell activation.
Splenectomy of mice resulted in partial but incomplete abrogation of the tolerogenic
immune response induced by ImmTOR. Here we investigated the ability of ImmTOR to
enhance the tolerogenic environment in the liver. All the major resident populations of liver
cells, including liver sinusoidal endothelial cells (LSECs), Kupffer cells (KC), stellate cells
(SC), and hepatocytes, actively took up fluorescent-labeled ImmTOR particles, which
resulted in downregulation of MHC class II and co-stimulatory molecules and upregulation
of the PD-L1 checkpoint molecule. The LSEC, known to play an important role in hepatic
tolerance induction, emerged as a key target cell for ImmTOR. LSEC isolated from
ImmTOR treated mice inhibited antigen-specific activation of ovalbumin-specific OT-II T
cells. The tolerogenic environment led to a multi-pronged modulation of hepatic T cell
populations, resulting in an increase in T cells with a regulatory phenotype, upregulation of
PD-1 on CD4+ and CD8+ T cells, and the emergence of a large population of CD4–CD8–

(double negative) T cells. ImmTOR treatment protected mice in a concanavalin A-induced
model of acute hepatitis, as evidenced by reduced production of inflammatory cytokines,
infiltrate of activated leukocytes, and tissue necrosis. Modulation of T cell phenotype was
seen to a lesser extent after administration by empty nanoparticles, but not free
rapamycin. The upregulation of PD-1, but not the appearance of double negative
T cells, was inhibited by antibodies against PD-L1 or CTLA-4. These results suggest
that the liver may contribute to the tolerogenic properties of ImmTOR treatment.
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INTRODUCTION

ImmTOR nanoparticles (formerly called SVP-Rapamycin) are
comprised of rapamycin, an inhibitor of the mTOR pathway,
embedded in a matrix of biodegradable poly(lactic acid) (PLA)
polymer (reviewed in 1). ImmTOR has been shown to induce
durable and antigen-specific tolerance in a variety of applications
including mitigating immune responses against biological
therapeutics (2–5), hepatotropic AAV gene therapy vectors (6),
and autoantigens (7, 8). The principal target organs of
biodistribution for intravenously delivered ImmTOR are spleen
and liver (7). This is consistent with another published report that
shows nanoparticle accumulation and capture by hepatic and
splenic sinusoids (9). The liver is known to behave as a
tolerogenic organ (10). Under normal conditions, there is an
active suppression of immunity to a continuous flow of gut flora
and food-borne antigens, which enter the liver via portal vessels to
liver sinusoids (11). This process is essential to prevent unwanted
immune stimulation to otherwise harmless digestive antigens and
commensal bacterial antigens. The tolerogenic potential of the liver
was first shown over 50 years ago, with an observation that MHC
mismatched pigs could tolerate allogeneic liver transplants without
immunosuppressive drugs. Moreover, porcine recipients of liver
allografts were also capable of accepting other organ grafts, which
normally would have been rejected in the absence of the liver
allograft (12). Similarly, immune responses against the transgene
product of AAV gene therapy expressed in the muscle can be
mitigated by co-expression of the transgene in the liver (13).

Despite the propensity towards tolerogenic immune responses
in the liver, robust effector immuneresponsescanbemounted in the
liver in the case of liver-tropic viral infections and liver-targeted
autoimmune diseases. In humans, immunosuppressive drugs must
be used in liver transplantation, although up to 20% of patients can
be gradually weaned from these drugs over time while maintaining
graft function (14). The liver contains several unique cell
populations capable of presenting antigens, such as Kupffer cells
(KC), the most abundant liver resident macrophage population
possessing scavenger/phagocytic function (15), and liver sinusoidal
endothelial cells (LSECs), the most abundant non-parenchymal
hepatic cell population which line the sinusoidal capillary channels
and are involved in filtering blood passing through the liver. LSECs
have high endocytic capacity and are capable of presenting antigen
to T cells (16). The balance between tolerogenic immune responses
andeffector immuneresponses is likely influencedbythephenotype
of antigen-presenting cells in the liver, such as expression of co-
stimulatory molecules, CD80 and CD86, which promote effector
immune responses, and checkpoint molecules, such as PD-L1,
which promote tolerogenic immune responses.

In this study we followed trafficking of fluorescent-labeled
ImmTOR particles to the liver, showing its simultaneous uptake
by all major liver cell populations. ImmTOR induced a prolonged
tolerogenic phenotype in KCs and LSECs, characterized by down-
regulation ofMHC class II and co-stimulatorymolecule expression
andprofoundupregulation ofPD-L1.This, in turn, led to induction
of major and persistent changes in hepatic T cell populations, with
an overall decrease in CD4 and CD8 T cells, a marked increase in
PD-1 expression, and induction of T cells with a regulatory
Frontiers in Immunology | www.frontiersin.org 2296
phenotype (CD25+, CD127low, PD-1+). Additionally, the
emergence of a large population of double-negative (CD4-, CD8-)
T cells was observed in the liver, but not the spleen. The
upregulation of PD-1, but not the increase in double negative T
cells, was partially dependent on the PD-L1/PD-1 axis and on
CTLA-4. Collectively, upon the exposure to ImmTOR, most of
hepatic T cells acquired an immunosuppressive or anergic
phenotype, which was maintained for at least 2 weeks after a single
treatment. ImmTORtreatment alsoprotectedmice in a concanavalin
A-induced model of acute hepatitis.
MATERIALS AND METHODS

ImmTOR and Other Nanoparticles
Rapamycin containing nanoparticles (ImmTOR) were
manufactured as described earlier (2, 7). Briefly, PLA, pegylated
polylactic acid (PLA-PEG), and rapamycin were dissolved in
dichloromethane to form the oil phase. An aqueous solution was
then added to the oil phase and emulsified by sonication (Branson
Digital Sonifier 250A). Following emulsification, a double emulsion
was created by adding an aqueous solution of polyvinylalcohol and
sonicating a second time.Thedouble emulsionwas added to abeaker
containing phosphate buffer solution and stirred at room
temperature for 2 h to allow the dichloromethane to evaporate.
The resulting NPs were washed twice by centrifuging at 75,600 × g
and 4°C followed by resuspension of the pellet in PBS. Fluorescent
Cy5-containing NPs were manufactured as described above using
PLA-Cy5conjugate. PLAwithabutyl amine endgroupwasprepared
fromPLA-acid,whichwas then treatedwithCy5-acid in thepresence
of a coupling agent (O-(Benzotriazol-1-yl)-N,N,N′ ,N
′-tetramethyluronium tetrafluoroborate) to afford the conjugates.
ImmTORdoseswere based on rapamycin content ranging from200
to 400 µg. Empty nanoparticles were manufactured in an identical
manner, but without rapamycin. Rapamycin (sirolimus) was
manufactured by Concord Biotech (Ahmedabad, India).

Mice
Immunologically naïve, female C57BL/6 mice aged 36-52 days
(or 17-18g) were purchased from Charles River Laboratories
(Wilmington, MA). Similarly aged B6.Cg-Tg(TcraTcrb)425Cbn/
J mice (also known as OT-II mice), expressing the T cell receptor
(TCR), which is specific for chicken ovalbumin 323-339 peptide
(OVA323-339 or OP-II) in the context of I-Ab resulting in CD4+ T
cells that primarily recognize OP-II when presented by the
MHC-II molecule were purchased from Jackson Laboratories
(Bar Harbor, ME). To minimize the potential effects of stress,
mice were acclimated to the Animal Care Facility at Selecta for at
least three days prior to injection. All the experiments were
conducted in strict compliance with NIH Guide for the Care and
Use of Laboratory Animals and other federal, state and local
regulations and were approved by Selecta’s IACUC.

Animal Injections
Mice were injected (i.v., tail vein or retro-orbital plexus) with
ImmTOR or empty nanoparticles in the effective range of 200-
400 µg. Molar equivalent of soluble rapamycin was administered i.p.
May 2021 | Volume 12 | Article 637469
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Sample Collection and Flow Cytometry
For given timepoints (most of the time, several overlapping time-
points were tested using the same set of treatments, always including
naïve and/or placebo or free rapamycin controls), mice were
euthanized, livers and/or spleens harvested and rendered into
single cell suspensions via collagenase 4 (Worthington
Biochemical, Lakewood, NJ) enzymatic digest according to
manufacturer’s recommended protocol. Next, a red blood cell
lysis step was performed for 5 min at room temperature in 150
mM NH4Cl, 10 mM KHCO3, 10 mM Na2-EDTA; washed in PBS,
2% bovine serum; then filtered on a 70 µm nylon mesh. LSECs were
isolated via CD146 positive selection with immunomagnetic beads
according to manufacturer’s instructions (Miltenyi Biotec, San
Diego, CA). To prevent non-specific antibody binding, cells were
incubated 20 min. on ice with anti-CD16/32 then stained with
antibodies (all from BioLegend, San Diego, CA) for given cell
surface phenotype. Analysis was performed via FACSCanto flow
cytometer (BD Biosciences) with subsequent data analysis using
FlowJo software (TreeStar, Ashland, OR).

Characterization of Liver
Cell Subpopulations
Flow cytometry was used for the phenotyping of hepatocytes,
LSEC, KC, hepatic stellate cells (HSC) and liver T cells from liver
cell suspension and of LSEC post CD146 positive selection. Dead
cells were always excluded from analysis. Phenotypic changes were
assessed as percentage of parent population as shown; measuring
of absolute mean fluorescent intensity (MFI) gave essentially the
same results. Gating strategies for all the major hepatic cell
populations assessed in the study are shown in Supplementary
Figure S1. All antibodies to cell surface markers were from
BioLegend (San Diego, CA), with the exception of that against
LRP-1 (A2MR-a2) being from Thermo Fischer (Waltham, MA).
The following primary antibodies were used to identify liver
parenchyma cells: anti-LRP-1 (conjugated with R-PE using
SiteClick R-PE labeling kit (Thermo Fischer) according to
manufacturer’s instructions), F4/80 (BV510), anti-CD68 (APC/
Cy™7), anti-CD11b (PE/Cy7), anti-mannose receptor (MR) (BV-
eFlour450), anti-CD146-FITC, anti-CD38 (APC/Cy7) and anti-
GFAP (BV421). To confirm the purity of the LSEC population
after CD146 positive selection anti-MR (BV eFlour450), anti-F4/
80 (BV 510) and anti-CD68 (APC/Cy7) were used. For LSEC and
KC phenotyping, the following antibodies were utilized: anti-
MHCII (Alexa Flour® 488), anti-CD80 (PE), anti-CD86 (PE/
Cy7) and anti-PD-L1 (PerCP-Cy5.5), all from BioLegend. The
following antibodies were used for T cell differentiation and
characterization; anti-CD127 (PE), anti-PD-1 (PerCP-Cy5.5),
anti-CD4 (PE/Cy7), anti-CD25 (APC/Cy7), anti-CD3 (BV421),
anti-CD8a (BV510), anti-CD62L (Alexa Flour® 488), anti-CD44
(PE) and anti-NK1.1 (APC-Fire). Annexin B was used to evaluate
cell apoptosis. Additionally, anti-CD11c (BV510), anti-PDCA1
(Alexa Flour® 488), anti-CD45 (APC/Cy7), anti-CD152(PE/Cy5)
and anti-MHCI (PerCP-Cy5.5) were used to analyze dendritic
cells (DC) and their activation status. Cells were incubated with
anti-CD16/32 antibodies to prevent non-specific binding, then
incubated with primary antibodies for 30 min at 4°C and washed.
Analysis of cells were carried out on BD FACSCanto™ II flow
Frontiers in Immunology | www.frontiersin.org 3297
cytometer (BD Biosciences) with data analysis using FlowJo
software (TreeStar, Ashland, OR).

Cell Proliferation and Cytokine
Secretion In Vitro
LSEC were purified as described above and KCwere purified using
positive selection F4/80 microbeads (Miltenyi Biotec) with >80%
purity of either population confirmed by flow cytometry. For cell
proliferation studies LSEC isolated from ImmTOR-treated or
naïve mice were cultured in limiting dilutions (starting at 1.25 x
105 cells/well) with a fixed number of OT-II splenocytes (2.5 x 104

cells/well) stimulated with OVA323-339 peptide (Anaspec, Fremont,
CA) at 1 µg/ml. Cultures were carried out in triplicates in 96-well
round-bottomed plates and cell proliferation was evaluated 72
hours after initiating the cultures using two separate methods,
namely resazurin-based fluorescence (17) with PrestoBlue™ HS
cell viability reagent (Thermo Fisher, Waltham, MA) according to
manufacturer’s instructions and via intracellular flow cytometry
using labeling with anti-Ki-67 (Alexa Fluor® 647, BioLegend), a
protein known to be absent in non-dividing cells (18) and to
positively correlate with mouse T cell proliferation (19).

Serum cytokine levels were analyzed with Meso Scale
Discovery (MSD) 96-Well MULTI-SPOT® Ultra-Sensitive
Human Immunoassay Kits, using electrochemiluminescence
detection on an MESO® QuickPlex SQ 120 with Discovery
Workbench software (version 3.0.18) (MSD®, Gaitherburg,
MD). Cytokines were measured using the U-PLEX TH1/TH2
combo (ms) 10-plex kit and the U-PLEX TGF-b Combo (ms) 3-
plex kit. Assays were performed according to manufacturer’s
instructions, and without alterations to the recommended
standard curve dilutions. OR).

Concanavalin A Challenge Model
Concanavalin A (Con A) induced liver toxicity model was
employed essentially as earlier described (20, 21). Briefly, mice
were injected (i.v., r.o.) Con A at 12 mg/kg and then terminally
bled at 6, 8, 12 or 24 hours post-challenge with cytokine levels in
serum determined by MSD as described above and liver tissues
collected simultaneously for single-cell suspension analysis by
flow cytometry as described above or for hematoxylin-eosin
staining followed by microscopic evaluation.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism 8.0.2. To
compare the mouse experimental groups pairwise either multiple t
test (for several time-points) orMann-Whitney two-tailed test (for a
single time-point; individual comparison of two groups presented
within the same graph) were used. Significance is shown for each
figure legend (* – p < 0.05, ** – p < 0.01; *** – p < 0.001; **** – p <
0.0001; not significant – p > 0.05). All data for individual
experimental groups is presented as mean ± SD (error bars).

RESULTS

ImmTOR Trafficking to Liver Cell Populations
ImmTOR has been previously shown to preferentially
accumulate in the liver and spleen after intravenous delivery
May 2021 | Volume 12 | Article 637469
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(7). In order to discern its hepatic trafficking in more detail, we
analyzed individual liver cell populations by flow cytometry after
injection of fluorescent-labeled ImmTOR (Figure 1). Not
surprisingly, there was a massive uptake of ImmTOR by
Kupffer cells, especially those with a phagocytic phenotype
(Figures 1A, B). Moreover, there was significant ImmTOR
uptake by hepatocytes (Figure 1C) and LSECs (Figure 1D).
Similar results were seen at earlier and later time-points,
spanning from one day to two weeks post injection (not
shown). Collectively, intravenous injection of ImmTOR led to
its simultaneous uptake by all major resident liver cell
populations tested.

Induction of a Tolerogenic Profile in
Professional and Non-Professional
Liver APC
Expression of cell surface molecules on phagocytic KCs that play
key roles in antigen presentation and immune co-stimulation
were affected as early as 1-3 days after ImmTOR treatment
(Figure 2). Specifically, expression of the immune checkpoint
ligand, PD-L1, was already elevated at day 1 (Figure 2A), while
expression of MHC class II and the co-stimulatory CD80
molecule were decreased by day 3 (Figures 2B, C). All of these
effects peaked around days 5-7 post-ImmTOR administration
and returned to baseline levels by day 10. Other populations of
professional APC, such as myeloid DC, showed similar increases
in PD-L1 and decreases in CD80 expression, while plasmacytoid
DC and cytokine-producing KC showed modest but significant
decreases in CD80 and CD86 expression (Supplementary
Figure S2).

A broad effect of ImmTOR was detected when analyzing the
surface molecule expression profile of LSECs, which have been
shown to play a major role in tolerogenic immune responses in
the liver (16). Specifically, a consistent suppression of MHC class
Frontiers in Immunology | www.frontiersin.org 4298
II, CD80 and especially, CD86 was detected as early as one day
after ImmTOR treatment and then maintained throughout the
first week after ImmTOR administration (Figures 3A–C). Of
these, CD80 was downregulated early, but then gradually
increased over the first week (Figure 3B), while MHC-II was
modestly downregulated over days 1-10 post injection
(Figure 3A). CD86 expression was profoundly suppressed for
at least two weeks after ImmTOR treatment (Figure 3C). None
of these effects were observed if placebo nanoparticles (NP-
Empty) were used (not shown).

In contrast, expression of PD-L1 was markedly elevated on
LSECs at 1 day after ImmTOR administration and peaking around
days 3-5 post-treatment (Figure 3D).When combined with analysis
of CD80/86 expression, a profound increase in LSEC with a
tolerogenic phenotype (PD-L1+CD80lowCD86low) was apparent
during the first week after ImmTOR administration, which was
maintained through at least day 14 (Figure 3E). By this time CD80
andMHC class II (Figures 3A, B) expression was gradually restored
to baseline levels, while CD86 expression remained suppressed
(Figure 3C). A similar phenotype of LSEC was observed if a
purified LSEC population selected for CD146 expression was used
(not shown) and this tolerogenic LSEC surface phenotype was the
same irrespective of whether MR or CD146 was used for LSEC
identification (Supplementary Figure S3). As with professional
hepatic APC, no effect on LSEC surface expression of CD80, CD86
and MHC class II molecules was seen when NP-Empty was used
(see Supplementary Figure S3 for representative images).

There was little or no difference in expression of PD-L1 or
MHC class II when comparing total hepatocytes from mice
treated with ImmTOR vs naïve controls (Supplementary
Figure S4). However, those hepatocytes that took up
ImmTOR, as evidenced by use of fluorescent-labeled
ImmTOR, showed a profound upregulation of PD-L1 and
down-regulation of MHC class II expression. Specifically, such
A B C D

FIGURE 1 | ImmTOR traffics to major liver cell populations after intravenous inoculation. Cy5-labeled ImmTOR particles (200 µg) were administered into the venous
circulation via the retro-orbital venous sinus. Livers were harvested at day 7 and processed to single-cell suspensions, which were stained with antibodies to markers
indicated and analyzed by flow cytometry. Fractions of Cy5-positive cytokine-producing (A) and phagocytic (B) Kupffer cells (F4/80+CD11b+ and F4/80+CD68+,
respectively) as well as of hepatocytes (C) (LRP-1+F4/80–CD11b–) and LSEC (D) (MR+F4/80–CD68–) are shown (% of total). Summaries of three independent
experiments in which identical time-points were assessed are shown (n = 9-13 mice/group). Background fluorescence in naïve mice is also shown. Statistical
difference in the size Cy5-positive fractions vs. that in naïve mice is shown (**** – p<0.0001; Mann-Whitney test).
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fluorescent ImmTOR-positive hepatocytes expressed two times
less MHC class II (Supplementary Figure S4A) and two times
more PD-L1 (Supplementary Figure S4B) than ImmTOR-
negative hepatocytes or hepatocytes from naïve untreated mice.
A similar pattern was observed in hepatic stellate cells
(Supplementary Figure S5), which by day 5 took up ImmTOR
particles with similar efficiency as other parenchymal cells
(Supplementary Figure S5A) and then upregulated PD-L1
and downregulated MHC class II molecules (Supplementary
Figures S5B, C), but only in those cells that took up ImmTOR
(Supplementary Figures S5D, E). The same effect was seen at 7
days post-injection (not shown) with MHC class II expression on
HSC decreased from being nearly 100% in HSC that were
ImmTOR-negative to less than 20% of cells that were positive
for fluorescent ImmTOR.

Modulation of Hepatic T Cells by ImmTOR
ImmTORadministration led to a profound impact on hepatic T cells
(Figure 4). Specifically, a massive decrease in CD4+ T cells was
observed as early as 3 days after ImmTOR treatment (Figure 4A),
which was accompanied by a decrease of CD8+ cells as well
(Figure 4B). There was no evidence of increased apoptosis among
either CD4 or CD8T cells whether 7-AAD (Supplementary Figures
S6A, B) or Annexin B (not shown) were used. However, there was a
substantial increase in double-negative (DN, CD3+CD4–CD8–) T
cells thatpersisted for at least 14days (Figures4C,D).The increase in
DN T cells was not reproduced by systemic injection of free
rapamycin (Figures 4B–D), but was observed to a lesser degree
with empty particles (NP-Empty) (Figure 4D). This effect was
observed only in hepatic T cells, as a change in DN T cells was not
seen in splenic T cells (Figure 4E).

Additionally, ImmTOR administration led to induction of PD-1
expression on remaining CD4+ and CD8+ T cell subpopulations
within three days and maintained for at least 14 days post-
administration and was not seen when equal doses of free
rapamycin were used (Figures 5A–C). Empty nanoparticles
showed a modest, non-significant trend to increasing PD-1
expression on T cells. The increase in PD-1 expressing T cells was
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more pronounced on CD4+CD25+ T cell cells (Figures 5D, E) and
specifically on T cells with a regulatory phenotype
(CD4+CD25+CD127low (22, 23); (Figure 5F). However, there was
no significant increase in intracellular FoxP3 expression within
hepatic CD4+CD25+ cells (Supplementary Figure S6C). We then
tested whether immune checkpoint-related pathways are involved
in this process, especially taking into consideration ImmTOR-
mediated PD-L1 elevation on hepatic professional and non-
professional APC (Figures 2, 3). ImmTOR-mediated increase in
PD-1high hepatic T cells (Figure 6A) and CD4+CD25+CD127low T
cells (Figure 6B), but not the emergence of hepatic DN T cells
(Figure 6C), was inhibited by anti-PD-1 or anti-CTLA-4 antibodies.

There was no significant impact of ImmTOR on hepatic NK T
cells (Supplementary Figure S6D) and the key features of T cell
impact such as CD4 and CD8 surface downregulation, DN T cell
emergence and PD-1 surface induction were the same irrespective
of whether female (Figure 5) or male (Supplementary Figure S7)
mice were used to assess ImmTOR effects. ImmTOR treatment did
not affect surface expression of CTLA-4 and CD28 on hepatic T
cells (not shown).

ImmTOR-Mediated Suppression of
Hepatic Immune Activation In Vitro
and In Vivo
The ability of ImmTOR to suppress immune activation was further
assayed using several ex vivo and in vivomodels. Firstly, LSEC from
ImmTOR-treated or naïvemice were isolated and co-incubatedwith
cognate-peptide stimulated splenocytes from OT-II mice. While
LSEC from naïve mice exhibited minimal and non-specific
inhibitory effect on OT-II cell proliferation, the effect of LSEC from
ImmTOR-treated animals was dose-dependent and of much higher
scale (by the factor of 3 to 10) andwas confirmedby two independent
methods of proliferation measurement (Figures 7A, B). When
cytokine expression by Kupffer cells and LSEC isolated from
ImmTOR-treated mice was assessed in vitro vs. that in naïve mice,
there was a significant decrease in expression of KC/GRO
(Figure 7C), a neutrophil chemokine with a known role in several
models of inflammatory response (24, 25).
A B C

FIGURE 2 | Induction of a tolerogenic phenotype in Kupffer Cells (KC) by ImmTOR. KC were stained in liver cell suspensions following treatment of mice with 200
µg ImmTOR (i. v.) Fractions of PD-L1+ (A), CD80+ (B) and MHC-II+ (C) phagocytic Kupffer cells (KC, identified as F4/80+CD68+) are shown. Summaries of four
independent experiments in which different and overlapping time-points were assessed are shown (n = 3-12 mice/group). Statistical difference in the size of
respective fractions at different time-points vs. that in naïve mice is shown (* – p<0.05, ** – p<0.01, *** – p<0.001, **** – p<0.0001; Mann-Whitney test).
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Since neutrophils along with several other immune cell types are
known to play a key role in amodel of immune-mediated hepatic cell
damage inflicted by concanavalin A (Con A) administration (20, 21,
26), we have then tested the ability of ImmTOR to prevent Con A-
mediated liver inflammation.Whenmice treatedwith ImmTORat 7
days prior to Con A challenge were evaluated, there was massive
decrease in systemic cytokine induction vs. that seen in untreated
mice or those treated with NP-Empty placebo, with the difference in
levels of IFN-g, KC/GRO, TNFa, IL-2 and IL-10 being especially
Frontiers in Immunology | www.frontiersin.org 6300
pronounced at several post-challenge time-points tested (Figure 8).
Similarly, intrahepatic appearance of activated neutrophils as well as
activation of liver-residentmacrophages and T cells was significantly
suppressed by ImmTOR, but not by NP-Empty pre-treatment
(Figure 9) as was histological evidence of leukocyte infiltration of
blood vessel-adjacent liver tissues andConA-induced tissue necrosis
(Figure 10). Similar effect, but of lesser scale was seen if ImmTOR
treatment was administered 3 days prior to Con A challenge
(not shown).
A B

C

E

D

FIGURE 3 | ImmTOR induces a tolerogenic phenotype in LSECs. LSEC were isolated from liver at different time-points after i.v. injection of ImmTOR at 200 µg and
analyzed by flow cytometry. Fractions of MHC-II+ (A), CD80+ (B), CD86+ (C), and PD-L1+ (D) liver sinusoid endothelial cells (LSEC, identified as MR+F4/80–CD68–)
are shown. The fraction of tolerogenic LSEC (identified as PD-L1+CD80lowCD86low) is also shown (E). Summaries of five independent experiments are shown in
which different and overlapping time-points were assessed (n=3-20 mice per group). Statistical difference in the size of respective fractions at different time-points vs.
that in naïve mice is shown (* – p<0.05, ** – p<0.01, *** – p<0.001, **** – p<0.0001; Mann-Whitney test).
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DISCUSSION

The liver is a unique organ that receives eighty percent of its blood
supply from the hepatic portal vein, which carries a massive load
of foreign antigens such as harmless dietary antigens as well as
commensal bacterial degradation products. Unbridled immune
responses against such antigens would be detrimental (27–29).
Thus, the liver functions as an important immune organ that has
evolved redundant pathways to maintain immunological tolerance
to harmless antigens, while retaining the capacity to respond to
potentially dangerous pathogens. In the current study, we
demonstrate that biodegradable ImmTOR nanoparticles
encapsulating rapamycin are taken up by all major resident liver
cell populations evaluated, including KC, LSEC, hepatocytes, HSC
and DC, and enhance the tolerogenic microenvironment in the
liver by modulating surface expression of co-stimulatory
molecules and checkpoint molecules on antigen presenting cells
in the liver, increasing the percentage of hepatic T cells with a
regulatory phenotype, elevating PD-1 expression on T cells, and by
dramatically downregulating expression of CD4 and CD8 on
Frontiers in Immunology | www.frontiersin.org 7301
effector T cells, leading to the emergence of a large population
of DN T cells.

The liver contains multiple types of cells that are capable of
presenting antigen to T cells. The KC are the most abundant liver
resident macrophage population possessing scavenger/phagocytic
function (15), allowing them to bind and take up many
endogenous and foreign molecules (30, 31). Several KC
subpopulations have been described, depending on their cytokine-
secreting and phagocytic abilities (32). KC express high levels of
MHCclass II and co-stimulatorymolecules, which support effectorT
cell responses; however, antigenpresentationbyKCcells can result in
induction of Tregs and immune tolerance, if expression of PD-L1 or
other immunosuppressive signaling molecules are upregulated (33–
37). ImmTORwas taken up by the vast majority of KC cells of either
cytokine-secreting (F4/80+, CD11b+) or phagocytic (F4/80+, CD68+)
phenotype (Figures 1A, B) and induced a tolerogenic phenotype in
KCs, as evidenced by substantial increase in PD-L1 expression and
decrease in CD80 and MHC class II expression that persisted for 7
daysafter treatment (Figures2A–C).Dendritic cells showedasimilar
response to ImmTOR, although to a lesser degree than KCs.
A B

D E

C

FIGURE 4 | ImmTOR treatment leads to the emergence of double-negative T cells in the liver but not spleen. Livers and/or spleen were processed and analyzed
after i.v. injection of ImmTOR at 200 (A–C) or 300 µg (D, E) or the same dose of free rapamycin or empty nanoparticles (NP-Empty). Fractions of CD4+ (A), CD8+

(B) and double-negative or CD4–CD8– (C, D) hepatic or hepatic and splenic (E) T cells (identified as CD3+ cells within lymphocyte gate) are shown. Timing of cell
analysis is indicated in (A, D) analysis shown in other panels was done at either five (E) or seven (B, C) days post injection. Summaries of three (A) or two (B, C)
independent experiments are shown (n=5-13 or 4-8 mice/group, respectively), or representative results of individual studies (n=3-6 mice/group) repeated at least
twice (D, E). Data shown in A result from analysis of different and overlapping time-points. Statistical difference in the size of respective fractions at different time-
points vs. that in naïve mice or mice injected with free rapamycin or NP-Empty is shown (** – p<0.01, *** – p<0.001, **** – p<0.0001; Mann-Whitney test).
May 2021 | Volume 12 | Article 637469

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Ilyinskii et al. ImmTOR Enhances Hepatic Tolerogenic Phenotype
The process of maintaining immune tolerance in the liver is not
confined to professional APC, such as KC, but is known to be
multifaceted with hepatocytes, stellate cells and especially LSEC
playing a key role in this process. LSECs line the liver sinusoids and
Frontiers in Immunology | www.frontiersin.org 8302
exhibit extraordinary scavenger function. LSECs are the most
efficient endocytic cell population in the body and are involved in
scavenging molecules from the bloodstream (38). LSECs act as
sentinel cells that can detect microbial pathogens in the blood
A B C

FIGURE 6 | Effect of anti-PD-L1 and anti-CTLA-4 antibodies on ImmTOR-driven changes in hepatic T cells. Hepatic T cells were analyzed by flow cytometry 7 days
after treatment with ImmTOR alone (400 µg), anti-PD-L1 or anti-CTLA-4 antibodies (i.p., 100 µg, three times with 3d intervals starting 3 days prior to ImmTOR
injection), or ImmTOR combined with anti-PD-L1 or anti-CTLA-4 antibodies. Fractions of PD-1high DN T cells (A), regulatory T cells (B), and DN T cells (C), are
shown. Representative results of individual study repeated at least twice is shown (n=3 mice/group). Statistical difference in the size of respective fractions from
ImmTOR-treated animals vs. other treatments is shown (* – p<0.05, ** – p<0.01; unpaired t-test).
A B

D E F

C

FIGURE 5 | ImmTOR treatment leads to upregulation of PD-1 expression on hepatic T cells and regulatory T cells. T cells were directly stained in liver cell
suspensions and analyzed after i.v. injection of ImmTOR at 200-400 µg or the same dose of free rapamycin or NP-Empty. Fractions of PD-1+ hepatic T helpers or
CTL (identified as CD3+CD4+ or CD3+CD8+, correspondingly) is shown (A–C) as well as fractions of PD-1+ T effectors (D, E), identified as CD3+CD4+CD25+) and
‘classic’ Tregs (F), CD3+CD4+CD25+CD127–). Summaries of three (A) or two (D) independent experiments are shown (n=4-13 or 4-9 mice/group, respectively), or
representative results of individual studies (n=3-5 mice/group) repeated at least twice (B, C, E, F). Data shown in (A) result from analysis of different and overlapping
time-points. Statistical difference in the size of respective fractions from ImmTOR-treated animals vs. that in naïve mice or those treated with NP-Empty or free
rapamycin is shown (* – p<0.05, ** – p<0.01, *** – p<0.001; Mann-Whitney test). ns, not significant.
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through pattern recognition receptors, and express MHC and
costimulatory molecules to support antigen-presentation to CD8+

and CD4+ T cells (39–41). The tolerance-inducing properties of
LSEC have been closely linked to their PD-L1 expression during
antigen presentation to T cells (27, 42) leading to induction or
activation of Treg cells (43). ImmTOR treatment induced
downregulation of immunostimulatory molecules and MHC class
II molecules and upregulation of PD-L1, which was especially
pronounced and prolonged (up to two weeks). Other
parenchymal cells, such as hepatocytes and stellate cells, showed a
similar response, although the effects in those were less pronounced
and limited to those cells that took up ImmTOR. Thus, different
hepatic cell populations are differentially affected by ImmTOR due
to differences in ImmTOR uptake and resulting phenotype.
Frontiers in Immunology | www.frontiersin.org 9303
T cell populations also exhibited profound and varied
phenotypic changes in response to ImmTOR treatment. We
observed a marked increase in T cells with a regulatory phenotype
(CD25+, CD127low, CD4+, CD3+, (Figures 5F and 6C). ImmTOR
also induced broad PD-1 elevation across both CD4+ and CD8+

T cells as well as on CD4 T cells with a regulatory phenotype
(Figure 5). The increase in PD-1 expressing T cells was inhibited by
antibodies against PD-L1 and CTLA-4 (Figure 6).

In addition to T cells with a phenotype similar to classic
Tregs, there was an emergence of CD3+ T cell population lacking
expression of CD4 and CD8 (CD3+CD4–CD8– or double-
negative, DN T cells) (Figures 4). This effect was not observed
in splenic T cells, despite the fact that ImmTOR traffics to the
spleen as well as to the liver (7). Double negative T cells have
A

B

C

FIGURE 7 | LSEC from ImmTOR-treated mice inhibit T cell proliferation in vitro and together with Kupffer cells, exhibit diminished KC/GRO secretion. LSEC were
isolated from ImmTOR-treated (300 µg, 7 days) and intact animals and co-incubated at limiting dilutions with splenic derived OT-II cells and OVA323-339 (1 µg/ml).
Cell proliferation index was measured by the percentage of Ki-67-positive cells (A) or by intensity of PrestoBlue fluorescent staining (B) as described in Materials and
Methods with relative proliferation at each LSEC-to-splenocyte ratio also shown vs. positive (no LSEC) OT-II control as 100%. Experiment was performed twice with
the same outcome and representative results are shown. (C) – LSEC and KC were purified from ImmTOR-treated (7 days) and intact animals, their purity confirmed
by FACS and then were plated at 200,000 cells/well with cytokine concentration in supernatants assayed at 7 days. Levels of KC/GRO secretion are shown with
statistical significance indicated (* – p<0.05; Mann-Whitney test).
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A B C

D E F

FIGURE 8 | ImmTOR pretreatment diminishes systemic inflammatory cytokines after Con A challenge. Six groups of nice (5 each) which were either untreated or
injected with ImmTOR or NP-Empty particles (300 µg) were challenged with concanavalin A (12 mg/kg, i.v.) 7 days after the treatment, sacrificed 8 or 12 hours later
and levels of serum cytokines determined. (A–F) – serum levels of IFNg, IL-2, TNFa, KC/GRO, IL-10, and IL-12 correspondingly, are shown for both post-challenge
time-points for all experimental groups vs. that of naïve (no ImmTOR, no Con A) mice with statistical significance indicated (* – p<0.05, ** – p<0.01; Mann-Whitney
test). Experiment was performed twice with essentially the same outcomes and the results of representative study are shown.
A B C

FIGURE 9 | ImmTOR pretreatment diminishes hepatic neutrophil infiltration as well as hepatic macrophage and T cell activation after concanavalin A challenge.
Three groups of mice (5/group) which were either untreated or pre-injected with ImmTOR or NP-Empty particles (300 µg) were challenged with concanavalin A (12
mg/kg, i.v.) 7 days after the treatment, sacrificed 12 hours later, livers processed to single cell suspensions and analyzed by FACS. (A) – fraction of activated
neutrophils (identified as CD69+GR1+CD11b+) out of total hepatic cells; (B, C) – fractions of activated (CD69+) macrophages and T cells (identified as F4/80+ and
CD3+ cells, correspondingly) are shown vs. that of naïve (no ImmTOR, no Con A) mice with statistical difference between groups indicated (** – p<0.01; Mann-
Whitney test).
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been shown to exhibit tolerogenic properties and have the ability to
strongly suppress activatedCD8+ andCD4+Tcells and impair their
metabolism (44–48). Consistentwith these observations,DNTcells
are known to play a role in suppressing the immune response in
transplantation (49) and graft versus host (GvHD) disease, with
severity of GVHD in recipients of allogeneic hematopoietic stem
cells being in inversely correlatedwith thenumberof circulatingDN
T cells (50). Interestingly, the effect of ImmTOR on the emergence
ofDNTcells was not dependent on the PD-L1/PD-1 axis orCTLA-
4, in contrast to the effect of ImmTOR on PD-1 expression
(Figure 5) and CD25+, CD127low, CD4+, CD3+ T cells.
Conversely, there have been reports of DN T cells exhibiting
inflammatory functions in a number of autoimmune diseases
(reviewed in 51), but these seem to be associated with
systemically active DN T cells as opposed to those induced locally
with no similar data with respect to liver-specific DN T cells.

We sought to overcome an initial limitation of this research,
which confined it to studying phenotypic changes in liver cell
populations by conducting functional studies ex vivo. Indeed, LSEC
from ImmTOR-treated animals were capable of suppressing
proliferation of stimulated T cells and they (as well as KC) also
expressed much lower amounts of neutrophil chemokine KC/GRO
(Figure 7), which is known to play a key role in several models of
inflammatory response (24, 25, 52) and hepatic production of
which has been shown to correlate with hepatic infiltration by
neutrophils in a model of experimental sepsis (53). There is also
some evidence of KC/GRO directly affecting T cells leading to
preferential naïve CD4 T-cell differentiation to Th17 (52).

Therefore, it was not surprising that hepatic infiltration by
activated neutrophils as well as activation of liver-resident
macrophages and T cells after Con A challenge, typical
Frontiers in Immunology | www.frontiersin.org 11305
features of this model of immune-mediated liver toxicity (20,
21, 26), were diminished by ImmTOR pretreatment (Figure 9).
This was also true for other hallmarks of Con A-induced liver
pathology such as leukocyte-induced cell death and systemic
cytokine induction (Figures 8 and 10). Some of these effects have
been observed earlier in a small study using free rapamycin
which was systemically administered shortly before Con A
challenge (54). However, the action of ImmTOR has a much
broader window of efficacy and seems to affect many other
cytokines in addition to those earlier reported (54), especially
interesting being those, which were not seen previously as
significant actors in this system, specifically KC/GRO.

Previous studies have demonstrated that ImmTOR is capable
of inducing durable immune tolerance in vivo to model antigens,
such as ovalbumin and KLH, against a broad range of biologic
therapies, and to autoantigens (2–8, 55). As reported earlier,
ImmTOR particles are 150 nm in diameter and have a surface
charge of 8.9 ± 0.1 mV (55) with rapamycin load within 8-25%
weight and release rate up to 60% at 1 hour or 25-80% at 24 hours.
A role for the spleen in the mechanism of action of ImmTOR was
inferred by the appearance of splenic antigen-specific regulatory T
cells; however, whether those Tregs arose in the spleen or migrated
there was not addressed (2, 6, 7). Splenectomy substantially, but
incompletely, negated the tolerogenic effects of ImmTOR (2).
However, there was no major effect of ImmTOR on dendritic
cell phenotype, including MHC class II and co-stimulatory
molecule expression, or total T cell sub-populations in the
spleen (2). Indeed, the phenotypic changes induced by
ImmTOR are considerably more pronounced in the liver than
the spleen. In particular, the emergence of a large population of
DN T cells was observed in the liver but not the spleen
FIGURE 10 | ImmTOR pretreatment diminishes hepatic cytotoxicity after Con A challenge. Mice which were either untreated or pre-injected with ImmTOR particles
(300 µg) were challenged with concanavalin A (12 mg/kg, i.v.), sacrificed 24 hours later, livers fixed and processed to tissue slides, stained by hematoxylin-eosin, and
analyzed microscopically. The areas of leukocyte infiltration adjacent to vessels (blue arrows) and necrotic areas (red arrows) are indicated. Samples from two
representative animals are shown for both groups vs. naïve controls (no treatment, no Con A) as indicated.
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(Figure 4E). Future research will focus on developing genetically
modified mouse models to further dissect the role of the liver in
immune tolerance induction induced by ImmTOR.

While the liver environment favors the induction and
maintenance of immune tolerance, tolerance can be broken leading
to liver specific autoimmune diseases, such as autoimmune hepatitis,
primary biliary cholangitis, and primary sclerosing cholangitis. The
biodistribution of ImmTOR nanoparticles to the liver and its
multipronged effects on promoting a tolerogenic phenotype in
antigen-presenting cells and T cells suggest that ImmTOR may be
beneficial in the treatment of liver autoimmune diseases, either alone
or combined with autoantigens, such as PDC-E2, to restore immune
tolerance to autoantigens.
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Allogeneic islet transplantation is a promising cell-based therapy for Type 1 Diabetes
(T1D). The long-term efficacy of this approach, however, is impaired by allorejection.
Current clinical practice relies on long-term systemic immunosuppression, leading to
severe adverse events. To avoid these detrimental effects, poly(lactic-co-glycolic acid)
(PLGA) microparticles (MPs) were engineered for the localized and controlled release of
immunomodulatory TGF-b1. The in vitro co-incubation of TGF-b1 releasing PLGA MPs
with naïve CD4+ T cells resulted in the efficient generation of both polyclonal and antigen-
specific induced regulatory T cells (iTregs) with robust immunosuppressive function. The
co-transplantation of TGF-b1 releasing PLGA MPs and Balb/c mouse islets within the
extrahepatic epididymal fat pad (EFP) of diabetic C57BL/6J mice resulted in the prompt
engraftment of the allogenic implants, supporting the compatibility of PLGA MPs and local
TGF-b1 release. The presence of the TGF-b1-PLGA MPs, however, did not confer
significant graft protection when compared to untreated controls, despite measurement
of preserved insulin expression, reduced intra-islet CD3+ cells invasion, and elevated
CD3+Foxp3+ T cells at the peri-transplantation site in long-term functioning grafts.
Examination of the broader impacts of TGF-b1/PLGA MPs on the host immune system
implicated a localized nature of the immunomodulation with no observed systemic
impacts. In summary, this approach establishes the feasibility of a local and modular
microparticle delivery system for the immunomodulation of an extrahepatic implant site.
This approach can be easily adapted to deliver larger doses or other agents, as well as
multi-drug approaches, within the local graft microenvironment to prevent
transplant rejection.
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INTRODUCTION

Type 1 Diabetes (T1D) is an autoimmune disease caused by the
selective destruction of insulin-producing pancreatic beta cells,
resulting in persistent hyperglycemia (1). Exogenous insulin
delivery is currently the primary clinical treatment for T1D;
however, it is not a cure, as less than half of adults with T1D
achieve recommended glycemic control targets (2). Alternatively,
clinical islet transplantation (CIT) via intraportal infusion is a
potentially curative therapy, as engrafted, viable islets can
provide durable and physiological glycemic control (3). While
promising, the widespread application of CIT is limited by
several factors, including donor cell shortage, adverse effects of
systemic immunosuppression, and host-mediated immune
rejection (4).

Allogeneic rejection refers to the recognition and clearance of
cells or tissues sourced from a genetically different donor(s) of the
same species (5). Following allo-islet transplantation, post-
surgical inflammatory signals recruit host antigen-presenting
cells (APCs) followed by adaptive immune cells, which
recognize allogeneic antigens of the transplanted islets and
initiate adaptive effector pathways (5–7). Recipient CD4+ T cells
are key players in these processes, as they facilitate antigen-
specific immune responses, e.g., activating donor-specific
cytolytic CD8+ T cells and B cell-mediated alloantibodies
production, that aggressively destroy the islet graft (5–7).

Due to the multiple avenues in which alloreactive immune
responses occur, current clinical practice in allograft transplantation
relies heavily on long-term systemic immunosuppression (7–9).
Typical CIT immunosuppressive regimens consist of an induction
phase of T cell depletion with antithymocyte globulin, followed by a
maintenance phase to suppress T cell activation and proliferation via
tacrolimus, rapamycin, and daclizumab therapies (10, 11). Despite
improvements in immunosuppressive regimens, most CIT recipients
do not achieve long-term insulin independence due to smoldering
host-versus-graft immune responses (12). Furthermore, long-term
systemic immunosuppression elevates the recipients’ risk of
opportunistic infections and cancer, imparts negative impacts on
islet graft function, and limits broader implementation of CIT.

An alternative approach to attenuate allograft rejection is through
the establishment of a local immunosuppressive or immunotolerant
environment that selectively favors the engraftment of the foreign-
sourced islets (13). In practice, the acceptance of a foreign-sourced
graft can be promoted via the local delivery of immunomodulatory
and suppressive factors (e.g., TGF-b1, IL-2, IL-10, IDO-1, etc.) (14–
16), which provide instructive cues to key immune players, e.g.
promoting CD4+ T cells differentiation towards a regulatory
phenotype and/or inhibiting dendritic cell maturation (17–20).
Abbreviations: APC, Antigen Presenting Cell; BSA, Bovine serum albumin;
ELISA, Enzyme linked immunosorbent assay; GSIR, Glucose stimulated insulin
response; iTreg, Induced regulatory T cells; LAL, Limulus amoebocyte lysate;
MHC, major histocompatibility complex; MLR, Mixed lymphocyte reaction; MPs,
microparticles; nTreg, Natural regulatory T cells; OVA, Ovalbumin; PBS,
Phosphate buffered saline; PI, Proliferation index; PLGA, Poly(D,L-lactide-co-
glycolide); pTreg, Peripheral regulatory T cells; PVA, polyvinyl alcohol; STZ,
streptozotocin; T1D, Type 1 Diabetes.
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The immunomodulatory cytokine TGF-b1 is known for its
pleiotropic functions in regulating a broad range of immune
processes, particularly in promoting peripheral T cell tolerance
and suppressing effector functions (21, 22). For example, TGF-
b1 signaling is an essential component for the development of
immunotolerance, where it supports both central and peripheral
regulatory cell phenotypes, e.g., natural T regulatory cells
(nTregs). Post-development, TGF-b1 regulates peripheral T
cell tolerance via multiple fronts. For example, TGF-b1 is a
potent inhibitor of CD8+ T cell activation and effector function,
resulting in substantial decreases in granzyme B, IL-2, IFN-g, and
other cytolytic molecules (21, 23). In addition, TGF-b1 is
hypothesized to support the differentiation of naïve CD4+ T
cells into induced regulatory T cells (iTregs) within peripheral
tissues (21, 24). Due to its potency in the induction of regulatory
immune responses, TGF-b1 has been used to generate polyclonal
or insulin-specific regulatory T cells for adoptive Treg therapy
for T1D (25, 26).

Despite the promise of TGF-b1 in tolerance induction and
immunosuppression, the delivery of soluble TGF-b1 is restricted
by its short half-life (27), off-target effects (18), and potential to
induce fibrosis at high doses (28). Incorporating this agent within a
biomaterial microparticle system can support targeted controlled
releaseofTGF-b1,providingease indelivery and localizationwithin
the islet transplant site. Poly(lactic-co-glycolic) acid (PLGA) is a
biodegradable polymer that is commonly leveraged as a drug-
eluting biomaterial for the controlled and sustained release of
agents via hydrolysis and bulk erosion (29). The biocompatibility
and feasibility of using PLGA as a drug delivery platform for local
TGF-b1 delivery have been established (15, 17, 30). For
immunomodulation, TGF-b1-releasing PLGA materials have
generated regulatory T cells and dendritic cells in vitro, as well as
contributed to the delay in autoimmune progression of T1D and
experimental autoimmune encephalomyelitis (EAE) (20, 31, 32).
For the protectionof allografts, the efficacy of local TGF-b1 released
from solid disks within a porous scaffold has been observed, with a
modest but significant delay in the rejection of allogenic islet
transplants (17). While promising, a macroscale implant lacks the
adaptability and scalability for placement within different implant
sites or co-injection with islets.

In this study, a PLGAmicroparticle platformwas designed for the
localized and controlled release of TGF-b1 to induce Tregs, both in
vitro and in vivo, with the goal of elevating graft tolerance and
improving islet transplantation outcomes. Initial work focused on
modulating PLGA MP characteristics to tailor TGF-b1 release
profiles. The size, release kinetics, and encapsulation efficiency of
PLGAmicroparticle formulations were characterized. Subsequently,
thecytocompatibilityof theTGF-b1/PLGAMPsand their capacity to
generate functional polyclonal and antigen-specific iTreg cells were
examined in vitro. Finally, TGF-b1/PLGAMPswere co-transplanted
with allogeneic islet grafts in a chemically-induced diabetic murine
model to characterize the impacts of local immunomodulation on
islet engraftment and protection, as well as host cell
immunophenotypes. The capacity of TGF-b1/PLGA MPs to
promote immunotolerance, as well as their potential localized/
systemic immune impacts on the recipients, were also explored
and discussed.
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METHODS AND MATERIALS

TGF-b1/PLGA Microparticle Fabrication
and Characterization
Microparticles made from PLGA loaded with TGF-b1 were
fabricated by a double emulsion method. Variations in particle
formulations are listed (Table S1). PLGA (50:50, 0.45 dL/g,
Lakeshore Biomaterials; 50:50, 0.2 dL/g, Sigma; 75:25, 0.2 dL/g
Sigma; or 100:0, 0.2 dL/g, Sigma; 100 mg) was dissolved in
dichloromethane (20% w/w). The aqueous solution of human
recombinant TGF-b1 (2 µg, Peprotech Inc.) with 0.1% BSA
carrier protein was added into the PLGA solution and mixed
with a homogenizer (Dremel) at 10,000 rpm. Then 4 mL of 2.5%
w/v polyvinyl alcohol (PVA, MP) solution was added into the
emulsified solution for the second mix at 10,000 rpm. After two
emulsion processes, particles were moved into a collection bath
of 100 ml 1% w/v PVA solution and stirred at approximately 100
rpm for 24 hours allowing for methylene chloride evaporation
and particle stabilization. For formulation E, the PVA collecting
bath was enhanced with 2% w/v NaCl. The resulting particles
were collected and washed by serial centrifugation in PBS, flash-
frozen in liquid nitrogen, dried via lyophilization, and stored at
-20°C before use. BSA PLGAMPs were made as the vehicle control.

PLGA MPs were characterized by size distribution, release
kinetics, encapsulation efficiency, and surface morphology. The size
of TGF-b1/PLGA MPs was determined via laser diffraction particle
size analysis (Coulter LS13320). Microparticle size distribution was
further characterized by calculating the polydispersity index (PDI),
following established protocol (33). Specifically, polydispersity index
(PDI) was calculated as PDI = (s/2a)2, where s is the standard
deviation of the particle size distribution, and a is the mean particle
size. The release kinetics of TGF-b1 from PLGAMPs was evaluated
by human TGF-b1 ELISA (R&D Systems, Inc.) following the
manufacturer’s instruction. TGF-b1 release samples were prepared
by incubating 10 mg of MPs in a 1.7 mL low protein binding tube
containing 1 mL of PBS with 2% Tween-20 with consistent rotation
followed by eluant harvest at designed timepoints. To determine
encapsulationefficiency, 10mgofMPsweredissolved in1mLof0.2M
NaOH with 5% SDS to disperse the protein into the aqueous phase.
Total encapsulated protein was determined via a micro-BCA kit
(Thermo Fisher Scientific Inc.). Calibration curves were also run
usingTGF-b1with 0.1%BSA carrier protein for both themicroBCA
and TGF-b1 ELISA kits. To calculate TGF-b1 release and
encapsulation efficiency, values was normalized to the proportion
of the TGF-b1-BSA stock to account for BSA protein contributions.
Toexamine the surfacemorphologyofPLGAMPs, scanningelectron
microscopy (SEM) was performed on the drug-loaded particles at
different timepoints (day0, 7, 14, and28) duringdrug release. Images
were acquired using an electron microscope (SU5000, Hitachi High
Technologies America, Inc.) at 10.0kV at the ICBR Electron
Microscopy Core at the University of Florida, Gainesville, FL.

In Vitro iTreg Generation Using TGF-b1
PLGA Microparticles
Naïve CD4+ T cells (CD4+CD44lowCD62Lhigh) isolated and
purified (Mouse naïve CD4+ T Cell Isolation Kit, StemCell,
Inc.) from the splenocytes of C57BL/6 or OTII mice were used
Frontiers in Immunology | www.frontiersin.org 3310
for polyclonal or monoclonal iTreg conversion assay in vitro.
Naïve CD4+ T cells purification was evaluated by the immune
staining with Live/Dead® Fixable Near IR dye (Invitrogen), anti-
mCD4-PE, anti-mCD62L-PerCP/Cy5.5, anti-mFoxp3-FITC,
and anti-mhelios-AF647 (Table S2); followed by the flow
cytometry analysis of the frequency of viable naïve CD4+ T
cells (Live/Dead-CD4+CD62L+) and potential contamination of
thymic (Live/Dead-CD4+helios+) and natural (Live/Dead-
CD4+Foxp3+) Treg cells.

For polyclonal iTreg generation, naïve CD4+ T cells from
C57BL/6 mice were activated by anti-CD3/CD28 Dynabeads®

(Thermo Fisher Scientific Inc.) at a 3:1 bead to cell ratio, with a
titration of TGF-b1/PLGA MPs (1, 3, 10, 33, 100 µg/per 100k
naïve CD4+ T cells) as immunomodulation. The naïve CD4+ T
cells were dyed with CellTrace Violet (Thermo Fisher Scientific,
Inc.) to measure proliferation, and co-culture was performed in
96 well U-bottom tissue culture treated plate (Corning Inc.) for
three days. A titration of soluble TGF-b1 was used as the
treatment control, while the BSA PLGA MPs were used as the
vehicle controls.

For antigen-specific iTreg conversion, naïve CD4+ T cells
were sourced from OTII mice, which are clonally specific to
ovalbumin 323-339 (OVA323-339) peptide in the context of I-Ab

presentation. Given the antigen specificity, naïve OTII CD4+ T
cells labeled with CellTrace Violet dye were stimulated with 0.5
µM of OVA323-339 peptide (AnaSpec, Inc.) along with mitomycin
c treated syngeneic APCs (generated through complement-based
T cell depletion) at a 1:1 ratio, with titrated dosages of particle
released/soluble TGF-b1 for three days.

Treg induction by TGF-b1/PLGA MPs was evaluated via flow
cytometry. After three days of induction, CD4+ T cells were
sequentially stained with Live/Dead® Fixable Near IR dye
(Invitrogen), anti-mCD4-PE, anti-mCD25-PE/Cy7, anti-
mFoxp3-FITC, and anti-mhelios-AF647 (Table S2) for viability
and immune phenotyping. Compensation controls were prepared
using UltraComp Beads (Invitrogen). Background signals were
identified and excluded by fluorescence-minus-one controls. The
iTreg conversion rate was quantified as the percentage of
proliferating Foxp3+ CD4+ T cells (Figure S3). Data were
acquired using BD™ LSRII or FACSCelesta analyzer. Data
analysis was performed using FCS Express 6.05 software (De
Novo Software).

iTreg Suppression Assay
iTregs were generated from naïve CD4+ T cells of C57BL/6-FIR
(Foxp3 induced mRFP) reporter mice using either PLGA MPs
released (300 ug/105 CD4+ T cells) or soluble TGF-b1(3 ng/mL)
for a three-day induction, with 1 × 105 cells and 7.5 µl anti-CD3/
CD28 Dynabeads® per well in 96-well U-bottom plates.

Post-induction, iTreg was identified as the LiveDead-

CD4+Foxp3(mRFP)+ population and purified by cell sorting
(Figure S4). The collected iTregs, noted as the suppressor
population, were mixed with the CellTrace Violet labeled
LiveDead-CD4+Foxp3(mRFP)- responder population at different
ratios (1:16, 1:8, 1:4, 1:2, and 1:1), with anti-CD3 stimulation (2C11,
Thermo Fisher Scientific Inc.) and syngeneic APCs, for another
three-day co-culture in a 96-well U-bottom plate, as described
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previously (34, 35). For direct comparison with PLGA/TGF-b1
iTregs, freshly sorted sTGF-b1 iTregs and natural Tregs (nTregs)
sourced from B6-FIR mice, were used as controls.

After the three-day co-culture, samples were stained with
Live/Dead® Fixable Near IR dye (Invitrogen) and anti-mCD4-PE
(Table S2), then analyzed for the proliferation profile of the
CellTrace Violet labeled responder population via flow
cytometry. Data were acquired using BD LSRII or FACSCelesta
analyzer with proper compensation settings and gating (Figure
S5). Frequencies of proliferating responder cells were quantified
using FCS Express 6.05 software. To compare the suppressive
capacity of iTreg of different sources, non-linear inhibition
modeling was performed using Prism GraphPad v8.4.3 software,
with IC50 (half-maximal inhibitory iTreg concentration) reported.

Islet Isolation
All animal procedures were conducted under IACUC approved
protocols at the University of Florida, Gainesville, FL. Islets were
isolated from Lewis rats or Balb/C mice, as previously described
(36). Briefly, pancreatic tissue is digested by injecting collagenase
(Liberase, Roche) via cannulation of the bile duct. Islets were
then separated from acinar cells and pancreatic tissue via density
gradient separation (Ficoll). Isolated islets were maintained in
complete media (CMRL 1066 media (Mediatech, Inc.)
supplemented with 10% FBS (Hyclone Laboratories Inc,
Cytiva), 20mM HEPES buffer, 100 U/mL penicillin‐streptomycin,
and 2mM L‐glutamine) for 48 hours before transplantation.

In Vitro Coculture of Islets and TGF-b1
PLGA Microparticles
The cytocompatibility of TGF-b1 PLGA MPs was evaluated by
co-incubating 500 IEQ Lewis rat islets with 250 mg TGF-b1/
PLGA MPs or 3 ng/mL soluble TGF-b1 in a 24-well transwell
insert in 1 mL of complete CMRL media for 48 hours under
standard culture conditions (5% CO2, 37°C). Rat islets were used
for in vitro screening due to their higher islet yield per donor.
The viability of islets was assessed via both Live/Dead® confocal
imaging and MTT assay. The function of islets was assessed
using glucose-stimulated-insulin-release (GSIR) assay.

Islet function was evaluated via GSIR assay. Briefly, 150 IEQ
islet post coincubation were immobilized in chromatography
columns using Sephadex G10 resin beads (Cytiva), followed by
sequential stimulations with 3 mM (Low 1), 11 mM (High), and
lastly another 3 mM glucose (Low 2) for one hour for each step
respectively. Eluant samples (1 mL) collected after each one-hour
stimulation were analyzed for insulin content via ELISA
(Mercodia Inc.) and normalized by PicoGreen DNA content
(Invitrogen), as previously published (36, 37).

For Live/Dead imaging, islets post coincubation were stained
with 26.67 mM calcein AM and ethidium homodimer-1
(Invitrogen) in PBS at 37°C for 30 min, followed by confocal
imaging (Zeiss LSM 710). Islets were maintained in complete
media during image acquisition.

For theMTT assay, isletmetabolic activity was assessed following
themanufacturer’s instruction (Promega). Briefly, 250 IEQ islets post
co-culture was incubated in 250 µL completemedia with 28 µLMTT
reagent for 1 hour. Then the reactionwas terminatedby stop solution
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(185 µL), followed by a 48-hour formazan crystals solubilization and
signal development. Absorption of sampleswas read at 570 nmusing
a spectrophotometer (Molecular Devices, LLC).

Allogeneic Islet Transplantation
For islet recipients, diabetes was induced in male C57BL/6 mice
via intravenous injection of streptozotocin (STZ) (200 mg/kg,
Sigma-Aldrich), with hyperglycemia confirmed by three or more
consecutive days of non-fasting blood glucose levels above 300
mg/dL, as previously described (38). This chemical induction
protocol has consistently resulted the generation of a durable
diabetic state, as validated through extensive survival graft
retrievals using this animal model (38–40). Allogeneic islets
were sourced from Balb/c mice donors as mentioned above.
Epididymal fat pads (EFPs) were used as the transplant sites, as
previously described (36, 41). In brief, a dosage of 1,000 IEQ/
recipient (500 IEQ/EFP) was placed into the spread EFP using a
Hamilton glass syringe, in accordance with previously published
reports (42, 43). For mice receiving PLGA TGF-b1 microparticles,
10 mg of particles were then placed within the transplant site using
the same sterile Hamilton glass syringe. After delivery of the islets or
islets+MPs, fibrin glue was applied on top of the implanted material
to hold in place. The tissue was then wrapped and the EFP was
sealed using additional fibrin glue. Tested groups included
allogeneic islets alone (8 recipients, n=8) and allogeneic islets with
PLGA TGF-b1 MPs (10 mg MPs per EFP, 14 recipients, n=14).

Graft Function Monitor and Graft Retrieval
Post-transplantation, the non-fasting blood glucose levels and
weights of the animals were monitored until graft rejection. Mice
with three consecutive readings of non-fasting blood glucose
below 200 mg/dL were classified as normoglycemic, indicating
engraftment. Graft rejection was considered when three or more
consecutive readings of non-fasting blood glucose above 200 mg/
dL were observed.

When rejection occurred, islet grafts, spleens, and lymph
nodes (brachial, inguinal, and mesenteric LNs) of the rejecting
recipients were harvested for downstream characterization. Mice
maintaining normoglycemia for more than 90 days were
classified as non-rejecting (long-term engraftment), then
euthanized for graft and tissue retrieval as mentioned above.

Intraperitoneal Glucose Tolerance Test
(IPGTT)
For mice maintaining normoglycemia for more than 60 days,
IPGTT was performed between 60-70 days post-transplant to
assess the function of islet grafts. Briefly, mice were fasted
overnight and given an intraperitoneal injection of 20% (w/v)
Dextrose at a dose of 1/100 body weight. Naïve age-match mice
(n=3, 20 week-old) were included as an additional control. Blood
glucose was then monitored over 90 mins, or until normoglycemia
was achieved.

Histology
Explants were fixed in 10% formalin, followed by paraffin
embedding and sectioning (10 mm). Sections were stained with
hematoxylin and eosin (H&E) and Masson’s trichrome stain
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following manufacturer’s protocol, then imaged using a light
microscope at 20x magnification (Zeiss Axio Observer).

For immunohistochemistry, tissue sections were de-
paraffinized, antigen-retrieved (120°C for 20 min in citrate
buffer), and stained with anti-CD3, anti-Foxp3 and anti-insulin
primary antibodies for marker labeling (Table S2). Secondary
antibodies with fluorophores of AlexaFluor 568, AlexaFluor 647,
and AlexaFluor 488 were then applied for signal generation
(Table S2). Nuclei were stained with DAPI for 1 hour at RT
(1:5000; Life Technologies). Immunofluorescent staining was
imaged by Zeiss LSM 710 or Leica TCS SP8 confocal
microscope with isotype control to ensure signal specificity.
Signal quantification and cell density (DAPI area) of each
sample was quantified following the previously published
protocol using ImageJ software (44). CD3 and Foxp3 signals
were quantified as the area of CD3+ or Foxp3+ staining
normalized by the DAPI+ area (cell containing tissue area) in
each image, with five independent images analyzed per group. To
characterize host CD3+ cell infiltration into the islet, CD3 signal
within the defined islet area was quantified and normalized to the
total DAPI+ area.

Mixed Lymphocyte Reaction (MLR)
Splenocytes of all allogeneic islet recipients were collected and
used in MLR assays to characterize systemic immunotolerance,
as previously reported (45). Briefly, splenocytes of recipient mice
were labeled with CellTrace Violet dye and co-cultured with
mitomycin c treated splenocytes from a naïve C57BL/6 mouse
(syngeneic), Balb/c mouse (allogeneic), or C3H mouse (third-
party stimulators) at a 1:1 ratio. MLR responses were quantified
by flow cytometry staining for the proliferation of CD8+ cells
after five days. Immune responses of the splenocytes sourced
from a 12 to 15 week-old naïve C57B/6 mouse were used
as controls.

CD4+ T Cell Immunophenotyping
Brachial, inguinal and mesenteric LNs, and spleens were
collected from allogeneic islet recipients exhibiting long-term
efficacy (e.g. > 90 days post-transplantation). Procured
lymphocytes were stained for flow cytometric analysis of CD4+

T cell phenotype fresh without re-stimulation. Cells were stained
with anti-mCD4-AF700, anti-mCD8-PE, anti-mFoxp3-AF488,
anti-mTbet-Pacific Blue, anti-mGata3-PerCpCy5.5, and anti-
mRorgt-PE610 (Table S2). Samples were analyzed on an LSRII
flow cytometer (BD), with data analysis performed using FCS
Express 6.05 software (De Novo Software).

Statistical Analysis
The power of tests and the statistical methods are described
throughout the article and in the figure legends. Generally,
statistical assessments were performed using one-way ANOVA
with Tukey’s multiple comparison analysis using GraphPad
Prism 8.4.3 software. Statistical difference is considered
significant when the probability value (p) is <0.05. Difference
was shown as *p<0.05; **p<0.01; ***p<0.001; **** p < 0.0001 and
n.s. indicates not significant.
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RESULTS

Fabrication and Characterization of
TGF-b1 PLGA MPs
PLGA microparticles encapsulating TGF-b1 were fabricated
using a double emulsion method, with formulation A (Table
S1) serving as the baseline formulation (46). The resulting TGF-
b1 PLGA MPs were spherical (Day 0, Figure 1A) with a desired
size range and monodistribution (PDI = 0.087, N=3) that
minimized APC phagocytosis while also supporting
injectability and ease in co-implantation with islets (mean
diameter of 54 ± 51 µm; Figure 1B) (20).

The encapsulation efficiency of TGF-b1 in PLGA MPs was
49.0±0.1%; a percentage in-linewithpublished reports (16, 47–49).
TGF-b1/PLGA MPs were hydrated for time-course drug release
profiling and SEM imaging. Following hydration, the MPs became
more porous and swollen, as shown in Figure 1A, indicating active
PLGA degradation and TGF-b1 release over time. The kinetic
release profile of TGF-b1 PLGA MPs exhibited a burst release of
69.33 ± 12.12% after 24 hr, with 95% of the total release occurring
after five days (Figure 1C). To avoid inadvertent immune cell
activation, endotoxin levels of TGF-b1/PLGA MPs (10 mg/mL)
weremeasured, yielding 0.15 ± 0.01 EU/mL via LAL assay, which is
below the FDA design criteria of <0.5 EU/mL for biomaterial
devices (Table S3) (50). Different batches of TGF-b1/PLGA MPs
(N > 3) produced similar results, indicating the stability and
reproducibility of the particle fabrication process.

Given that the duration of TGF-b1 release within the local graft
site may play a role in the global regulatory environment and
subsequent allograft protection, we sought to potentially extend
TGF-b1 release kinetics using a concurrent iterative design
approach. Protein release from PLGA microparticles typically
occurs in phases: first, a diffusion dependent burst release;
followed by a lag phase; and, depending on the PLGA properties
and the protein entrapment, a second release phase controlled by
polymer degradation in which deeply entrapped protein is released
(51). Most publications using TGF-b1/PLGA particles have
reported a diffusion dependent release, similar to the profile
shown in Figure 1C, with minimal additional release occurring
after the initial burst (16, 47–49). Examination of PLGA literature
for other agents, however, indicates the potential for modified
kinetics. For example, a higher lactic acid to glycolic acid ratio
PLGA may induce a longer release profile, as an elevated
degradation rate can permit the release of proteins more deeply
entrappedwithin the particle. Decreasing the molecular weight and
viscosity of the PLGA is another approach, whereby increasing the
compactness of the particle can subsequently slow the entrapped
protein release (51). Finally, adding agents to increase the osmotic
pressure in theparticle collectingfluid candrivewater away fromthe
inside of the particle and result in more deeply entrapped proteins
(52). To explore the feasibility of these modifications, additional
TGF-b1/PLGAMPs were generated with manipulation of polymer
degradation via lactic acid:glycolic acid ratio (formulations B, D),
particle compactness via polymer viscosity (formulations B, C, and
D), and aqueous phase entrapment via the addition of an osmotic
agent (formulation E), as summarized in Table S1. It was
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hypothesized that these changes would serve to both dampen early
burst levels and extend the release of TGF-b1.

The MP design alterations did not significantly change the
overall particle mean diameter (p = 0.47; one-way ANOVA;
Figure 1); however, the lower viscosity polymer formulations did
exhibit an increased contribution of smaller particles (Figures
S1B–D). Surprisingly, none of the formulation modifications
significantly altered TGF-b1 release kinetics (Figure S2). In
addition, no significant differences in encapsulation efficiency
were observed for the new formulations, when compared to the
baseline formulation A (Figure S2). Due to the lack of alterations
in TGF-b1 release properties, the baseline formulation A was
used for all subsequent in vitro and in vivo experiments.

TGF-b1 PLGA MPs Generate Polyclonal
and Antigen-Specific iTregs In Vitro
The bioactivity and immunoregulatory effects of our PLGA/TGF-b1
MPs were tested via an in vitro co-culture assay. Specifically, the
capacity of these particles to convert naïveCD4+T cells into regulatory
CD4+Foxp3+T cells (iTregs)was quantified. For thisT cell conversion,
purified naïve CD4+ T cells (i.e., CD4+CD44lowCD62Lhigh) from
C57BL/6 mice were polyclonally activated by anti-CD3/CD28
Dynabeads in the absence or presence of PLGA TGF-b1 MPs,
followed by the downstream measurement of iTreg cell generation
(Figure 2A). Four TGF-b1MP dosages were tested: 300, 100, 33, and
10 µg of MPs per well with 105 naïve CD4+ T cells. An experimental
group treated with soluble TGF-b1was also screened. The selection of
soluble TGF-b1 dosages (3, 1, 0.33 and 0.10 µg TGF-b1 per well with
105 naïve CD4+ T cells) was based on both the theoretical and
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experimental TGF-b1 release from the microparticles (summarized
in Table S4), thus permitting a comparison in conversion efficiency
between soluble and PLGA-released TGF-b1. To ensure the resulting
Foxp3+CD4+Tcells detected at the experimental endpointwereTGF-
b1-induced iTregs, a highly efficient naïve CD4 T cell isolation kit was
employed in this study and the purity of the resulting naïve CD4+ T
cells was validated by cytometric assay. Greater than 95% purity of
naïve CD4+CD62L+ wasmeasured in the purified population (Figure
S6). Importantly, a minimal contribution of CD4+Foxp3+ cells was
detected in thenaïveCD4+population,withinwhich low levels of both
helios+ (1%) and helios- (1.25%) subpopulations were measured. The
highly purified final naïve CD4+ population also exhibited a high ratio
of Foxp3-helios- cells to Foxp3+helios- cells (Figure S6D).

As summarized in Figures 2B, C, the PLGA TGF-b1 MPs
effectively generated polyclonal iTregs in a dose-dependent
manner. While controls containing only anti-CD3/28 activator
beads showed a modest frequency of viable Foxp3+ CD4+ T cells
(3.73± 1.12%), the presence of PLGA TGF-b1 MPs, even at a low
dose (10 µg per well of 105 CD4+ T cells), resulted in a significant
increase of iTreg generation (p = 0.02, Tukey post-hoc).
Increasing levels of iTregs were observed as the dose of PLGA/
TGF-b1 MPs increased up to 100 µg TGF-b1 PLGA MPs per
reaction (105 CD4+ T cells). At the higher doses of 300 µg TGF-
b1/PLGAMPs, a plateau in TGF-b1-stimulated iTreg generation
was reached, with a peak conversion rate ~39% and no
significant change from the 100 µg MP dosage (Figure 2C).
Similar to the iTreg conversion by PLGA MPs, efficient Treg
conversion was observed by soluble TGF-b1, with about 19.05 ±
7.3%conversiondetectedwith the lowest dose of tested (0.1ng/mL).
FIGURE 1 | Characterization of TGF-b1 PLGA microparticles (MPs). (A) Representative SEM images of the surface morphology of TGF-b1 PLGA MPs along with
the releasing studies (collection time noted). Tests were performed twice independently with n = 5 per time point. Scale bar = 15 mm. (B) Size distribution and the
calculated polydispersity index (PDI) of TGF-b1 PLGA MPs, as determined by laser diffraction. Data is the mean of three independent fabrication batches, measured
in triplicates (N=3, n=9, blue line) with standard deviation (orange shade). (C) Release profile of TGF-b1 PLGA microparticles normalized to total protein release.
Mean TGF-b1 release curve (blue line) was acquired by averaging four independent (N=4, n=13) studies with particles of different batches, with standard deviation
(orange shade) as shown.
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Apositive correlationbetween iTreg frequency and soluble TGF-b1
dosage was also observed, with a plateau after the 1 ng/mL dosage
(Figure 2C). An overall comparison of TGF-b1 experimental
groups found that dosage (p < 0.001), but not delivery method
(soluble or PLGA-releasing; p = 0.69), significantly impacted
polyclonal iTreg generation (two-way ANOVA). The observed
Treg conversion from TGF-b1-releasing PLGA MP was also
specific to TGF-b1 and not induced by the PLGA material, as
BSA-releasing PLGA control particles did not promote iTreg
generation, when compared to untreated controls (Figure S8).
Collectively, these results showed the TGF-b1/PLGA MPs were
capable of releasing bioactive TGF-b1 molecules and converting
naïveT cells into the immunomodulatory Foxp3+CD25+ iTregs in a
manner comparable to soluble TGF-b1.

As T1D pathogenesis is thought to be self-antigen driven (53),
the ability to generate antigen-specific Tregs may prove
advantageous for islet graft acceptance, especially for recipients
with established autoimmune memory (54). To investigate the
ability of TGF-b1-releasing PLGAMP to generate antigen-specific
iTregs, antigen specificitywas employedusinganovalbumin (OVA)
specificOTIICD4+T cellmodel (55). Specifically, naïveOTII CD4+

T cells were stimulated by OVA323-339 peptide, presented by
syngeneic APCs, and co-cultured with either particle-releasing or
soluble TGF-b1 of titrated dosages (33-600 µg/105 naïve CD4+ T
cells for TGF-b1/PLGAMPs and 0.33-6ng/mL for soluble TGF-b1)
(Figure 3A).
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Similar to polyclonal conversion, in a three-day timeframe,
efficient antigen-specific OTII CD4+ iTregs generation was observed
using TGF-b1/PLGAMPs, as shown in the representative cytometric
density plots (Figure 3B). For example, the frequency of iTregs
resulted from the treatment using 300 µg TGF-b1/PLGA MPs was
22.76 ± 11.02%, which was over 7.7-fold higher than the controls
(OVA323-339 only, 2.95 ± 2.37%, p<0.0001, Tukey post-hoc) and
equivalent to the monoclonal iTreg level induced by the
corresponsive 3 ng/mL soluble TGF-b1 dose (17.62 ± 4.66%,
p=0.13, Tukey post-hoc). In addition, a dose-dependency of
TGF-b1/PLGA MPs was shown in OVA-specific iTregs induction,
with a plateau observed at 600 µgTGF-b1/PLGAMPs per 10^5naïve
CD4+ T cells (Figure 3C), equivalent to treatment with 6 ng/mL
soluble TGF-b1 (p=0.50, Tukey post-hoc). To validate the specificity
of iTregconversion, cytometricquantificationofheliosexpressionwas
performed on theOTIICD4+T cells following in vitro conversion. As
shown in Figure S7C, a low level of helios+CD4+Foxp3+ cells was
detected, ranging from 0.47-2.8% of the total viable CD4+ T cells,
depending on the dose ofTGF-b1 applied (FigureS7C).Moreover, as
the percentage of iTreg (Foxp3+helios-CD4+ cells) significantly
increased (Figure S7B), there was a corresponding decrease in naïve
Foxp3-helios-CD4+Tcells (FigureS7A), supporting the generationof
iTregs from the naïve CD4 T cell pool via TGF-b1/PLGA MPs or
sTGF-b1. Collectively, these results found TGF-b1/PLGA MPs are
capable of generating antigen-specific CD4+Foxp3+ iTregs in vitro
with similar efficacy as soluble TGF-b1.
A

B C

FIGURE 2 | Efficient Polyclonal Foxp3+ iTreg Conversion by PLGA Microparticles Releasing TGF-b1 In Vitro. (A) Schematic of polyclonal iTreg conversion assay.
Conversion rate was assessed by flow cytometry analysis of Foxp3 expression after the three-day co-culture of 105 magnetically sorted splenic naïve C57BL/6
CD4+ T cells with anti-CD3/CD28 activator beads and TGF-b1, within either PLGA MPs or soluble format. (B) Representative flow cytometric density plots
(gated on viable CD4+ T cells) showing the frequency of Foxp3+ induced Tregs resulting from polyclonal stimulation (anti-CD3/28) in the presence of PLGA
TGF-b1 MPs or soluble TGF-b1. (C) Summary of polyclonal iTReg generation, characterized as the proliferating CD4+Foxp3+ cells (refer to Figure S3), following
incubation with the designated agents. Data were shown in a truncated violin plot with the mean (solid black line) and individual data points (N=4; n=16). Paired
Tukey’s test was conducted for mean comparison, with * used when compared to control group (activator beads only) and # for comparison within TGF-b1
groups. Statistical significance was determined as **** or ####p < 0.0001, ***p < 0.001, ** or ##p < 0.01, *p < 0.05 and n.s., not significant.
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iTregs Induced by TGF-b1
PLGA Microparticles Are
Functionally Suppressive
Transient Foxp3 expression and non-function for in vitro induced
human Tregs has been previously reported (56). Thus, it was
important to establish that the iTregs generated by TGF-b1/PLGA
MPs were functionally suppressive. The functional potency of the
Tregswas validated by tracking the activation andproliferationof the
CD4+ responder T cell population in a co-culture systemwith iTregs
(35).TheratioofTregulatorycells toTresponders (Treg :Tconv)was
also varied to characterize dose effects. For this study, T regulatory
cells of three sources were tested: natural Treg (nTreg; endogenous
CD4+Foxp3+ T cells), TGF-b1/PLGAMPs iTregs, and soluble TGF-
b1 iTregs. For this study, a transgenic Treg reportermouse was used,
C57BL/6-FIR or FoxP3RFP. As only RFP- cells were used to generate
iTregs, this study served as an additional validation that TGF-b1
induced Treg generation from naïve CD4+ T cells.

As shown in Figure 4, potent suppression of the responder
cell proliferation was observed when Tregs were added to the
system. Regardless of the Treg source, the degree of responder
suppression was concentration-dependent, with the highest Treg
ratio (1:1) imparting the highest suppression of responder T cell
Frontiers in Immunology | www.frontiersin.org 8315
proliferation (Figure 4B). The immunosuppressive function of
PLGA/TGF-b1 iTregs was insignificantly different to nTregs for
all doses tested (Figure 4B). Further analysis using non-linear
inhibition modeling also showed similar suppressive functions of
PLGA/TGF-b1 iTregs and nTregs (p=0.08, Figure 4C). T
regulatory cells generated by soluble TGF-b1 showed similar
suppressive capabilities to nTregs, both in responder suppression
and inhibition modeling (Figures 4B, C). Collectively, these
results support that PLGA/TGF-b1 iTregs were functionally
suppressive with efficacy comparable to natural Tregs.

Islet Cytocompatibility of TGF-b1 PLGA
Microparticles In Vitro
With the vision of co-transplanting TGF-b1 PLGA MPs with
pancreatic islets to modulate the local graft microenvironment
and promote graft acceptance, the cytocompatibility of these
particles with islets was evaluated in vitro. The incubation of
murine pancreatic islets with TGF-b1/PLGA MPs or soluble
TGF-b1 imparted no significant difference in overall visual
viability, global metabolic activity, or glucose-sensing insulin-
secretory function, as summarized in Figure 5. Thus, these results
indicate islet compatibility of local TGF-b1 release via PLGAMPs.
A

B

C

FIGURE 3 | Efficient Monoclonal Foxp3+ iTreg Conversion by PLGA Microparticles Releasing TGF-b1 In Vitro. (A) Schematic of the antigen-specific Foxp3+ iTreg
generation assay using PLGA TGF-b1 MPs. Naïve OTII CD4+ T cells were stimulated using 0.5 mM OVA323-339 peptide and mitomycin C treated syngeneic APCs,
along with immunomodulation by either PLGA TGF-b1 microparticles or soluble TGF-b1. The frequency of proliferating Foxp3+ CD4+ T cells was quantified by flow
cytometry after three days. (B) Representative cytometric density plots of Foxp3+ iTreg (noted in upper left quadrant, gated on viable CD4+ T cells) following co-
incubation with OVA323-339 peptide, APCs, and either PLGA TGF-b1 MPs or soluble TGF-b1. (C) Summary of antigen-specific iTreg generation using PLGA TGF-b1
MPs. Data were shown in a truncated violin plot with the mean (solid lines) and individual data points (N=4; n=18). Outliers were identified and excluded using ROUT
method with multiplier Q=1%. Paired Tukey’s test was conducted for mean comparison, with * is used when compared to control group (OVA323-339 peptide and
APCs only) and # for comparison within TGF-b1 groups. Statistical significance was determined as ****p < 0.0001, ***p<0.001, ##p<0.01, * or # represents p < 0.05
and n.s., not significant.
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Allogeneic Islet Transplantation With
TGF-b1 PLGA Microparticles
Following promising in vitro validation, PLGA TGF-b1 MPs
were incorporated into an extrahepatic murine allogeneic islet
transplant model. The epididymal fat pad (EFP) was used as the
transplant site, as it is a favorable extrahepatic location for
murine islet transplantation and analogous to clinically
relevant sites such as the omentum (36, 40, 57). A dosage of
1,000 IEQ allogeneic Balb/c islets (500 IEQ per EFP) was
transplanted into full MHC mismatched chemically-induced
diabetic C57BL/6 recipients (Figure 6A). Two groups were
examined in this study: standard allogeneic islet-only controls
(n = 8); and allogeneic islets co-transplanted with TGF-b1 PLGA
MPs (n = 14; 10 mgMPs/recipient with 5 mgMPs per EFP). A 10
mg of TGF-b1 MPs per recipient (5mg per EFP) dosage was
selected to balance both the known rapid degradation and
clearance of TGF-b1 in vivo (58) while also decreasing the risk
of potential off-target immune impacts and deleterious fibrosis
(59, 60). A PLGA-only group was not included in the transplant
study, given that in vitro screenings did not indicate a benefit of
the material in iTreg induction (Figure S8) and the documented
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minimal immunomodulatory effects and allograft protection
reported using PLGA-only vehicles (17, 61–63).

The average time to achieve normoglycemia post-
transplantation was 1 ± 1 day(s) for control animals and 5 ± 2
days for TGF-b1/PLGA MPs treated mice (Figure 6B), with no
significant difference in the reversal time between these two groups
(p = 0.10, Mantel-Cox log-rank test). As summarized in Figure 6B,
one control (12.5%) and two TGF-b1 PLGA MPs treated mice
(14.3%) exhibited primary non-function (PNF) and were excluded
from subsequent characterization. For successfully engrafted islet
recipients, after the brief normoglycemic period, 6 of the 7
allogeneic islet-only controls rejected (86%) with an average
rejection time of 15 ± 3 days post-transplantation. Meanwhile, 9
of the 12 allogeneic islet grafts treated with TGF-b1 PLGA MPs
rejected (75%) with rejecting grafts destabilizing on average 14 ± 5
days post-transplantation. Collectively, no significant difference in
rejection rates was measured between the control and TGF-b1
PLGAMPs treated groups (Mantel-Cox log-rank; p = 0.97, Figure
6B). Examination of non-fasting blood glucose levels (Figure 6C)
also revealed no global impact of the local TGF-b1/PLGAMPs on
glycemic control of functional grafts.
A B

C

FIGURE 4 | iTregs Induced by TGF-b1 PLGA Microparticles are Functionally Suppressive. Freshly isolated natural Tregs (nTregs), or iTregs generated by either TGF-
b1 PLGA MPs or soluble TGF-b1 were mixed with CellTrace labeled CD4+Foxp3−T responder cells and stimulated with anti-CD3 in the presence of syngeneic APCs.
Five different Tregs: Tconv ratios were tested (1:16, 1:8, 1:4, 1:2, and 1:1). (A) Representative responder cell proliferation histograms with the highest Treg dose
(1:1 Treg : Tconv ratio) compared to control with no suppression. (B) Summary of the suppression of CD4+ responder T cell proliferation, as characterized by the
percentage of dividing population normalized to the control with no suppression. N = 3, n = 10. n.s., not significant via two-way ANOVA test. (C) Non-linear
suppression modeling of iTreg suppression of a representative test, where R^2 is the goodness-of-fit and IC50 is the half-maximal inhibitory concentration (inset).
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The functional response of the engrafted islets in recipients
who showed stable graft function after 60 days post-transplant
was also measured via dynamic glycemic challenge (IPGTT).
Although, the glucose tolerance was lower compared to age-
matched non-diabetic naïve mice, glucose clearance of both
control (n=1) and TGF-b1 PLGA particle treated (n=3) groups
was efficient, with a return to normoglycemia (<200 mg/dL)
within 60 min (Figure 6D) and equivalent glucose clearance (p =
0.068, one-way ANOVA, classified as the area under the curve)
(Figure 6D, inset).

Grafts from both rejecting and long-term surviving (> 90
days) recipients were explanted for histological characterization
via H&E, trichrome, and immunohistochemical staining. For
long-term functional recipients who were treated with TGF-b1/
PLGA MPs (>90 days), H&E and trichrome staining (Figures
7A, B) revealed intact and re-vascularized islets, with a moderate
accumulation of nucleated host cells adjacent to, but not
migrating into, the islets. IHC staining validated these trends,
with robust insulin staining within islets and CD3+ T cells
residing at the periphery of the islet graft (Figure 7C). As a
comparison, long-term engrafted allogeneic islet grafts without
particle treatment also showed intact islet morphology and
integrity (Figures 7D, E), with host T cell accumulation but
major indicators of active T cell invasion (Figure 7F).

In contrast to the functional grafts, control allogeneic islets
rejected after 14-20 days post-transplant exhibited extensive host
T cell infiltration and enhanced collagen deposition with little
islet tissue/structure remaining (Figures 7G–I), implying host-
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mediated graft destruction. Rejected grafts that received TGF-b1/
PLGA MPs were also examined histologically (Figures 7J–L),
with retrieval dates dependent on the rejection time (i.e., 13-35
days post-transplant). Similar to control rejected grafts, notably
fewer islets were observed, with fragmented but discernable
morphology and minimal insulin signal (Figures 7J–L).

Image quantification of grafts validated these observations
and also revealed immunomodulatory impacts of the TGF-b1/
PLGA MPs treatment. Specifically, the comparison of rejected
versus nonrejected islets for the same treatment group measured
a significant increase in intra-islet CD3+ T cells infiltration (p =
0.013 and 0.002 for control and TGF-b1/PLGA MPs treated
groups, respectively; Figure 7M), supporting T cell-mediated
islet graft rejection. Focusing on long-term engrafted implants,
the incidence and infiltration of T cells into the islets were
equivalent for both control and TGF-b1/PLGA MPs treated
implants (p = 0.67 and 0.56 for extra-islet and intra-islet CD3+

T cells, t-test; Figure 7N). Investigation into the presence of T
regulatory cells, however, indicated a local regulatory effect of the
TGF-b1/PLGAMPs. Long-term islet grafts treated with TGF-b1/
PLGAMPs exhibited higher levels of Foxp3+ CD3+ T cells, when
compared to control, but functional, grafts (6.41 ± 5.13% versus
0.96 ± 0.32% global Foxp3+ cell infiltration; p < 0.0001, t-test;
Figure 7N). Of additional interest, rejected grafts containing TGF-
b1/PLGA MPs also exhibited a regulatory microenvironment,
with elevated Foxp3+ cell infiltration when compared to rejected
explants with no particle treatment (p = 0.005, t-test) and at a level
similar to explants from long-term functioning grafts containing
FIGURE 5 | Cytocompatibility of TGF-b1 PLGA Microparticles with Rat Pancreatic Islets. Representative LIVE/DEAD images of (A) control islets, (B) islets incubated
with TGF-b1 PLGA microparticles, and (C) islets incubated with soluble TGF-b1. Red = dead cells (EthD-1), Green = viable cells (Calcein AM). Scale bars = 50 µm.
(D) MTT metabolic assay, n=3. (E) Stimulation index resulted from glucose stimulated insulin response, High/Low 1, n=3. Paired Tukey’s test was conducted for
mean comparison, with n.s., not significant.
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TGF-b1/PLGA MPs (5.17 ± 2.97%; p = 0.43, t-test). These results
indicate that local TGF-b1 delivery is imparting a local T cell
regulatory effect, despite rejection of 75% of the functional grafts.
Long-Term Allogeneic Islet Graft
Tolerance Achieved With TGF-b1 PLGA
MPs Localized Immunomodulation
To provide further insight into the impacts of TGF-b1/PLGAMPs
on the immune system of the recipients, CD4+ T cells harvested
from lymphoid organs (lymph nodes and spleens) of particle-
treated non-rejecting allogeneic islet recipients were
immunophenotyped. Specifically, T cells procured from spleens,
proximal (mesenteric and inguinal), and peripheral (brachial)
lymph nodes (LN) were examined for Treg (Foxp3+), Th1
(Tbet+), Th2 (Gata3+), and Th17 (RoRgt+) lineages. Of note, to
properly capture the CD4+ T cell polarization of these recipients,
no re-stimulation was applied to the CD4+ T cells prior to
the phenotyping.

As summarized in Figure 8A, the proportion of Foxp3+ CD4 T
cells ranged from 7-20%, whereas the percentages of Th1, Th2, and
Th17 CD4 T cells were less than 5% in all tested tissues (Figure S9).
Compared to age-matched (12-15 weeks) naïve non-transplanted
mice, long term functioning grafts treated with TGF-b1/PLGAMPs
showed no difference in Foxp3+ CD4+ T cells levels in the spleen
(p = 0.76, t-test) or inguinal (p = 0.059, t-test) and brachial (p = 0.46,
t-test) LNs (Figure 8A). Of interest, the number of Foxp3+ CD4+
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T cells in the EFP proximal mesenteric LNs was significantly
increased in long-term functional recipients treated with TGF-b1/
PLGA MPs (p = 0.02, t-test) when compared to age-matched naïve
controls. For other T cell lineages, mice with long-term graft survival
and particle treatment showed no difference in the frequency of
Tbet+, GATA3+, or RoRgt + CD4+ T cells for all tested tissues, when
compared to non-transplanted mice (Figure S9), except for
increased Tbet+ Th1 levels in the brachial LNs (p = 0.0025).
However, as brachial LNs are distal to the transplantation site,
this increase of pro-inflammatory Th1 cells was not suspected to be
directly related to the immunomodulation at implant site.

Finally, the potential systemic tolerance to the allogeneic
antigen was tested via mixed lymphocyte reaction (MLR) with
the long-term allograft recipients. Specifically, splenocytes from
long-term graft recipients with TGF-b1 PLGA MPs were co-
cultured in vitro against syngeneic (C57BL/6), allogeneic (Balb/
C) or the third-party donor cells (C3H) for five days (64, 65).
CD8+ T cell responses of the long-term graft recipients to
different donors was assessed as the outcome, as measured by
the percentage of proliferating granzyme B+ viable CD8+ T cells
(Figure 8B).

As shown in Figure 8C, CD8+ T cells from long-term graft
recipients expressed immune responses to BALB/c and C3H
third-party stimulation at the levels comparable to the immune
responses of non-transplanted naive mice (p > 0.999 for both
species). Unstimulated and stimulated (anti-CD3/28 activator
beads) control groups validated the MLR platform used in this
A B

DC

FIGURE 6 | Impact of TGF-b1 PLGA Microparticles on the Efficacy of Allogeneic Islet Transplant in Diabetic Murine Model. (A) Balb/c islets were co-transplanted
with or without TGF-b1 PLGA MPs in the EFPs of diabetic C57BL/6 recipients, followed by the immobilization and seal with fibrin glue. (B) Survival curves on
normoglycemia (BG < 200 mg/dL) for allogeneic islets recipients with (blue line, n=14) or without (black line, n=8) TGF-b1 PLGA MPs (blue line, n=14) post-
treatment. Graft rejection was defined as three consecutive BG readings ≥ 200 mg/dL. (C) Blood glucose level for individual graft recipients for control (black, n=7)
and TGF-b1 PLGA MPs (blue, n=12) groups, with PNF recipients excluded. (D) Intraperitoneal Glucose Tolerance Test (IPGTT) of mice with long-term functioning
allogenic islet grafts performed between 60-70d post-transplant, with n=3 for naïve age-matched control (grey), n=1 for control (black) and n=3 for TGF-b1 PLGA
MPs (blue). The area under curve (AUC) was quantified and shown in the inset.
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study. Collectively, these data proved the splenocytes harvested
from long-term allograft recipients with TGF-b1/PLGA MPs
showed no systemic immunotolerance to the same allo-antigens
carried by the accepted islet grafts, revealing the localized nature
of any immunomodulation imposed by the TGF-b1/PLGA MPs.
Frontiers in Immunology | www.frontiersin.org 12319
DISCUSSION

In the past decade, Treg-based therapies have shown increasing
potential in dampening both allogeneic and autogenetic immune
responses in murine islet transplant recipients and other murine
FIGURE 7 | Representative Histological Images of Islet Graft Retrieved in Allogeneic Islet Transplantation. Representative H&E staining, Masson’s Trichrome staining,
and immunohistochemistry staining for insulin (white), CD3 (green), Foxp3 (red), and DAPI (blue) on tissue from non-rejecting islet graft with TGF-b1 PLGA MPs (A–C),
non-rejecting allogeneic islet graft-only (D–F), rejected allogeneic islet grafts (G–I), and rejected islet grafts with TGF-b1 PLGA MPs (J–L). Scale bars = 100 µm.
Quantification of (M) intra-islet CD3+ cell infiltration for both engrafted and rejected allogeneic islet grafts, normalized to the total area of DAPI. (N) Quantification of intra-
islet CD3+ cells, extra-islet CD3+ cells and global Foxp3+ cells normalized to the total area of DAPI were summarized for long-term engrafts recipients. t-test was
performed between engrafted versus rejected islets, or TGF-b1 PLGA MPs treated and islet-only groups. n=5. ****p < 0.0001, *p < 0.05 and n.s., not significant.
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models of graft versus host disease (66–68). The translation from
experimental models to clinical transplantation, however, has been
disappointing, with challenges in (i) acquiring large quantities of Treg
at therapeutic dosage, (ii) the instability of the Treg phenotype and
suppressive function post ex vivo expansion, (iii) scale up and clinical
production, and (iv) the controversy of using polyclonal or antigen-
specific Tregs for optimal transplant tolerance (67, 68). Thus, the
Frontiers in Immunology | www.frontiersin.org 13320
development of an acellular, off-the-shelf biomaterial-based
tolerogenic drug delivery system that could be easily co-
transplanted within islet transplants, promote in vivo Treg
induction, and maintain transplant tolerance is desirable.

In this study, we successfully developed a PLGA microparticle
system that provides local delivery of TGF-b1 at the transplantation
site. TGF-b1 was selected due to its well characterized function in
A

B

C

FIGURE 8 | Immunomodulation with TGF-b1 PLGA MPs Resulted in Localized Immunotolerance. (A) Frequency of Foxp3+ CD4+ T cells (peripheral Tregs) in
spleens and lymph nodes of non-transplanted naive controls (black dots, n=3) and the long-term allogeneic islet graft survivors (blue triangles, n=3) treated with
TGF-b1 PLGA MPs. (B) Representative flow cytometric gating used to quantify CD8+ T cells response of the long-term islet graft survivors to different donor
antigens. (C) Using MLR assay, splenocytes isolated from non-rejecting allogeneic islet graft survivors (blue bars, n=3) with TGF-b1 PLGA MPs treatment
demonstrated normal immune responses to syngeneic donor (C57BL/6), allogeneic donor (Balb/C) and the third-party MHC-mismatched donor (C3H) antigens in a
5-day co-culture, which is statistically equivalent to the responses measured for naïve C57BL/6 responder mice (white bars, n=3). t-test was performed for group
comparison, with *p < 0.05 and n.s., not significant.
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promoting Foxp3+ regulatory T cell differentiation, inhibiting DC
maturation, and suppressing CD8+ T cell activation when present at
appropriate doses (18). Particles were fabricated at the microscale to
avoid phagocytosis or convective clearance by host phagocytes,
therefore increasing retention of the TGF-b1/PLGA MPs at the
graft site (20). Based on particle characterization, TGF-b1/PLGA
MPs were monodisperse with a protein entrapment efficiency in-
line with previously published reports of similar particles.
Specifically, our reported TGF-b1 loading per mg PLGA (0.02 µg/
mg PLGA) and entrapment efficiency was within the range of other
published methods (0.25 to 40 ng per mg PLGA and 30 - 80%
entrapment) (16, 46–49). Also, the final TGF-b1 loading per PLGA
for these particles (160 ng per mg PLGA) was in the higher range of
reported dosages (4 – 180 ng per mg PLGA) (16, 47, 49). This
robust loading density and entrapment efficiency of TGF-b1 into
PLGA indicates a potent drug eluting system. The TGF-b1 release
profile exhibited an early high release phase, governed primarily by
diffusion (69). A second phase of release, controlled by polymer
degradation, would have extended TGF-b1 release profile; however,
a PLGA degradation-dependent release was not observed for the
baseline formulation, even after 30 days.

Attempts to increase the duration of TGF-b1 release by the
modification of polymer lactide:glycolide ratio or molecular
weight or the addition of osmotic agents had little to no effect,
despite published reports on the potential impact of these
modifications (15, 51, 52). Protein release from PLGA
microparticles is highly influenced by protein charge and size,
thus the properties of TGF-b1 may play a role in the lack of
efficacy of these approaches. For example, the relatively low
isoelectric point of TGF-b1 compared to proteins such as CCL22
may lead to weaker ionic interactions with negatively charged
PLGA and thus decrease the likelihood of slowing the impending
release (51). Future studies should explore the impact of
modulating protein charge or incorporating other carrier
proteins to create a more durable TGF-b1 release profile.

With a robust TGF-b1 release in the initial phase of treatment,
efficient iTreg induction positively correlated to the TGF-b1 PLGA
MPs dosages in vitro, with a plateau of approximately 43%
conversion of polyclonal iTreg and 25% conversion of antigen-
specific iTregs during the 3-day culture window. Additional
validation found the Foxp3 expression of iTreg cells was TGF-
b1 treatment-specific, with limited expansion of the Foxp3+helios+

nTreg subset. Treg generation with validated suppressive function
by our TGF-b1 PLGA MPs indicates this reported microparticle
delivery platform compares favorably to soluble TGF-b1, while
providing a means for local delivery within sites not amendable to
daily local injections. Furthermore, MP modulated release is more
favorable to bolus injections, as it is released within the site over a
broader time frame, in lieu of a single daily burst. In addition,
although long-term TGF-b1 release was not observed for in vitro
release profiling, the immunomodulatory impacts of TGF-b1
released over the early release may persist for extended time
periods by the potential of TGF-b1 to impart infectious
tolerance. Specifically, TGF-b1 can induce peripheral Tregs to
convert additional naïve CD4+ T cells into Treg in a cell-contact
dependent manner to maintain durable immune tolerance (70).
Frontiers in Immunology | www.frontiersin.org 14321
Importantly, since rejection to islet transplant in T1D
recipients can be facilitated by both allorejection and recurrent
autoimmunity (4, 7), the capacity of TGF-b1 PLGA MPs to
generate antigen-specific iTregs could convey additional benefits.
Herein, TGF-b1 PLGA MPs were highly efficient in converting
OVA-specific OTII CD4+ effector T cells to a Foxp3+ regulatory
phenotype, when compared to unsuppressed controls. The
conversion rate for antigen-specific iTregs was generally lower
compared to polyclonal iTreg generation, but this was expected
based on previous reports (71). The successful induction of
antigen-specific iTregs with our particles illustrates the potential
of this approach to create a more nuanced immunomodulatory
microenvironment, whereby regulatory cells can be generated in a
manner specific to the offending antigen. The use of such an
approach for islet transplantation into T1D recipients, which exhibit
autoimmune memory, could be highly beneficial.

When exploring the use of graft-localized immunotherapies for
in vivo islet transplantation, it is important to ensure that the
tolerogenic drug delivery system does not impose adverse effects
on pancreatic islet viability and function. For islet transplantation,
numerous effective immunosuppressive agents, such as
cyclosporine and tacrolimus, are known to negatively impact
islet and beta-cell function and survival (72, 73). Furthermore,
some agents may be safe for systemic delivery, but impart
detrimental effects when delivered locally (39). Screening of the
TGF-b1/PLGA MPs with pancreatic islets confirmed no adverse
impacts on pancreatic islet metabolic activity, viability, and
functional glucose responsiveness. This provided an avenue for
the local co-transplantation of islets with these microparticles.

The co-transplantation of allogeneic islets with TGF-b1/
PLGA MPs into chemically-induced diabetic recipients resulted
in no significant delay in the timeline to normoglycemia. This
confirms the compatibility of local TGF-b1 release and PLGA
microparticles, including their degradation by-products, on islet
engraftment, at the dosage tested. Graft analysis also did not
indicate elevated fibrotic deposition, a common deleterious effect
of elevated TGF-b1 levels (28). Thus, this work established a
future for the integration of localized drug-delivery microparticle
depots within the islet transplant microenvironment.

The local delivery of TGF-b1 can be achieved through variable
formats, from macro, micro, to nano-scale, with all approaches
exhibiting advantages and disadvantages. While TGF-b1-releasing
macroscale scaffolds have demonstrated benefits in local
modulation and provide the advantage of 3-D structure (17),
their structured format restrict adaptation to a specific implant
size. On the nanoscale, PLGA nanoparticles loaded with
interleukin-2 and TGF-b1 observed elevated iTreg (16); however,
the scale of these particles incur issues associated with off-target
delivery, enhanced phagocytosis, and the need for surface
modification to enhance targeting and retention. The microscale
format, while challenged in the delivery of high doses and duration
of release, exhibit the advantages of injectability, limited
phagocytosis, and site retention. In addition, microparticles
containing different agents may be easily integrated by creating
particle cocktails, e.g. TGF-b1, IL-2, and immunosuppressant
rapamycin (15), and/or combining with antigen-presenting cell
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targeted particle for enhanced Treg conversion, recruitment, and/
or stability for improving islet transplantation conversion in islet
transplantation models (46). Due to the complex immunological
responses initiated following human allogeneic islet
transplantation, it is likely that a multi-drug approach is needed
to induce durable graft acceptance.

Despite establishing the capacity of TGF-b1/PLGA MPs to
efficiently induce a regulatory phenotype in vitro, the local delivery
of TGF-b1/PLGA MPs within the islet transplant site resulted in
no significant impact in delaying allograft rejection compared to
the islet-only controls. The long-term graft survival (>90 days) of
25% of the allo-islet recipients with these TGF-b1/PLGAMPs was
promising, when compared to the reported mean survival time
(MST) of islet allografts for this model of 14 days (74); however,
this modest shift was not significant. Histological assessment of
grafts containing TGF-b1 PLGA MP indicated a local regulatory
effect, with a significant increase in local Foxp3+CD3+ cells, when
compared to engrafted allogeneic islets without TGF-b1 PLGA
MP treatment. The accumulation of host Foxp3+ CD3+ cells at the
graft site correlates with enhanced allograft survival via tolerogenic
pathways (75, 76). Also, lymphocytic cell accumulation in long-
term functioning grafts has also been observed for systemic
immunosuppressive approaches (77, 78), thereby indicating that
the localized treatment of TGF-b1/PLGAMPs facilitates a balance
between tolerogenic and alloreactive cells. Although the local
Foxp3+CD3+ Treg elevation had been observed, it did not
convert to significant graft protection, indicating the amount
and efficacy of the in vivo induced Treg cells, either related to
the low dosage of PLGA particle releasing TGF-b1 applied in this
study or the polyclonal specificity of the in vivo iTregs, may be
insufficient to generate therapeutic benefits and graft protection.
Comparing the delivered MP TGF-b1 dose to that supplied using
a macroscale scaffold implant, which delivered an estimated 1000-
fold higher TGF-b1 amount into the local microenvironment,
further supports this hypothesis (17). For future investigation,
synergistic therapy to boost up allogeneic antigen presentation,
the in vivo kinetic study of Treg cells and cytokine secretion at
and/or peri-transplant site, for both naïve or TGF-b1 PLGA MPs
treated allo-islet recipients, will be beneficial for improved
in situ immunomodulation.

Togainbetter insight into the impacts ofTGF-b1/PLGAMPson
the immune system of recipients, CD4+ T cell phenotyping and
mixed lymphocyte reactions were performed to capture potential
systemic tolerance in the long-term allografts survivors. CD8+ T
cells from TGF-b1/PLGA MPs-treated long-term graft recipients
(C57BL/6J; H-2b) generated immunoreactivity to allogeneic (Balb/
c;H-2d) and the third-party (C3H;H-2k) stimulationcomparable to
the responsemeasured fromnaïve animals, demonstrating the lack
of systemic tolerance related to the particle treatment. Phenotyping
of CD4+ T cells in spleen and lymph nodes of TGF-b1/PLGAMPs-
treated recipients, however, found an increased regulatory T cell
presenceonlywithin lymphnodesdraining fromthe transplant site.
These results indicate that TGF-b1 PLGA MPs generate elevated
local iTregs without systemic effects. Globally, Tbet+ (Th1) and
GATA3+ (Th2) CD4+ T cells, which are known to be important
facilitators of both acute and chronic allograft rejection (79–81),
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and the pro-inflammatory Th17 phenotype (RoRgt+ CD4+) cells
were not elevated in the LNs or spleens of long-term engraftedmice
with TGF-b1 PLGAMPs treatment, indicating limited detrimental
impacts of this local therapy.

Beyond CD4+ T cell modulation, local TGF-b1 could also
impart broader effects. For example, the local release of TGF-b1
from macro-scaffolds resulted in decreased leukocyte infiltration,
macrophage maturation, and pro-inflammatory cytokine levels
at the local graft site at early time points (3 to 7 days post-
transplantation). Thus, future work may seek to expand
immunophenotyping to multiple cell types and time points.

Overall, this study established a successful PLGA microparticle
platform for ease in co-localization within extrahepatic transplant
sites for islet implantation. TGF-b1 release from PLGA MPs was
effective in generating suppressive T regulatory cells in vitro and
providing a means to locally deliver this agent into the islet graft
site without detrimental effects. Local release of this monotherapy
at this dosage, however, was insufficient in substantially delaying
graft rejection, when compared to untreated controls. As such,
future work should investigate the potential of this PLGA MP
approach to locally deliver multiple immunosuppressive agents,
such as CCL22 (63), or to combine local TGF-b1 release with
modest systemic immunotherapy.

CONCLUSION

In conclusion, this study developed a TGF-b1 releasing PLGA
microparticle platform that supported localized drug delivery,
robust polyclonal and antigen-specific iTreg generation in vitro,
and a potential formodulating local immune responses to allogeneic
islet implants within extrahepatic transplantation sites. Though no
significant improvement in graft efficacy was achieved, the co-
transplantation of TGF-b1 PLGA MPs along with allogeneic islet
grafts resulted functional engraftment and an elevated presence of
induced T regulatory cells in vivo, implicating a local alteration of
immune cell phenotype. Together, this work established the
feasibility of a local immunomodulatory biomaterial delivery
system that is compatible with islet engraftment.
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