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Editorial on the Research Topic

Novel Platform for Antigen Delivery to Dendritic Cells for Immunotherapy

Dendritic cells (DCs) are a group of antigen-presenting cells (APCs) that link innate and adaptive
immune systems. DCs are specialized in processing and presenting antigens to T cells and
instructing the appropriate T cells responses (1). DCs express various pattern recognition
receptors (PRRs) that are capable of distinguishing ‘danger signals’ from ‘safe signals’, to ensure
the proper T cell responses are initiated. For example, toll-like receptors (TLRs) mediate DCs
sensing of pathogenic bacteria or viruses, which initiates cascades of immune activation. Next to
this, DCs also express receptors that recognize ‘self’ structure, such as the sialic acid binding
immunoglobulin type lectins (Siglecs) receptors, that promote immune suppression. Additionally,
DCs integrate signals from the surrounding tissue microenvironment to further tailor the required
T cell responses. In a healthy situation, DCs play a crucial role in maintaining homeostasis, by
activating T cells to eliminate infected or malignant cells, or by promoting regulatory T cells to
prevent chronic inflammation. Impaired immunity may result in the development of cancer, and
conversely, failure to dampen immune response can lead to allergic or autoimmune diseases. This
profession of the DCs lends itself particularly well for therapeutic purposes (2, 3). In this Research
Topic, 9 articles cover many emerging platforms that harness DCs’ potential in re-directing T cell
responses for therapeutic purposes, with a wide range of potential applications from cancer and
autoimmunity, to infectious diseases (summarized in Figure 1).

DCs can be broadly categorized into plasmacytoid DCs (pDCs) and conventional DCs (cDCs).
While pDCs’ main function is to produce type I interferon (IFN-I), cDCs are the most potent in
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antigen presentation and T cell activation. cDCs can be further
subdivided into distinct subsets such as the DC1 and DC2, which
primarily activates CD8+ and CD4+ T cells, respectively.
Furthermore, recent single-cell technologies have allowed a
deeper characterization of new DC subsets that includes DC3,
with hybrid CD14+ monocytes/DC2 phenotype, and pre-DC/AS
DC (4, 5). In this collection, two reviews by Castenmiller et al.
and Nagy et al. highlight recent discoveries of DC subsets, their
ontogenies, and functions, as well as their potential
for immunotherapies.

Due to the scarcity of DCs, initial development of DC-based
therapies in cancer were prepared using enriched APCs or
monocytes, which have shown promises albeit with limited
clinical benefits. Focusing on prostate cancer, Sutherland et al.
discuss these earlier methodologies while highlighting current
advancement that allows direct isolation of blood-derived DCs,
as well as in situ targeting technologies. Among these in situ
targeting platforms, Dölen et al. have developed poly lactic-co-
glycolic acid (PLGA)-based nanoparticles that encapsulate
tumor-associated antigen NY-ESO-1 and IMM60, a novel a-
GalCer analog. The inclusion of IMM60 activates invariant
natural killer T (iNKT) cells, essentially serving as an adjuvant,
leading to robust antigen-specific T cell and B cell responses.

To further improve antigen delivery towards DCs in situ, cell
surface receptors that are exclusively expressed on DCs can be
used as guiding molecules. In this vein, Tesfaye et al. further
elaborate on their developed fusion vaccines using Xcl1 protein, a
ligand for Xcr1, to deliver vaccines specifically towards DC1.
This method stimulates high IgG2 production and the Xcl1-HA
fusion vaccine confers protection in an influenza infection
model. Affandi et al. focus on CD169, a receptor that is
expressed on highly activated CD14+ monocytes and a small
Frontiers in Immunology | www.frontiersin.org 25
proportion of DC3. This study uses two platforms, antibody-
based and liposomal-based, to deliver tumor-associated antigens
to CD169-expressing CD14+ monocytes for effective stimulation
of antigen-specific CD8+ T cells. Focusing on the liposome
platform, Nagy et al. review how liposomes can also be used
for activating or tolerizing DCs, by adjusting the physiochemical
properties and the incorporated adjuvant.

Next to immune activation, this special issue also describes
how DC-based therapies can be directed to establish tolerance
against allergy or to suppress autoimmune responses.
Castenmiller et al. discuss the most promising cell surface
receptors used as targets to induce tolerogenic DCs (tolDCs),
as well as various methods to target these receptors, such as
antibody- or carbohydrate-antigen conjugates. In this collection,
Phillips et al. formulate PLGA-microparticles that contain
retinoid acid (RA) and TGFb1. Combined with insulin
autoantigen, these microparticles can target DCs and prevent
disease onset in a type 1 diabetes model.

While many of the PRRs expressed by DC contain
immunoreceptor tyrosine-based activation motif (ITAM) to
signals for immune activation, most members of the Siglec
receptor family bear immunoreceptor tyrosine-based inhibition
motif (ITIM) (6). In this light, Li et al. investigate the
mechanisms of how sialic acid-containing dendrimers promote
tolerance using phosphoprotemic approach. This study reveals
that the sialic acid/Siglec axis alters the JAK-STAT pathway on
DCs and thereby promotes the immune regulating phenotype
of DCs.

Finally, the route of administration also determines the type
of DCs targeted, antigen routing, and the resulting immune
responses (7, 8). Work by Hervé et al. describes that in sensitized
animals, pre-existing antibodies enhance allergen uptake by
FIGURE 1 | In this Research Topic, various approaches to target antigens to dendritic cells for immunotherapy and to drive the appropriate immune responses are
described, and the latest development and other emerging platforms in the field are reviewed.
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migratory DCs upon epicutaneous application. This mainly
involves IgG and IgG Fc receptors (FcgR) and this approach
may also have the potential for a needle-free booster
vaccination strategy.

Targeting DCs is a promising approach to harnessing a
patient’s immune system. However, only through the effective
delivery of antigens and adjuvants directly to DCs, the goal will
be reached of vaccines that can stimulate adequate T cell
responses for the treatment of diseases including cancer,
infection, allergy, or autoimmunity. The articles in this issue
highlight emerging technologies and describe several novel
platforms that can optimize DCs’ potential for immunotherapy.
Frontiers in Immunology | www.frontiersin.org 36
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Dendritic cells (DCs) are well-established as major players in the regulation of immune

responses. They either induce inflammatory or tolerogenic responses, depending on the

DC-subtype and stimuli they receive from the local environment. This dual capacity of

DCs has raised therapeutic interest for their use to modify immune-activation via the

generation of tolerogenic DCs (tolDCs). Several compounds such as vitamin D3, retinoic

acid, dexamethasone, or IL-10 and TGF-β have shown potency in the induction of

tolDCs. However, an increasing interest exists in defining tolerance inducing receptors on

DCs for new targeting strategies aimed to develop tolerance inducing immunotherapies,

on which we focus particular in this review. Ligation of specific cell surface molecules on

DCs can result in antigen presentation to T cells in the presence of inhibitory costimulatory

molecules and tolerogenic cytokines, giving rise to regulatory T cells. The combination

of factors such as antigen structure and conformation, delivery method, and receptor

specificity is of paramount importance. During the last decades, research provided

many tools that can specifically target various receptors on DCs to induce a tolerogenic

phenotype. Based on advances in the knowledge of pathogen recognition receptor

expression profiles in human DC subsets, the most promising cell surface receptors that

are currently being explored as possible targets for the induction of tolerance in DCs will

be discussed. We also review the different strategies that are being tested to target DC

receptors such as antigen-carbohydrate conjugates, antibody-antigen fusion proteins

and antigen-adjuvant conjugates.

Keywords: dendritic cell, tolerance, immunotherapy, surface receptors, C-type lectins, Siglecs, allergy, auto

immune diseases

INTRODUCTION

Dendritic cells (DCs) are important antigen presenting cells during the induction of immune
responses and are essential in directing immune responses toward either immunity or tolerance.
This decision is of great importance as undesired inflammatory responses could cause autoimmune
or allergic diseases. In the periphery, DCs capture antigens and process them while migrating to
the draining lymph nodes, where they present antigen-specific peptides to T lymphocytes. This
migration process causes a dramatic transformation of the DC phenotype, called maturation.
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Maturation is associated with increased MHC-II complex
levels, costimulatory molecule expression, enhanced secretion
of polarizing cytokines and molecules, and alterations in
chemokine receptor expression, all resulting in an optimal
microenvironment to direct T cell responses (1–3). Although
various DC subsets have been shown to preferentially induce
specific T cell responses in non-inflammatory conditions, the
induction of T cell immunity is adapted to and dictated by
the encounter with pathogens (4). The unique capacity of
DCs to coordinate innate and adaptive immune responses has
highlighted them as potential targets for immune activating
or dampening therapies to combat undesired immune
responses (3).

Immunomodulatory agents such as vitamin D3, retinoic acid,
rapamycin, dexamethasone, corticosteroids, ligands of the aryl
hydrocarbon receptor (AhR), or specific cytokines (IL-10, TGFβ)
have been key in determining the existence and function of
tolerogenic DCs (tolDCs) ex vivo (Figure 1) (5–7). These tolDCs
can induce tolerance through various mechanisms, including the
induction of Tregs, autoreactive T cell anergy and apoptosis, and
could be used in tolerizing immunotherapies (6, 8, 9). Ex vivo
tolDC immunotherapies are based on re-education of patient-
derived DCs to a tolerizing phenotype and the subsequent
reinfusion into the body, where they suppress inflammatory
immune responses (Figure 1). The first clinical study utilizing
tolerogenic DCs (tolDCs) for the treatment of autoimmune
diseases was performed in 2011 in adult type I diabetes (T1D)
patients. Since then, phase I and II clinical trials have been
conducted for T1D, rheumatoid arthritis (RA), Crohn’s disease,
and multiple sclerosis (MS) (5), but also for kidney and liver
transplant recipients (8–10). However, due to the personalized,
laborious, and expensive nature of ex vivo-generated tolDCs, new
approaches for inducing tolDCs in vivo are being developed.

The feasibility and potential of in vivo strategies lie in the
ability of DCs to recognize and internalize antigens through
surface receptors that not only route antigens to the antigen
processing machinery of DCs for subsequent presentation to
T cells but also transmit signals that direct anti-inflammatory
immune responses. This allows direct modulation of specific DC
subsets due to differential surface receptor expression profiles
between them. In vivo DC-targeting has several advantages
compared to ex vivo DC-targeting, including fewer hospital
visits for the patient, less laborious production methods, and
the possibility of large scale production, which is more cost-
effective. Additionally, the induction of antigen-specific T cell
responses with in vivo DC-targeting strategies reduces the risk
of generalized immunosuppression, which is induced during
the current ex vivo strategies using only immunosuppressive
agents. The main strategies for in vivo tolDC generation take
advantage of modalities binding to specific endocytic receptors
on DC surfaces, ensuring the delivery of antigen of interest
into the antigen-processing machinery (Figure 1) (11). Antigens
could either be directly coupled to antibodies (11) or loaded on
nanoparticles or in liposomes, reviewed elsewhere (12). Another
strategy being explored in this regard involves chemically
conjugating antigens with specific glycan structures which are
ligands for DC surface receptors. In this review we discuss the

different DC-subsets used for targeting, the receptors expressed
on their surface that have potential to induce tolerogenic signals
(but might not be inherently tolerogenic), and the current state
of research in their use for the treatment of auto-immune or
allergic diseases.

HUMAN DENDRITIC CELL SUBSETS AND
THE INDUCTION OF TOLEROGENIC
DENDRITIC CELLS

It is now recognized that DCs are a heterogeneous population
of cells. The different subsets are defined by surface markers
and transcriptome profiles, nicely reviewed by various colleagues
(4, 13–16). DCs are generally classified into four major
subsets, namely, CD141+ conventional DCs (cDC1s), CD1c+

conventional DCs (cDC2s), monocyte-derived DCs (moDCs),
and plasmacytoid DCs (pDCs). The cDC1 subset is a relatively
homogenous population that is specialized in cross-presentation
of extracellular antigens and efficiently primes CD8+ T cells (16).
In contrast, the cDC2 subset is a heterogeneous population and
could be further subdivided in separate lineages. For example, the
cDC2A and cDC2B lineage are defined by distinct developmental
pathways regulated by the transcription factors T- bet and
RORγt, respectively (17). Both lineages are potent stimulators of
CD4+ naïve T cell, however, cDC2Bs have been shown to bemore
prone to secrete pro-inflammatory cytokine than cDC2As (13,
17). Additionally identified cDC2 lineages include monocyte-
like DC2s, inducing Th1 responses, and DC3s, responsible for
Th2, Th17 and Treg differentiation (15, 17). The moDC subset
arises from monocytes and retains, like the DC3s, the monocyte
marker CD14. They are recruited to inflamed tissue sites in vivo
where they efficiently cross-present antigens to CD8+ T cells
in peripheral tissues (18). The last subset, pDCs, differs from
the other subsets as they are marked by quick secretion of pro-
inflammatory type I interferons (IFN) following viral infection.
pDCs are defined as CD123+ CD303+ CD304+ cells and were
originally classified within the myeloid compartment. However,
recent findings providing evidence for a lymphoid origin of
the majority of pDCs challenges this hypothesis (4, 13, 19, 20).
Finally, the tissues where DCs reside, such as lymph nodes, skin,
lung, intestines and liver, offer the above mentioned DC subsets
additional environmental factors to further adapt to their specific
niche resulting in tissue specific DC subsets (8, 21, 22).

Although the immune system encounters many innocuous
antigens, including self-antigens and allergens, the chance to
develop autoimmune or allergic diseases is relatively small due
to the phenomenon of “natural tolerance.” Natural tolerance
is achieved through the presence of tolerance-inducing DCs
located both centrally and in the periphery. Central tolerance
induction is mediated by thymic epithelial cells and thymic DCs,
which regulate negative selection of autoreactive T cells and
induction of natural Tregs (23, 24). Even though the specific role
of each thymic DC subset in peripheral immune homeostasis
remains elusive, thymic pDCs and the Sirpα+ cDC subset
have been proposed to contribute to the prevention of allergic
or commensal-specific autoimmune diseases, as they originate
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FIGURE 1 | Ex vivo and in vivo strategies for generation of tolerogenic DCs for DC-based therapies. The current DC-based immunotherapy strategy in the treatment

of immunopathologies involves the isolation of DC precursors either from PBMCs or bone marrow-derived cells which could either be allogeneic or autologous. These

DC precursors are then differentiated into immature DCs in the presence of GM-CSF and recombinant IL-4 which are subsequently differentiated into tolerogenic DCs

(tolDCs) by the addition of pharmacologic agents or immunomodulatory cytokines. Administration of these tolDCs leads to the generation of a suppressive immune

environment which dampens inflammation. Future strategies are focusing more on in vivo targeting of DCs, where specific antigen-based vaccine formulations

targeting specific receptors on DCs in their natural environment are injected into the patient. The antigen is taken up by DCs through these receptors, resulting in the

induction of a tolerogenic program in DCs that leads to the generation of antigen-specific immunosuppression. DC, dendritic cells; GM-CSF, Granulocyte-macrophage

colony-stimulating factor; IL-4, Interleukin 4; IL-10, Interleukin-10; TGF-β, Transforming growth factor beta.

from the periphery where they encounter many innocuous
antigens, followed by migration to the thymus (23–25). On
the other hand, peripheral tolerance is mediated by peripheral
DCs, preferentially located at the border between the body
and the external environment, such as lung, intestine and skin.
Steady state or immature DCs were the original identified
peripheral tolDCs (26–28). They exhibit low expression of co-
stimulatory (CD40, CD80/86) and MHC molecules due to
lack of appropriate activation signals and are able to maintain
tolerance via deletion of self-reactive T cells, induction of
T cell anergy or differentiation of antigen-specific Tregs (2).
These immature DCs have been reported to be the primary
cell types involved in maintaining tolerance in the periphery
and mainly carry self-antigens. However, recent identification of
partial- or semi-mature DCs with tolerizing capacities, questions
the dogma that only immature DCs induce tolerance (22,
27). Similar to immunogenic DCs, tolDCs may be defined by
integration of all the signals they transmit to T cells, including
maturation marker expression, as well as the presence of, in
this case, anti-inflammatory-related tolerizing signals consisting
of surface molecule expression (PD-L1, ILT3/4, ICOSL, CTLA-
4), tolerogenic cytokine profiles (IL-10, TGFβ) and the presence
of other tolerance-inducing metabolites (IDO, RA) (14, 22).
Furthermore, the presence or absence of pro-inflammatory
cytokines seems to be decisive in inducing either immunity or
tolerance, respectively. Nevertheless, no standard tolDCs profile
has been established yet, and may not exist due to the great
diversity between those that have been described till date.

Besides the immature and semi-mature tolDCs, several tissue-
specific DCs exhibit inherent tolerogenic properties, including
those in the skin and intestines. In the skin, Langerhans cells
(LCs), which are characterized by the expression of Langerin
(CD207), CD1a, E-Cadherin, CD39, FcεRI, and Birbeck granules,
are the sole tissue-resident DC population in the epidermis (29).
LCs constantly migrate from the skin to draining lymph nodes,
even in steady-state conditions, and have been implicated in
both immunogenic as well as tolerogenic immune reactions (30–
32). In contrast, CD14+(CD141+) dermal DCs constitutively
secrete the anti-inflammatory cytokine IL-10 and are prone to
induce T cell anergy and Tregs that inhibit skin inflammation
(33, 34). The ability to produce extensive levels of IL-10 is
shared with CD14+CD16+CD141+CD163+ DCs isolated from
peripheral blood, identified by Gregori and colleagues, which
might correspond to the DC3 subset expressing the same surface
markers (16, 35). The same group has shown that these cells
express the surface receptors HLA-G, ILT2, ILT3, and ILT4 and
have the potency to induce type 1 Tregs (Tr1) in vitro (36–
38). In the intestines, the main subset involved in oral tolerance
during steady state conditions are the CD103+ DCs in the lamina
propia andmesenteric lymph nodes. They are able to prime Tregs
in gut lymphoid tissues through the production of TGF-β and
RA (39–42). Additionally, CD103+ DCs express high levels of
RALDH2, converting vitamin A to RA which enhances Treg
induction (29). These studies demonstrate that various tissues
contain specific subsets of tolDCs, emphasizing the power of
the immune system to adapt to specific environmental factors
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functioning to maintain immune homeostasis during tissue-
specific circumstances.

DENDRITIC CELL PATHOGEN
RECOGNITION RECEPTORS
MODULATING IMMUNE RESPONSES

Signals such as pathogen-associated molecular patterns (PAMPS)
from pathogens, damage associatedmolecular patterns (DAMPS)
from inflammation, and self-associated molecular patterns
(SAMPS) can be recognized by pattern recognition receptors
(PRRs) on the surface of DCs (21, 43). C-type lectins (CLRs)
and Sialic-acid binding immunoglobulin-type lectins (Siglecs)
are families of PRRs equipped with a carbohydrate recognition
domain that specifically recognizes glycan moieties on host cells,
pathogens, as well as innocuous antigens such as allergens (21,
43–46).

CLRs function both as adhesion molecules and endocytic
receptors, but also have a function in directing immunity
to various pathogens, cellular proteins and lipids (44, 47,
48). Induction of immune response through these receptors
can alternate between inflammation and immune tolerance
depending on several factors including the nature of the ligand
(49). They recognize a large and diverse range of ligands and
trigger immune responses by inducing signaling pathways via
an immunoreceptor tyrosine-based activation motif (ITAM),
ITAM-like motif, or immunoreceptor tyrosine-based inhibitory
motif (ITIM) that signal through Syk or phosphatases (21,
44, 45, 49, 50), generating pro- or anti-inflammatory signals,
respectively. Only a few CLRs, such as, DC immunoreceptor
(DCIR), Clec12A and Clec12B, bear the ITIM motif (51).
Moreover, an important number of CLRs do not signal through
Syk or phosphatases but may bear ITAM/ITIM motifs which
are important for endocytosis (45, 52). Examples include:
dendritic cell-specific intercellular adhesionmolecule-3-grabbing
non-integrin (DC-SIGN), LSECtin, macrophage C-type lectin
(MCL), Langerin, macrophage-galactose lectin (MGL), mannose
receptor (MR) and DEC205 (11, 44, 48). These CLRs mediate
antigen internalization, followed by processing and subsequent
presentation viaMHC-I or II molecules (53–56).

Next to CLRs, the Siglecs are also expressed on DCs and
recognize self- and non-self-antigens (43, 46). Similar to CLRs,
they could serve as adhesion molecules and endocytic receptors,
and have been shown to be important instructors of T cell
immunity (57, 58). Most members of the Siglec family signal
through ITIM or ITIM-like motifs resulting in the generation
of anti-inflammatory signals that modulate DC function (59).
Overall, the ability of effective antigen uptake, processing, and
presentation as well as the regulation of immunogenic and
tolerogenic immune responses through the modulation of DC
function positions DC receptors as promising candidates for
novel DC-targeting immunotherapies. In the next sections, we
explore current knowledge regarding the most promising DC-
receptors being targeted for in vivo generation of tolDCs for the
treatment of immune dysregulated pathologies.

ITAM- AND ITIM-INDEPENDENT
RECEPTORS

DEC205
DEC205 (CD205) is an endocytic receptor highly expressed
on cDC1s and belongs to the macrophage- mannose receptor
family of CLRs (54). Although the natural ligand of DEC205
remains to be elucidated, some studies suggest apoptotic and
necrotic material as well as CpG motifs as consecutive ligands
(60). Upon antigen encounter, DEC205 internalizes and recycles
very efficiently back to the surface (61). DEC205 was one of
the first receptors used for in vivo antibody targeting of DCs
(Table 1). Initial experiments using model antigens, such as hen
egg lysozyme or ovalbumin (OVA), coupled to anti-DEC205
antibodies, demonstrated that these antigens were taken up by
DCs (82–84). When OVA-anti-DEC205 fusion antibodies were
administered to mice in the presence of maturation stimuli,
strong immunogenic responses were induced (85). Conversely,
when anti-DEC-antigens were injected into animals without
adjuvants, DCs remained non-activated as their expression levels
of costimulatory molecules was comparable to those obtained in
DCs from control mice (83, 85). The analysis of antigen-specific
T cell populations in injected mice revealed increased numbers
of antigen-specific IL-10 producing CD25+Foxp3+ Tregs that
were able to suppress proliferation of CD4+ T cells in vivo
(83) (Figure 2). Since then, DEC205 targeting has been tested
in various autoimmune disease animal models. For instance, in
experimental autoimmune encephalomyelitis (EAE), the murine
model for MS (63, 66, 86), injection of the autoantigen,
myelin oligodendrocyte glycoprotein (MOG) or proteolipid
protein (PLP) fused to anti-DEC205-specific antibodies led
to elicitation of IL-10-producing CD4+CD25+Foxp3+ Tregs,
the deletion of antigen-specific CD4+ and CD8+ T cells,
reduced Th17 cell activity and significantly ameliorated disease
symptoms and substantially delayed the disease onset (63,
64, 67) (Figure 2). In some studies, the conversion of some
autoreactive T cells into Foxp3+ pTreg cells was reported.
These findings were confirmed in non-obese diabetic (NOD),
a mouse model of T1D, inflammatory bowel disease (IBD)
(71), proteoglycan-arthritis (68), spontaneous experimental
autoimmune uveoretinitis (EAU) (72), an animal model of ocular
inflammation, as well as a model of graft-vs. host disease (65, 69,
70, 73). Because the use of DEC205 antibodies has proven to be
more effective than the administration of free synthetic peptides,
in these models of autoimmune diabetes, it is being considered as
a possible, important therapeutic tool in the treatment of various
autoimmune diseases (Table 1). In summary, these data establish
DC targeting via DEC205 as an effective strategy to tolerize
against autoantigens to protect against autoimmunity. However,
this DC targeting strategy for the induction of tolerance is yet
to be tested in human settings. Moreover, the future prospects
of targeting DEC205 to induce tolerance in humans may be
hampered by the varied expression pattern of this receptor
on the different subsets of DCs (87). Although DEC-205 is
predominantly expressed in mice CD8+ DCs, dermal DCs and
LCs, human DEC-205 is relatively high expressed on myeloid
blood DCs and monocytes, at moderate levels on B cells, and
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TABLE 1 | Summary of in vivo studies to induce tolDCs using either antigen-antibody fusion compounds or carbohydrate-modified antigens.

Receptor Disease Model Antigen Targeting strategy Cellular response Reference

Clec9A Multiple mouse

models

OVA Anti-clec9A Foxp3+ T cells↑ (62)

DCIR2 MS EAE mice MOG Anti-DCIR2 MOG-specific Foxp3+ T

cells

(63)

PLP Anti-DCIR2 CD4+Foxp3+ T cells↑,

pathogenic T cells↓

(64)

T1D NOD mice BDC2.5 Chimeric anti-DEC205

(33D1)

CD4+Foxp3+ T cells↑, T

cell apoptosis

(65)

DEC205 (CD205) MS EAE mice MOG Anti-DEC205, single-chain

fragment variables specific

for DEC205

CD4+CD25+Foxp3+ T

cells↑

(63, 66)

PLP Chimeric anti-DEC205 CD4+Foxp3+ T cells↑,

CD4+ Th17 cells↓

(64, 67)

RA PGIA mice PG Anti-DEC205 CD4+Foxp3+ T cells↑,

PG-specific CD4+ cells↓

(68)

T1D INS-HA/TCR-HA

transgenic mice

HA Anti-DEC205 CD4+Foxp3+ T cells↑,

CD4+CTLA4+ T cells↑

(69)

NOD mice BDC2.5, MimA2 Chimeric anti-DEC205 Antigen-specific CD4+ and

CD8+ T cells↓

(65, 70)

IBD VILLIN-HA

transgenic mice

HA Anti-DEC205 HA-specific CD4+Foxp3+ T

cells↑

(71)

EAU Spontaneous EAU

mice

HEL Anti-DEC205-HEL CD4+CD25+Foxp3+ T

cells↑, CD4+ cells↓

(72)

GVHD C57BL/6 mice hNC16A Anti-DEC205-hNC16A CD4+ and CD8+ graft

infiltration↓

(73)

Langerin (CD207) MS EAE mice MOG Anti-Langerin Foxp3+ T cells↑ (63)

MR, DC-SIGN, MGL MS EAE mice PLP Mannosylation T cell proliferation↓ (74, 75)

Grass pollen allergy Human cells,

BALB/c mice

Polymerized P. pratense

allergens

Mannosylation CD4+CD25+Foxp3+ T

cells↑

(76, 77)

Birch pollen allergy Human cells,

BALB/c mice

Bet v 1 GalNAc-linking,

mannosylation

T cell proliferation↑ (78)

Siglecs MS EAE mice, BALB/c

mice

MOG, OVA Chimeric anti-Siglec-H CD4+ T cell anergy (79)

C57BL/6 mice OVA Sialyation CD4+Foxp3+ T cells↑ (80)

Grass pollen allergy BALC/c mice Phl-p5a Sialylation CD4+Foxp3+ T cells↑,

CD4+ Th2 cells↓,

eosinophilic airway

inflammation↓

(81)

Treml4 MS EAE mice MOG Anti-Treml4 MOG-specific Foxp3+ T

cells↑

(63)

EAE, experimental autoimmune encephalomyelitis; EAU, experimental autoimmune uveoretinitis; GVHD, graft versus host disease; HA, hemagglutinin; IBD, inflammatory bowel disease; MimA2, mimotype peptide; MOG, myelin

oligodendrocyte glycoprotein; MS, multiple sclerosis; NOD, non-obese diabetic; OVA, ovalbumin; PG, proteoglycan; PLP, proteolipid protein; RA, rheumatoid arthritis.
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at low levels on pDCs, T cells and natural killer cells (87, 88).
This differential expression pattern of DEC205 in humans is
problematic for the development of DEC205-targeted vaccines
for humans due to potential offsite targeting and needs to be
addressed carefully during the design of potential clinical studies.

DC-SIGN, MR, and MGL
DC-SIGN and MR are other members of the CLR family which
recognize several mannose and fucose-containing structures,
present on many antigens (49) and activate signaling pathways
in CLR-expressing cells (44, 52, 60). These receptors are widely
expressed on DCs and have been extensively exploited in
several fields as potential targets for immunotherapy (89–91).
Previously, antibody-mediated CLR targeting has been the most
studied strategy for antigen delivery and activation of DCs
in vivo, but in recent years glycan-based targeting approaches
are gaining increasing attention (Table 1) (89, 90). Compared
to antibody-mediated targeting, in glycan-based targeting, the
spatial orientation of displayed carbohydrate CLR ligands can be
varied more easily according to the distances between receptor
binding sites thereby enhancing receptor-ligand binding and
subsequent signaling (89). DC-SIGN is exclusively expressed
on immature DCs and shows properties that are often, but
not always, associated with Th2 polarization, suppression of
inflammation and/or induction of regulatory immune response
inhibiting pro-inflammatory Th1/Th17 immunity, especially
when it recognizes helminth or allergen associated antigens
(92–96). Interestingly, binding of the mycobacterial cell wall
component Mannose-capped Lipoarabinomannan (ManLAM)
to DC-SIGN inhibits DC maturation and induces IL-10
production (97). Also, the use of fucosylated ligands targeting
DC-SIGN biases immune responses toward anti-Th1 responses,
with an enhanced Th2 response, and has been shown to
ameliorate different autoimmune conditions pre-clinically (92,
98). For instance, exposure of NOD mice to fucose-containing
schistosome antigens inhibited the development of type 1
diabetes. This finding is in agreement with reports that have
shown that such glycan-CLR signaling can induce a regulatory T
cell phenotype having IL-10 and TGF-β production (99), which
could explain the observed prevention of the development of
autoimmunity in these mice (98, 100).

The MR recognizes terminal mannose, fucose and
N-acetylglycosamine carbohydrates via its carbohydrate
recognition domains. In humans, the MR has been identified in
CD1ahigh and CD1alow dermal DCs, as well as in vitromonocyte-
derived DCs and macrophages (101). In mice, the MR is mainly
expressed by tissue and lymphoid-resident macrophages, but
also in various endothelial cells and tracheal smooth muscle
cells (101, 102). Additionally, MR expression can be detected
in cultured murine moDCs, however the in vivo expression
of MR on murine DCs remains unknown (61, 101). The MR
has been reported to induce DC-mediated anti-inflammatory
responses, including IL-10 production upon binding to some
natural ligands that bind inside the MR binding sites (103). In
contrast, when MR interacts with ligands that bind outside the
carbohydrate recognition domains, there is no induction of IL-10
secretion, suggesting that, the efficacy of MR-targeted vaccines

to induce tolerance will greatly depend on the appropriate
selection of targeting vehicles and conditions (104). Notably,
in a murine autoimmune model of collagen antibody-induced
arthritis, treatment of mice with an epitope of Leishmania analog
of the receptors for activated C kinase (LACK) from Leishmania
major, inhibited joint inflammation and downregulated Th1
and Th17 cell responses through binding to the MR in CD11c+

DCs (105). Similarly, mannosylated forms of the myelin peptide
PLP139−151 and MOG induced a state of tolerance in EAE mice
(74, 75). Inhibition of EAE disease severity was suggested to be
mediated by modulation of peripheral autoreactive T cells. This
is in agreement with a study where treatment with mannosylated
OVA peptides induced impaired Th1 effector functions and
abrogated the activity of pre-existing effector T cells (106).

MGL is well-characterized for its specificity for terminal
GalNAc (N-Acetylgalactosamine) residues, expressed by both
mammalian cells and pathogens (49). In humans, MGL is
expressed in vivo by human DCs of skin and lymph nodes
and in vitro by macrophages and moDCs (107). In mice
however, the homologs of human MGL, MGL1, and MGL2
are expressed by dermal DCs and alternatively activated
macrophages. Upon ligand binding, the intracellular signaling
pathways that are triggered vary extensively depending on the
structure of the ligands. In this regard, it has recently been
reported that, glycoconjugates from Fasciola hepatica potentiate
the production of IL-10 by moDCs via engagement of MGL
(94). Moreover, MGL-expressing DCs from mice infected with
these glycoconjugates expanded IL-10-producing T cells and
suppressed Th1 responses. Correspondingly, recent data has
labeled the MGL as a negative regulator in autoimmune-induced
neuroinflammation as MGL was shown to induce apoptosis of
autoreactive T cells, the reduction of autoantibodies and the
induction of IL-10 (108).

The use of glycan-based strategies has been substantially
tested in pre-clinical and a few clinical settings for the treatment
of allergies (Table 1). In these studies, carbohydrate-modified
allergens were used to dampen allergic immune responses while
installing antigen-specific T cell anergy both in vivo and in
vitro (76, 77, 109–112). A notable mention is a study by
Sirvent et al where they conjugated non-oxidized mannan from
Saccharomyces cerevisae to polymerized grass pollen allergens
(PM) and demonstrated that PM-treated human moDCs favor
the induction of CD4+CD25highCD127−Foxp3+ Tregs over
Th1 cells through PD-L1 signaling, subsequently causing an
increase in the IL-10/IL-5 cytokine ratio produced by T cells
(76) (Figure 2). PM was captured via the MR and DC-SIGN and
proved to be hypoallergenic during in vivo skin prick tests and ex
vivo basophil activation tests. The same group demonstrated that
this strategy is equally effective in the treatment of canine atopic
dermatitis (77). Interestingly, oxidation of mannan impaired the
tolerogenic properties of PM shown in both human and mice,
emphasizing the importance of the mannan structure for its
functional properties (76, 109, 113). Also, Mathiesen et al. used
the major birch pollen allergen, Bet v 1, coupled to defined
carbohydrate structures and demonstrated that the prophylactic
treatment of mice with GalNAc-coupled Bet v 1 significantly
reduces IgE responses (78) (Figure 2). This finding suggests
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FIGURE 2 | In vivo targeting of receptors on DCs against immunopathologies. Different receptors on dendritic cells (DCs) could be targeted using either

antigen-antibody fusion compounds or carbohydrate-modified antigens. Brown arrows: the cDC1 and cDC2 subsets express a variety of receptors in both humans

(purple boxes) and mice (blue boxes), which recognize and internalize fusion antibodies coupled with antigens, specific for a DC receptor and mediate the deletion of

autoreactive T cells, induction of T cell anergy, generation of antigen-specific Foxp3+ Tregs and expansion of natural Tregs (These tolerogenic responses are

abrogated if fusion antibodies are administered together with adjuvants like PolyI:C). The generation of either antigen-specific Foxp3+ Tregs or promotion of natural

Tregs expansion depends of the receptor being targeted. Green arrows: Fusion antibodies against Siglecs, coupled with antigens or sialic acid-modified antigens bind

to Siglec receptors on DCs and induce anti-inflammatory signals that result in the induction of Foxp3+ T cells, T cell anergy and the inhibition of Th1 responses. Red

arrows: Targeting the MR, DC-SIGN and MGL on DCs with antigens conjugated to specific glycan moieties, result in the polarization of Th2 responses in allergy to Th1

responses and the induction of Foxp3+ T cells. Moreover, this interaction promotes the production of IgG4 blocking antibodies and mediates the reduction of IgE

secretion. CLEC9A, C-type lectin domain family 9 member A; Treml4, The Triggering Receptor Expressed on Myeloid cells-like 4; DCIR, dendritic cell immunoreceptor;

CLEC12A, C-type lectin domain family 12 member A; cDC1, Conventional type 1 dendritic cells; cDC2, Conventional type 2 dendritic cells; Siglec, Sialic acid-binding

immunoglobulin-type lectins; MR, Mannose receptor; DC-SIGN, Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin; MGL, macrophage

galactose-type C-type lectin. Langerin*: Induced expression.

that MGL, which recognizes terminal α-and β-linked GalNAc
structures, might be involved in the induction of the observed
immune responses and may thus qualify as another potential
candidate for specific antigen-delivery to DCs for induction
of tolerance (114). Cumulatively, available data suggest that
targeting DC-SIGN, MR andMGL for specific antigen delivery is
a promising strategy to be further explored for the management
of dysregulated immune pathologies (Figure 2).

Langerin
Langerin (CD207) is a transmembrane protein that functions
as an endocytic receptor by binding various sugars, including
mannose, n-acetylglucosamine, fucose, and sulfated sugars, and

mediates efficient antigen presentation onMHC I and II products
in vivo (115). Langerin is highly expressed on surfaces of human
LCs, but also at low levels on cDC2s isolated from dermal, lung,
liver and lymphoid tissue (116). Yet, langerin is not expressed on
circulating cDC2s isolated from blood (116). In mice, langerin
is expressed on LCs and CD8α+DEC205+ cDC1s of the spleen
and skin draining, however, langerin has not been identified in
the homologous human cDC1 subset, indicating that langerin
targeting strategies could induce distinct outcomes between mice
and human experiments due to differential expression of the
targeting receptor in both species (44, 52). Nevertheless, the
tolerogenic role of LCs under physiological conditions as well
as their accessible location at the surface of the body, marked
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langerin as a promising target for in vivo delivery of self-antigens
to alter disease severity in autoimmune diseases (30, 31, 63).
A notable mention is a report from Idoyaga et al that showed
that, targeting MOG35−55 peptides to murine skin and lung
langerin+ migratory DCs via conjugation with anti-langerin
antibodies lessens EAE symptom severity through the induction
of Foxp3+ Tregs (63) (Figure 2). The effect was comparable to
the reduction of disease symptoms following administration of
anti-DEC205-MOG fusion proteins. Interestingly, the langerin+

DC population is known to co-express high levels of DEC205,
suggesting that the DC subset that is targeted with anti-langerin
is also a target for anti-DEC205 mediated induction of Foxp3+

Tregs (117). However, in contrast to the above findings, co-
administration of recombinant langerin-mAbs fused to antigen
and maturation stimuli like anti-CD40 or polyI:C leads to
efficient CD4+ and CD8+ T cell priming, proliferation, and
differentiation (118). These results suggest that the strength of
the activation signal targeted to langerin+ DC is a very important
factor that must be strictly controlled in order to exploit these
subsets in autoimmune therapy. Nonetheless, the ability of
langerin+ DCs to induce antigen-specific Foxp3+ Tregs in lungs,
suggest that anti-langerin mAbs is an attractive candidate for
the treatment of respiratory dysregulated immune responses like
allergies (Figure 2).

Cell Death Receptors: Clec9A and Treml4
DCs are able to recognize and take up DAMPs through surface
receptors such as Clec9A, a homodimeric type II transmembrane
protein with a single extracellular C-type lectin-like domain
expressed on cDC1s in both mice and human (119–121). The
highly restricted expression of Clec9A on the human and mice
cDC1 subset makes it an attractive receptor for targeting this
specific subset of DCs (118). Clec9A ligation to its ligand
F-actin either results in immunity or tolerance. As Clec9A
promotes CD8+ T cell cross-priming, several in vitro studies
have been performed to explore Clec9A targeting to induce
anti-tumor immune responses (121). To determine whether
Clec9A is a promising receptor for DC targeting in the context
of autoimmune diseases, mice were injected with anti-Clec9A-
antigen conjugates. In steady-state conditions in the absence
of adjuvants, these conjugates promoted the differentiation of
Foxp3+ Treg cells (62) (Figure 2). On the other hand, when
anti-Clec9A was administered in combination with polyI:C,
tolerance was prevented and instead promoted the development
of potent antibody and Th1 or Th17 responses (62). Also, it
has been reported that antigen delivery via Clec9A enhances
the humoral response, even in the absence of adjuvant CpG.
However, the immunoglobulin classes and resulting tolerogenic
or immunogenic functions, were not explored in this study (122).
Although targeting Clec9A can induce Tregs, extensive research
is still needed to perfectly map out the optimal conditions that
are necessary for tolerance induction.

Treml4 is another cell death receptor and binds to late
apoptotic bodies necrotic cells (123). It is a member of the
the triggering receptor expressed on myeloid cells (Trem)-
family receptors which are primarily expressed on murine CD8+

lymphoid resident DCs and CD103+ lung DCs (63, 123). Treml4

has been investigated as a therapeutic target in a study by
Idoyaga and colleagues. In this study, it was demonstrated that,
intranasal inoculation of anti-Treml4-MOG peptide conjugates
could induce MOG-specific Foxp3+ T cells in mice, but this did
not prevent the development or promote improvement of EAE
symptoms in diseased mice (63). The molecular mechanisms
underlying these observations were not explored but it seems like
signaling through this receptor does not produce a strong enough
signal necessary for DC-mediated polarization of T cells to Tregs
or the suppressive capacity of induced Tregs may be impaired
in some way. Mechanistic studies addressing these issues will
be very valuable in further exploring the therapeutic potential
of this receptor in human settings in the context of immune
pathologies. It is also important to note that the expression of
Treml4 on human DC is yet to be reported. Therefore, the use
of cell death sensing receptors for tolerizing therapies remains
elusive until additional studies shed light on their relevance for
clinical applications.

ITIM-BEARING RECEPTORS

The Siglec-Family
Siglec receptors are a family of receptors expressed on a wide
variety of immune cells, including DCs (43, 59). They recognize
sialic acid, which is the last carbohydrate structure added during
the process of glycosylation, positioning sialic acid groups on
the distal end of sugar-moieties (124). These sialic acid groups
are present in the glycocalyx of all mammalian cells and could
be considered as SAMPs (43). Siglecs are divided into two
groups: (1) Siglecs that are conserved throughout different
species, namely Siglec-1 (sialoadhesin), Siglec-2 (CD22), Siglec-
4 myelin associated glycoprotein (MAG) and Siglec-15, and (2)
the CD33-related Siglecs that have rapidly expanded and have
no clear orthologs in mammalian species viz; Siglec−3 (CD33),
−5, −6, −7, −8, −9, −10, −11, −14 and −16. The expression
of Siglecs on myeoloid cells and their subsequent intracellular
signaling pathways have been nicely reviewd by Lübbers et al.
(59). In short, monocytes and monocyte-derived DCs express
high levels of Siglec-3, −7 and −9, and low levels of Siglec-
10. cDCs also express Siglec-3, −7, and −9, augmented with
low expression levels of Siglec-2 and −15. On the other hand,
pDCs only express Siglec-1, which is a non-signaling Siglec that
internalizes upon ligand binding, and Siglec-5 (59). The binding
affinity to sialic-acid-containing glycan varies between Siglecs.
This is determined by the linkage of the sialic acid group to
the underlying carbohydrate moiety (α2,3; α2,6 or α2,8 linkage).
Another noteworthy feature of Siglecs is their ability to either
bind their ligand via a trans interaction (on a different cell) or
via a cis interaction (on the same cell). These cis interactions
might contribute to sustain a tolerogenic phenotype, as surface
proteins on tolerogenic DCs, immature DCs and Tregs are highly
α2,6-sialylated, and could serve as a ligand for tolerogenic Siglecs
(125). The conserved Siglec-2 and the CD33-related Siglec-
3, and−5 till−11 contain an intracellular ITIM or ITIM-like
motif that deliver negative signals via recruitment of SHP1 and
SHP2 (43).
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Interestingly, this immune modulating mechanism has
been exploited by pathogen and cancer cells. For example,
the protozoan parasite Trypanosoma cruzi enzymatically
cleaves sialic acid moieties from the host and transfers
them via α2,3-linkage to its own surface, subsequently
downregulating pro-inflammatory IL-12 production and
upregulating anti-inflammatory IL-10 production in murine
DCs (126). Furthermore, various tumors upregulate α2,3;
α2,6; and α2,8 sialic acid on their surface to evade anti-
tumor T cell responses and to induce tumor-specific tolerance
(59). Comparable to these natural Siglec-mediated immune
modulation events, the tolerance inducing capacity of Siglecs
could be used in therapeutic strategies to treat auto-immune
and allergic diseases. So far, several in vitro and in vivo
mouse studies have been performed to address this concept
(Table 1). Targeting Siglec H on murine pDCs using anti-
Siglec-H-antigen (OVA or MOG peptides) conjugates resulted
in a decrease of CD4+ T cell expansion and Th1/Th17
differentiation, which subsequently delayed the onset and
reduced disease severity in EAE when using the anti-Siglec-
H-MOG conjugate (79). Similarly, direct modification of
OVA and MOG peptides with α2,3 or α2,6 sialyl-lactose
targeted these antigens to Siglec E on DCs and dampened
pro-inflammatory responses in the same EAE mouse model
upon treatment with sialylated MOG peptides (80). Siglec E
targeting resulted in the induction of Foxp3+ CD4+ Tregs
and inhibition of inflammatory effector cells after stimulation
with LPS, both in vitro and in vivo (80) (Figure 2). Finally,
the potential of sialic acid modified antigens was tested
in an experimental murine model for grass pollen allergy.
Subcutaneous treatment with sialic acid modified grass pollen
peptides induced significant numbers of antigen specific Tregs,
inhibited antigen specific effect Th2 cells, and reduced the
accumulation of eosinophils (81).

Overall, these studies demonstrate that targeting DC through
Siglecs could be very promising for induction of tolerogenic
immune responses as a treatment for autoimmune and allergic
diseases (Figure 2). However, most studies have been performed
in mice and are therefore not sufficient for translation to human
settings. Consequently, it is important to elucidate their potential
and consequences in the human immune system.

DCIR
DCIR is another member of the family of CLRs expressed on
cDCs, moDCs and pDCs (44, 45, 127). The human DCIR-Fc
protein has been reported to bind a variety of carbohydrate
structures including Lewisb, Man3 glycans, and bisecting GlcNAc
residues (127). The mouse homolog of DCIR, DCIR2 is
primarily expressed on CD8+DCs. DCIR is important for the
homeostasis of the immune system by, in part, regulating DC
differentiation or polarization, as DCIR-deficient mice were
prone to develop autoimmune encephalitis (128). As such,
consistent with results obtained in mouse models (128, 129),
polymorphisms of the DCIR gene are associated with the
susceptibility to RA in humans (130). DCIR2+ DCs have
been shown to stimulate natural Foxp3+ Tregs to mediate
tolerance to self-antigens in the absence of immune stimuli

(41). However, in the presence of a maturation stimulus, they
induce T cell expansion and production of pro-inflammatory
cytokines (41). Upon triggering with DCIR-specific mAbs,
DCIR is internalized in both pDCs as well as human moDCs,
resulting in efficient antigen presentation to T cells and
downregulation of IFN-α production (131). Interestingly, using
an anti-DCIR2-PLP139−151 and MOG fusion antibody to target
DCs resulted in the amelioration of EAE symptoms (63, 64).
This effect was suggested to be mediated primarily through
the depletion of autoreactive T cells or induction of anergy
in pathogenic T cells (Figure 2). However, DCIR2-targeting
did not induce de novo generation of Ag-specific Treg from
naïve CD4+ T cell precursors in the steady state due to
lack of TGF-β expression by CD4+ CD11b+ DC but instead
stimulated and expanded natural Tregs (64). Similarly, targeting
β-Cell antigen using chimeric DCIR2 antibodies in NOD
mice, elicited tolerogenic CD4+ T cell responses and induced
increased T cell apoptosis while delaying diabetes induction
(65). Targeting DCs with anti-DCIR2-antigen has also shown
some promise in the field of transplantation where, an anti-
DCIR2-MHC I monomer successfully inhibited allorecognition
and the production of IgG alloantibodies leading to long-term
allograft survival (132). Unexpectedly, DCIR2 targeting of mice
DCs augmented spontaneous EAU development, characterized
by local reduction in Tregs (133). While DCIR2 may be a
promising candidate for in vivo Ag delivery in mice, this may
not be the case for humans because, even though DCIR2
is highly restricted to CD11b+ DC subset in mice it is not
detectable on the human CD1a/b+ cDC subset, a proposed
equivalent of mouse CD11b+ DCs (130). Thus, there is need
for identification of surface molecules that are specifically
and similarly expressed by mouse and human DCs to allow
exploration of clinical effectiveness of vaccines targeting these
DC subsets.

Clec12A (MICL)
The human myeloid inhibitory C-type lectin receptor (MICL) or
Clec12A is expressed on alveolar macrophages, cDC1s, cDC2s,
and pDCs, while the mouse Clec12A is expressed on myeloid
cells (45, 134). Clec12A selectively binds to dead cells that
have lost their plasma membrane integrity (130). The endocytic
capacity of Clec12A has led to its being exploited for DC-
specific antigen targeting. In this regard, antibody-mediated
targeting of OVA to Clec12A in mice was able to induce potent
antibody responses but no tolerogenic responses (135). Such
targeting of Clec12A with anti-Clec12A antibodies seems to be
sufficient for antigen internalization, processing and presentation
but not for activation of DCs as reported in targeting of
DEC205 with mAbs (122, 135). These mAbs may therefore
simply serve to deliver Ags to DCs. The study of Clec12A
in the context of immunotherapy for dysregulated immune
pathologies is still in its infancy and further research is warranted
given that preliminary data and the biological properties of
Clec12A portrays this receptor as a promising candidate in
this field.
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FUTURE PERSPECTIVES AND
CONCLUSIONS

Due to the unique capacity of DCs to coordinate innate
and adaptive immune responses, they have been extensively
studied and have proven to be a very promising strategy for
immunotherapy. In the past decades, our knowledge of the
potential of DCs in cancer and autoimmune disease/allergy
therapy has expanded remarkably, advancing from the current
ex vivo generated DC-based vaccines to in vivo targeting of
DCs via specific receptors (Figure 1). Various compounds, such
as vitamin D3, retinoic acid, dexamethasone, or IL-10, and
TGFβ have shown the potency of tolDCs as immunotherapy in
autoimmune diseases. However, there has been an increasing
interest in moving toward in vivo targeting strategies where
the induction of tolerance is achieved by targeting different
receptors on DCs in their natural environment with antigen-
delivering antibodies and antigen-carbohydrate conjugates. This
has proven to be very effective in the amelioration of disease
processes in a range of mouse models including MS, diabetes
and allergies. Nevertheless, there is still a need to expand our
knowledge on the potential application of such in vivo targeting
strategies in human settings because, despite the many important
similarities that exist between human and mouse DCs, very
crucial incompatibilities between both species still limits the
capacity to translate findings from one species to the other.
Nonetheless, the potential for future clinical translation and
therapeutic application of in vivo antigen targeting to DCs is very
promising, although additional research is necessary to decipher
the specific molecular mechanisms involved in the anti-disease
tolerance promoted by such DCs. During the development of
potential vaccines for autoimmune and allergic diseases, multiple
inevitable questions need to be addressed. For instance, receptors
that are not inherently tolerogenic but are capable of inducing
tolerance under certain conditions, such as DEC205, DC-SIGN,
and langerin, the induced tolerogenic effect is abrogated in

the presence of pro-inflammatory modulators. Therefore, the
appropriate optimization of vaccine formulations to target such
receptors will be of utmost importance. In contrast, Siglecs have
the ability to induce tolerogenic immune responses even in
the presence of the pro-inflammatory modulator LPS (80, 136)
and the resulting responses are not particularly affected by the
presence of adjuvants. Moreover, there is still uncertainty about
the right antigen-antibody/glycan dosage necessary for induction
of tolerance, the duration of the resulting tolerogenic response,
the effect on other immune cells expressing similar receptors
as those being targeted, the use of a vehicle, and the method
of administration. Finally, it may also be important to further
investigate the potential positive or negative effects that receptor-
specific antigen targeting may have on other myeloid cells, such
asmacrophages that express some of the DC receptors that can be
targeted. Although further investigation is warranted, the effects
might be negligible giving the lower antigen presenting capacity
of macrophages. Overall, it is clear that the generation of a
tolerogenic immune response viaDC receptor targeting depends
on the receptor, the DC subset being targeted, and the specific
micro-environmental factors.
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Tumor-specific neoantigens can be highly immunogenic, but their identification for each

patient and the production of personalized cancer vaccines can be time-consuming

and prohibitively expensive. In contrast, tumor-associated antigens are widely expressed

and suitable as an off the shelf immunotherapy. Here, we developed a PLGA-based

nanoparticle vaccine that contains both the immunogenic cancer germline antigen

NY-ESO-1 and an α-GalCer analog IMM60, as a novel iNKT cell agonist and dendritic cell

transactivator. Three peptide sequences (85–111, 117–143, and 157–165) derived from

immunodominant regions of NY-ESO-1 were selected. These peptides have a wide HLA

coverage and were efficiently processed and presented by dendritic cells via various HLA

subtypes. Co-delivery of IMM60 enhanced CD4 and CD8T cell responses and antibody

levels against NY-ESO-1 in vivo. Moreover, the nanoparticles have negligible systemic

toxicity in high doses, and they could be produced according to GMP guidelines.

Together, we demonstrated the feasibility of producing a PLGA-based nanovaccine

containing immunogenic peptides and an iNKT cell agonist, that is activating DCs to

induce antigen-specific T cell responses.

Keywords: NY-ESO-1, iNKT cell, B cell epitope, peptide vaccine, IMM60, PLGA nanoparticle, CD8T cell, CD4T cell

INTRODUCTION

Recent advancements in cancer immunotherapy such as checkpoint blockade therapy, CAR
T cells, and neo-epitope-based RNA vaccines show that once activated, the adaptive
immune system is capable of recognizing and eradicating tumor cells (1). This recognition
is based on tumor antigens which are either normal proteins that are aberrantly or
over-expressed in tumors [tumor-associated antigens (TAA)], or proteins that are mutated
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during tumorigenesis (tumor-specific antigens or neoantigens).
While neoantigens are patient-specific, TAAs are widely
expressed in a majority of cancer patients with various types
of tumors (1). One subset of TAAs is cancer germline antigens
which are generally expressed in immune-privileged sites such
as germ cells of the testes, in fetal ovaries, and on trophoblasts
(1, 2). The immune system is thought not to be desensitized
against cancer germline- and mutated-proteins and therefore, T
cell responses can be induced against these antigens (3, 4).

Invariant Natural Killer T (iNKT) cells represent a specialized
subset of immune cells characterized by the expression of a
restricted αβ T cell antigen receptor (TCR) that specifically
recognizes lipid antigens such as α-GalCer presented by CD1d
molecules expressed by dendritic cells (DCs), macrophages and
B cells (5). Upon activation, they rapidly secrete large amounts of
cytokines and induce subsequent activation of different cell types,
including DCs, NK cells, and T cells (6). Due to the production
of cytokines (i.e., IFN-γ, IL-4) and DC activation through CD40-
CD40L interaction, iNKT cells can act as a helper T cell to boost
cytotoxic T cell (CTL) responses. Hence, α-galactosylceramide
(α-GalCer) and its analogs are explored as vaccine adjuvants (7).

NY-ESO-1 antigen has been used in clinical vaccination
studies, mainly because of its expression in a broad range
of cancers with high incidence (one-third to one-fourth of
melanoma, lung, breast, esophageal, liver, gastric, prostate,
ovarian, and bladder cancer) (8–10). Vaccinations led to an
enhancement of humoral and cellular immune responses and
clinical improvements have been documented in some patients,
supporting the role of NY-ESO-1 as an attractive antigen for
therapeutic vaccination (3, 11, 12). Moreover, the development
of potent vaccines with multiple shared tumor antigens including
NY-ESO-1 in combination with checkpoint blockade therapy has
recently been shown to enhance the clinical response rates of
cancer patients (13).

Effective cancer vaccines should induce strong and long-
lasting immune responses. Our previous preclinical data with
nanoparticle-encapsulated iNKT cell agonists (α- GalCer and
IMM60) and antigens (ovalbumin and HPV-E7) in mice
demonstrated regression of tumors after a single injection of
nanoparticles (14, 15). We observed that iNKT cell agonists have
a high adjuvant effect at dosages that could be loaded within
PLGA nanoparticles and therefore, has an advantage over TLR
ligands that could not be sufficiently loaded (14). Additionally,
activation of iNKT cells by PLGA nanoparticles led to activation
and mobilization of multiple cell types such as NK cells, B cells,
CD4, and CD8T cells as well as alternative cognate licensing
of DCs (15, 16). Moreover, we and others showed that antigen
vaccinations, together with iNKT cell agonists, provide a strong
immune response and long-lasting tumor regression if employed
in combination with checkpoint blockade therapy (15, 17).

Here we describe the design of a PLGA-based nanoparticle,
for co-delivery of NY-ESO-1 peptides with an iNKT cell agonist,
as a cancer vaccine. We selected IMM60 as an iNKT cell
agonist because of its enhanced ability to activate human
iNKT-cells compared with α-GalCer, resulting in extended
iNKT responses (18). Using NY-ESO-1-specific TCR mRNA
transfection of healthy donor T cells, and patient-derived T cells,

we confirmed previous observations that peptides are indeed
more immunogenic than the whole protein (19) and that the
selected peptides could be efficiently processed and presented
by multiple HLA types either in solution or in nanoparticle-
encapsulated form. Furthermore, we demonstrated enhanced in
vivo immune responses with nanoparticles compared to soluble
peptide injections and a further enhancement due to co-delivery
of iNKT cell agonist IMM60 within the nanoparticles.

METHODS

Reagents
PLGA (Resomer RG 502H, lactide/glycolide molar ratio
50:50) was purchased from Evonik Solvents. Dichloromethane
was obtained from Merck. CryoSure-DMSO from WAK-
Chemie. Polyvinyl alcohol 80% (PVA) from Sigma. Pure
water from Braun. Isopropyl alcohol, ≥ 99.7% ACN,
≥ 99.9%, MeOH, ≥ 99.9%, and (CHCl3, ≥ 99%) were
obtained from Sigma-Aldrich. NY-ESO-1 derived peptides;
85–111 (SRLLEFYLAMPFATPMEAELARRSLAQ), 117–
143 (PVPGVLLKEFTVSGNILTIRLTAADHR), and 157–165
(SLLMWITQC) were custom synthesized by Genscript and
Pichem; 153–167 (LQQLSLLMWITQCFL), and 97–111
(ATPMEAELARRSLAQ) was produced by Genscript. All
peptides had >95% purity and concentrations were based on
net peptide weights determined by nitrogen analysis. IMM-60
was provided by Ian Walters of iOx Therapeutics. RPMI 1,640
medium was obtained from Life Technologies. Full-length
NY-ESO-1 protein was produced in Escherichia coli by the
Ludwig Institute for Cancer Research, New York branch. 0.5mg
NY-ESO-1 protein was dissolved in 1ml water containing 240mg
urea, 3.75mg glycine, 13.8mg Sodium Dihydrogen Phosphate
Monohydrate, and 8.5mg Sodium Chloride.

Nanoparticle production
All PLGA nanoparticles (NPs) were prepared using a single
emulsion and solvent evaporation–extraction method, as
described previously (10). Briefly, 100mg of PLGA was dissolved
in 3ml of dichloromethane containing 1mg of each peptide
(Supplementary Table 3) and 150 µg IMM60 dissolved in
DMSO. This organic phase was added dropwise to 25ml
of aqueous phase containing 2.5% PVA and emulsified for
120 s using a digital probe sonicator (Branson Ultrasonics,
Danbury, CT). The organic phase was evaporated overnight
at RT while stirring, and nanoparticles were collected by
centrifugation at 10,000 rpm (13304 RCF) for 35min, washed
three times with pure water, and lyophilized. Different peptide
and IMM60 concentrations were examined and reported in the
results section.

Nanoparticle Characterization
The size and polydispersity index of the nanoparticles was
analyzed by dynamic light scattering using a Nanotrac Flex
(Microtrac). The peptide content of the NPs was determined by
HPLC analysis using a standard dilution of peptides based on
net peptide content (15). All amounts of PLGA-NPs used in this
study were calculated according to their net peptide contents

Frontiers in Immunology | www.frontiersin.org 2 February 2021 | Volume 12 | Article 64170322

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


Dölen et al. PLGA Nanoparticles Containing NY-ESO-1 and IMM60

except for the particles containing full NY-ESO-1 protein which
the content could not be determined due to high amounts of
urea and glycine contamination. IMM60 content of the NPs
was determined by a Corona Veo Charged Aerosol Detector
(CAD) coupled to a DIONEX UltiMate 3000 HPLC system
(Thermo Fischer Scientific). The NPs were dissolved in DMSO
for a complete dissolution of the components and analyzed
by CAD on an XSelect CSH C18 2.5µm 3.0 × 150mm XP
column (Waters) with VanGuard Cartridges (Waters) coupled
to a column heater (65◦C), eluents MeOH-Formic Acid-
Triethylamine (99.0/0.05/0.05 vol. %) with isocratic gradient flow
rate = 1.0 ml·min−1. The quantity of IMM60 was calculated
by interpolation of the standard calibration curves of IMM60
performed in the same way as for the NPs. The endotoxin content
of the nanoparticles was analyzed using the gel-clot method
by Eurofins PROXY laboratories, Leiden, The Netherlands, and
found to be lower than 0.1 EU/mg particles.

In vitro Antigen Presentation With TCR
mRNA Transfected T Cells
HLA typed leukapheresis products were obtained from the blood
bank Sanquin, Nijmegen, and subjected to density gradient
separation with Ficoll to obtain PBMCs. Monocytes were
isolated from PBMCs via positive MACS separation with CD14
microbeads according to the manufacturer’s protocol (Miltenyi
Biotech). The remaining cells were subjected to the untouched
separation of T cells with either the CD8T Cell Isolation Kit
or the CD4T Cell Isolation Kit according to the manufacturer’s
protocol (Miltenyi Biotech). Monocytes, CD8, or CD4T cells
were frozen in FBS 10% DMSO solution and stored in liquid
nitrogen until further use. Monocytes were thawed, and 10× 106

cells were cultured at 37◦C 5% CO2 in 8ml of full RPMI medium
(supplemented with 10% FBS, 100 U/ml penicillin, 100µg/ml
streptomycin, 2mM ultraglutamine) containing 300 U/ml IL-4
and 450 U/ml GM-CSF to generate DCs. On day 3, 3600U IL-4
and 5400U GM-CSF were added. On day 6, floating immature
DCs were harvested, and 20 × 103 cells/well were plated in
a 96 U-bottom plate. Peptides dissolved in DMSO (free form)
or encapsulated within nanoparticles were prepared in different
concentrations based on net peptide contents in full RPMI and
added to the wells. DCs were cultured with antigens for 24 h at
37◦C 5% CO2. Autologous T cells isolated from the PBMCs were
thawed, transferred to full RPMI medium containing 2µg/ml
DNase and incubated for 30min at 37◦C 5% CO2. 10ml of
PBS was added, and the cell suspension was centrifuged (8min,
300 g at room temperature). T cells were counted, 10ml of
serum-free X-VIVO 15 medium (Lonza) was added, and the cell
suspension was centrifuged for 8min, 300 g at room temperature.
Cells were resuspended in serum-free X-VIVO 15 medium in
a concentration of 40 × 106 cells/ml and transferred to 4mm
gap Gene Pulser/MicroPulser Electroporation Cuvettes (Bio-
Rad). Ten Microgram of mRNA encoding α and β chains
of TCR recognizing NY-ESO-1 was mixed with the cells and
electroporated with a single square pulse of 500V for 3ms
using a Gene Pulser Xcell Electroporation System (Bio-Rad).
Electroporated cells were transferred to a tube containing 1ml

IVS medium (IMDM GlutaMAX + 5% human AB serum) and
incubated for 2 h at 37◦C 5% CO2. 50 × 103 TCR transfected
T cells were added to each well of DCs. LPS was added on the
wells to a final concentration of 0.2 ug/ml. Supernatants were
collected 72 h after the establishment of DC-T cell co-cultures
and analyzed for IFN-γ by ELISA.

In vitro Antigen Presentation Assay With
Patient-Derived PBMCs
Frozen PBMCs of two patients who participated in a
clinical vaccination trial using NY-ESO-1 whole protein in
ISCOMATRIX followed by a booster with recombinant fowlpox
virus expressing NY-ESO-1 (20) were analyzed for a response
to NY-ESO-1 derived peptides. These PBMCs were previously
stimulated for 14 days in vitro with a pool of overlapping
peptides covering the entire sequence of NY-ESO-1 protein.
EBV-transformed B cells of the same patients were loaded with
peptides dissolved in DMSO (free form) or nanoparticles for
18 h. These were then used as antigen-presenting cells in co-
culture with autologous PBMCs. Separately, free form peptides
and nanoparticles were incubated with PBMCs without being
loaded to EBV transformed B cells. 5 h later, CD8 and CD4T
cells in the co-cultures were analyzed for intracellular IFN-γ
by flow cytometry. For stimulation with NY-ESO-1157−165,
HLA-A∗02:01 positive EBV-transformed B cells were loaded
with the peptide and then co-cultured with a T-cell clone (4D8)
which specifically recognizes this peptide. Intracellular IFN-γ
production was assessed by flow cytometry.

Mice and Tissues
Wild-type C57BL/6J were obtained from Charles River,
Germany. AAD mice [Immp2lTg(HLA−A/H2−D)2Enge] were
obtained from Jackson, USA. HHDmice were bred in the animal
facility of the University of Oxford. All mice were aged between
8 and 15 weeks at the start of experiments. 1G4-HHD mice
are transgenic for a mouse-human hybrid TCR m1G4 (with
the human variable domains of the human 1G4 TCR that is
specific for NY-ESO-1157−165 peptide/HLA-A2 complex). All
mice were maintained under specific pathogen-free conditions at
the Central Animal Laboratory of Radboudumc (Nijmegen, The
Netherlands, or at the animal facility of the University of Oxford,
UK). Drinking water and food were provided ad libitum. PLGA
nanoparticles were dissolved in ice-cold PBS by vortexing for 30 s
before injected via iv route at the tail vein. Blood was collected
via tail vein puncture or retro-orbital puncture during terminal
anesthesia. Spleens were isolated under sterile conditions and
stored at 4◦C in RPMI 1640 medium supplemented with 100
U/ml penicillin and 100µg/ml streptomycin until processing
for maximally 2 h. Spleens were meshed through a 100µm
cell strainer by using a syringe plunger. The cell suspension
was spun at 400 × g for 5min and resuspended in 3ml of 1x
ammonium chloride solution for the lysis of erythrocytes. After
5min of incubation at room temperature, cells were washed
with 10ml of PBS. Cells were counted by a hemocytometer and
cultured in full RPMI 1,640 medium supplemented with 50µM
2-mercaptoethanol in 96 well plates.
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In vivo Priming
F1 (HHD× C57BL/6J) mice were intravenously injected with 1.1
ug (0.6 nmol) peptide-3-LP (153–167, LQQLSLLMWITQCFL)
either in solution or encapsulated within nanoparticles mixed
with 50 ng IMM60 in solution. Twenty eight days later all
mice were boosted with iv injection of 1.1 ug peptide-3-LP in a
solution mixed with 50 ng IMM60. Eight days after the boost,
mice were euthanized, splenocytes were processed and stained
with fluorescent antibodies and tetrameric pMHC (HLA-A2/Kb

NY-ESO-1157−165) (21) to identify antigen-specific CD8T cell
frequencies. F1 (HHD× B6SJLCD45.1) mice were intravenously
injected with nanoparticles containing 2,000 ng (1.1 nmol), 100
ng (55 pmol), or 10 ng (5.5 pmol) peptide-3-LP intravenously
and 10 days later, mice were euthanized, splenocytes processed,
and stained using fluorescent antibodies and tetrameric pMHC
(HLA-A2/Kb NY-ESO-1157−165). Cells were analyzed on a BD
LSR Fortesa flow cytometer.

C57Bl/6 mice were intravenously injected with 1mg NPs
containing all three peptides (8.8 ug Peptide-1, 5.9 ug Peptide-2,
and 12 ug Peptide-3 per mg NP) with 1.2 ug IMM60 per mg NP
or (6.1 ug Peptide-1, 4.3 ug Peptide-2, and 11 ug Peptide-3 permg
NP) without IMM60 (last two rows of Supplementary Table 3B).
Seven days later, splenocytes were isolated and frozen in FBS
10% DMSO. Once thawed, splenocytes were stimulated ex vivo
with 10 uM peptides 1, 2, and 3 separately. Fourty eight hours
later, IFN-γ levels in culture supernatants were determined by
ELISA. Splenocytes were stimulated for 16 h at 37◦C/5% CO2

before the addition of BFA (Sigma) (10µg/ml) and cultured for
4 h. Cells were washed and surface stained with CD3, CD8, CD4,
and LIVE/DEAD cell stain (Invitrogen, UK). Subsequently, the
cells were washed, treated with Cytofix and Perm Wash (BD
biosciences) according to the manufacturer’s instructions, and
stained with IFN-γ-PE (BD biosciences) intracellularly.

In vivo Cytotoxicity Assay
Groups of homozygous AAD mice were intravenously injected
with nanoparticles encapsulating all three peptides with or
without IMM60 and nanoparticles only encapsulating IMM60
and peptide-3. All groups were dosed based on 6 ug peptide-3
content. Injections were repeated 28 days later or the experiment
proceeded to the next step after the first injections. Six days
after the injection, naive AAD mice splenocytes were loaded
either with peptide-3, or HPV (irrelevant) peptide and stained
with 5 uM celltrace violet, and celltrace CFSE, respectively.
Antigen-loaded splenocytes were transferred as target cells to
mice vaccinated with nanoparticles. One day later, all mice were
euthanized, and cytotoxicity in spleens was measured by flow
cytometry using the following formula:

Ratio= Irrelevant Percentage: Relevant Percentage
Percent Specific killing = [1–(non-vaccinated control

ratio/Experimental ratio)]× 100

In vivo Tumor Challenge
A group of homozygous AADmice was vaccinated intravenously
with 1mgNP (peptidemix+IMM60) containing 11.4 ug peptide-
1, 13.4 ug peptide-2, and 11.5 ug peptide-3, and 1.39 ug IMM60.
Seven months later groups of vaccinated and non-vaccinated

mice were inoculated with 2.5 × 105 1C12 sarcoma cells
expressing full-length NY-ESO-1. 1C12, a Methyl Colanthrene
(MCA)-induced murine tumor cell line, was transduced with a
NY-ESO-1 expressing lentiviral vector and cloned by limiting
dilution. The parental MCA-induced cell line was isolated from
a tumor that emerged in MCA injected (intramuscular) HHD
mice. Nine days after tumor inoculation, the vaccinated group
received a booster dose and tumor growths were recorded. Mice
that rejected the first tumors were re-challenged with 5 × 105

1C12 sarcoma cells on day 74. On day 109, all mice were
euthanized, spleens and blood were isolated. Splenocytes were ex-
vivo restimulated with different peptides, and supernatants were
collected 72 h later for IFN-γ analysis.

In vivo Toxicology
A single-species preclinical toxicology study was performed
by Charles River Laboratories (Edinburg, UK) to determine
the potential toxicity of a single intravenous (bolus) injection
of PLGA nanoparticles containing 8.8 ug Peptide-1, 5.9 ug
Peptide-2, and 12 ug Peptide-3 with 1.2 ug IMM60 per mg
NP or 6.1 ug Peptide-1, 4.3 ug Peptide-2 and 11 ug Peptide-
3 per mg NP without IMM60 in mice. One control group
received only formulation buffer, one control group received
50 mg/kg PLGA particles containing NY-ESO-1 peptides
(SRLLEFYLAMPFATPMEAELARRSLAQ, PVPGVLLKEFTVSG
NILTIRLTAADHR, SLLMWITQC), and three groups received
three dose levels (0.5, 5, and 50 mg/kg) of PLGA particles
containing IMM60 and NY-ESO-1 peptides (SRLLEFYLAMPF
ATPMEAELARRSLAQ, PVPGVLLKEFTVSGNILTIRLTAADH
R, SLLMWITQC). Fifty mice were assigned to terminal necropsy
1 day after injection to monitor toxicological parameters at
the peak level. Thirty mice were subjected to necropsy 7 days
later to monitor intercurrent mortality and recovery of initial
findings. Blood was collected, transferred into tubes containing
lithium heparin, and processed for plasma, which was analyzed
for Alanine aminotransferase (ALT), Aspartate aminotransferase
(AST), and Alkaline phosphatase (ALP). Essential organs such
as the liver, spleen, lungs, kidneys, heart, bone marrow, and
thymus were stored in fixative. Tissues were processed at Charles
River Edinburgh Ltd. PROPATH. Microscopic evaluation was
conducted by a senior veterinary pathologist on all tissues.

ELISA
Human and mouse IFN gamma uncoated ELISA Kits
(Invitrogen) were used to determine levels of IFN-γ in
serum or culture media according to product protocols. Serum
samples were diluted 1/8 −1/10 in blocking buffer before adding
to ELISA plates.

For NY-ESO-1 specific antibody detection, ELISA plates were
coated by overnight incubation with 10µg/ml NY-ESO-1 protein
or 30µg/ml NY-ESO-1 protein and 30µg/ml of each peptide
in 100 ul PBS, separately. After washing with wash buffer (PBS,
0.5% Tween-20) plates were incubated with Solution B - Blocking
Buffer (Mouse Anti-OVA IgG1 Antibody ELISA Kit 30,105,
Chondrex) for 1 h. Sera were diluted 1/100 or 1/500, added
into wells, and incubated for 2 h. The plates were incubated
for 1 h with horseradish peroxidase-conjugated anti-mouse IgG1
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(30133) or IgG2c (30293) (Chondrex) followed by the addition
of tetramethylbenzidine substrate solution (Chondrex). The
reaction was stopped by the addition of 2N H2SO4, and the
absorbance was read at 450 nm.

Statistical Analysis
Levene’s test was used to assess the homogeneity of group
variances. An unpaired t-test was used to compare the means
of two groups. For comparing more than two groups, one-way
ANOVA or Kruskal-Wallis test was used with Tukey’s or Dunn’s
post-hoc tests. GraphPad Prism version 9.0.0 for Windows was
used for all statistical analysis and figures. ∗P < 0.05; ∗∗P < 0.01;

∗∗∗P < 0.001; and ∗∗∗∗P < 0.0001. ns, not significant. Mice were
randomly assigned to all experimental groups based on online
randomization software.

RESULTS

Peptides Derived From NY-ESO-1 Are
Functional in PLGA Nanoparticles
The long NY-ESO-1 peptides that were used in this study
contain known NY-ESO-1-derived peptide epitopes in the
context of their respective HLA alleles (peptides-1 and−2 in
Table 1) and are therefore, suitable candidates for the final

TABLE 1 | Epitopes, their binding HLA allele types, and positions in the NY-ESO-1 protein sequence.

Immunogenic epitopes of NY-ESO-1

HLA Peptide sequence Position Peptide position Long peptide sequence

DR15 AGATGGRGPRGAGA 37–50

A*31:01 ASGPGGGAPR 53–62

B*07:02 APRGPHGGAASGL 60–72

Cw*06:02 ARGPESRLL 80–88

DRB5*02:02 SRLLEFYLAMPFATP 85–99

DR2 RLLEFYLAMPFA 86–97

DRB1*0901 LLEFYLAMPFATPM 87–100

DPB1*0401/0402 LLEFYLAMPFATPMEAELARRSLAQ 87–111

DRB1*0101 LLEFYLAMPFATPMEAELARRSLAQ 87–111

DRB1*04:01 LLEFYLAMPFATPMEAELARRSLAQ 87–111

DRB1*07:01 LLEFYLAMPFATPMEAELARRSLAQ 87–111

DR1 EFYLAMPFATPM 89–100

A*24:02 YLAMPFATPME 91–101 85–111 27 a.a Peptide-1SRLLEFYLAMPFATPMEAELARRSLAQ

C*03:03/03:04 LAMPFATPM 92–100

B*35:08:01 LAMPFATPM 92–100

A*68:01:01 AMPFATPMEAELARR 93–107

B*51:01 MPFATPMEA 94–102

B*35:01 MPFATPMEAEL 94–104

DQB1*0401 PFATPMEAELARR 95–107

B*52 01 FATPMEAEL 96–104

C*12:02 FATPMEAELAR 96–106

B*07:02:01 ATPMEAELARRSLAQ 97–111

DRB1*04:01/11:01/16:01 PVPGVLLKEFTVSGNILTIRLTA 117–139 117–143 27 a.a Peptide-2PVPGVLLKEFTVSGNILTIRLTAADHR

DRB1*0401 PGVLLKEFTVSGNILTIRLT 119–138

DRB1*0101 PGVLLKEFTVSGNILTIRLTAADHR 119–143

DR7 PGVLLKEFTVSGNILTIRLTAADHR 119–143

DRB1*04:01 VLLKEFTVSG 121–130

DR52bDRB1*04:01 LKEFTVSGNILTIRL 123–137

DRB1*0803 KEFTVSGNILT 124–134

B*49:01 KEFTVSGNILTI 124–135

A*68:01 TVSGNILTIR 127–136

DR4 AADHRQLQLSISSCLQQL 139–156

A*02:01 SLLMWITQC 157–165 157–165 9 a.a Peptide-3SLLMWITQC

DPB1*04:01/04:02 SLLMWITQCFLPVF 157–170

HLA class-I binding epitopes are in black and HLA class II-binding epitopes are in blue. The long peptide sequences present in nanoparticles are designated as peptide-1, 2, and 3.

HLA, human leukocyte antigen; NY-ESO-1, New York esophageal squamous cell carcinoma 1.
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FIGURE 1 | Dose-response curves of selected peptides (dissolved in DMSO)

obtained by TCR transfected T cell cultures in vitro. (A) CD8+ T cell response

against free peptide-1 (circle) presented by HLA-B7 is compared with the

minimal epitope 97–111 (triangle), the free form whole NY-ESO-1 protein

(square), and an irrelevant peptide (cross). (B) CD4+ T cell response against

peptide-2 (circle) presented by HLA-DRB1 is compared with the free form

whole NY-ESO-1 protein (square) and an irrelevant peptide (cross). (C) CD8+ T

(Continued)

FIGURE 1 | cell response against peptide-3 (circle) presented by HLA-A2 is

compared with the free form whole NY-ESO-1 protein (square) and an

irrelevant peptide (cross). (D) CD8+ T cell response against 157–165 epitope

presented by HLA-A2. Nanoparticles containing peptide-3 (157–165) (filled

square and triangle) or peptide-3-LP (153–167) (empty square and triangle)

with/without IMM60 are compared with nanoparticles containing the whole

NY-ESO-1 protein and IMM60 (filled circle) by total PLGA nanoparticle

concentration due to the inability to calculate encapsulation of whole

NY-ESO-1 protein. Each assay is repeated at least twice with similar results,

response curves are fitted by four or five parameter non-linear regression

analyses. Mean values are shown with SD.

nanoparticle formulation (20, 22, 23). To increase the coverage
and immunogenicity of the final product, the short peptide 157–
165 (peptide-3 in Table 1) was also included. This third peptide
was preferred at minimal length to avoid the generation of
an adjoining cryptic epitope present in the long peptide 153–
167 (peptide-3-LP) with more dominant immunogenicity (24).
Together, the selected peptides cover more than 80% of the
European population for both class-I and class-II HLA alleles and
are therefore, suitable candidates for inclusion into a nanoparticle
cancer vaccine (Supplementary Table 1) (25).

The free peptides (dissolved in DMSO) were tested for
processing and presentation by monocyte-derived DCs (moDCs)
of healthy donors to autologous T cells transfected with TCRs
derived from NY-ESO-1 specific T cells (26, 27). For peptide-
1 (85–111), CD8T cells were transfected with TCR mRNA
(NY#12) recognizing 97–111 peptide of NY-ESO-1 presented
by HLA-B∗0702 (Table 1, Supplementary Table 2A) (27). IFN-γ
production was observed after stimulation with peptide-1 (85–
111) albeit lower than after stimulation with minimal epitope
97–111 at the highest dose (Figure 1A). To test peptide-2 (117–
143), CD4T cells were transfected with TCR mRNA (NY#3)
recognizing 117–139 sequence presented by HLA-DRB1∗0101
(Table 1, Supplementary Table 2A) (27). IFN-γ production
was observed by CD4T cells in a dose-dependent manner
(Figure 1B). To test peptide-3, TCR transfected CD8T cells of
HLA-A∗0201 donors were used, and dose-dependent production
of IFN-γ was also observed with this peptide (Figure 1C). We
could not observe any considerable IFN-γ response with whole
NY-ESO-1 protein in any of the TCRs and corresponding HLA
types tested (Figures 1A–C).

To test the capacity of the manufactured nanoparticles to elicit
an immune response, nanoparticles containing whole NY-ESO-1
protein or NY-ESO-1 derived peptides were loaded onto moDCs
and cultured with TCR transfected T cells. T cells stimulated
with moDCs loaded with nanoparticles containing whole NY-
ESO-1 protein produced low levels of IFN-γ even when high
nanoparticle concentrations were used, and independent of
the TCRs (Figure 1D, Supplementary Figure 1A). In contrast,
when moDCs were loaded with nanoparticles containing either
HLA-A2.1 binding short peptide-3 (157–165) or long peptide-
3-LP (153–167) or HLA-DRB1 binding peptide-2 (117–143),
high amounts (20–160-fold for the NY-ESO-1157−165 epitope)
of IFN-γ were observed (Figure 1D). These results demonstrate
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FIGURE 2 | (A) Schematic demonstration of nanoparticles produced with different components. (B–D) Dose/IFN-γ response curves of free (dissolved in DMSO) or

nanoparticle (NP) encapsulated peptides obtained by TCR transfected T cell cultures in vitro. (B) CD8+ T cell response against peptide-1 presented by HLA-B7, (C)

CD4+ T cell response against peptide-2 presented by HLA-DRB1, and (D) CD8+ T cell response against peptide-3 presented by HLA-A2. Free peptides in solution

(circles), nanoparticles containing only one peptide (colored squares), a mixture of three peptides (empty squares), and an irrelevant peptide at the highest

concentration (cross) were shown. (E) Dose-dependent IL-2 production by DN32 mouse NKT cell hybridoma activated by IMM60 in vitro. Free IMM60 in solution

(circles), nanoparticles containing all three peptides and IMM60 (1.39 ug/mg) (empty squares), nanoparticles containing only peptide-3 and IMM60 (1.42 ug/mg)

(colored triangles) and DMSO (cross) were shown. Each dot represents the mean value of triplicate wells. Assays are performed with three different nanoparticle

batches and figures are representative of four experiments with similar results. Response curves are fitted by four or five parameter non-linear regression analyses.

Mean values are shown with SD.

that peptides derived from NY-ESO-1 are functional and more
preferable for encapsulation within PLGA nanoparticles than the
complete recombinant NY-ESO-1 protein.

All Three NY-ESO-1 Peptides and IMM60
Are Functional Within Particles
PLGAnanoparticles produced with different amounts of peptides
added per 1mg PLGA were analyzed for peptide content. As
expected, peptide content was higher in particles produced in
the presence of high amounts of peptides. The amount of
peptide that could be added during the production process was
limited by its solubility in DMSO (Supplementary Figure 2,
Supplementary Table 3).

Nanoparticles are primarily taken up by professional APCs
such as DCs and macrophages and are useful carriers to deliver
water-insoluble compounds or peptide/protein cargo which
are prone to extracellular degradation (28, 29). Encapsulation
of peptides may result in a poor release, degradation, or
inability to escape to the cytosol once taken up by APCs,
hampering cross-presentation. Therefore, antigen presentation
of the nanoparticle-encapsulated peptides was compared to
the free peptides (dissolved in DMSO). An overview of the
different nanoparticles containing NY-ESO-1 peptides used
in the study is given in Figure 2A. The IFN-γ production

by TCR-transfected CD8T cells was slightly less with the
nanoparticle encapsulated peptide-1 (85–111) compared with
free peptide-1 (Figure 2B). CD4T cell response toward peptide-
2 (117–143), already observed at a very low dose of the
peptide, was not affected by the encapsulation procedure
(Figure 2C). Further dilutions were performed with shorter
incubation times or without LPS stimulation to reduce the
response to this peptide. However, these changes also gave
rise to higher inter and intra-assay variations in low doses
with multiple nanoparticle batches and the encapsulated
peptides performed at least equal when compared to soluble
peptides (Supplementary Figures 2C,D). CD8T cell response
against peptide-3 (157–165) was also not affected (Figure 2D).
Moreover, encapsulating all three peptides together neither
affected the amount of each peptide within the nanoparticle
(Supplementary Table 3B, Supplementary Figure 2B) nor their
immunogenicity compared to the single encapsulated peptides
(Figures 2B–D).

The functionality of the iNKT cell agonist, IMM60, in PLGA
nanoparticles was analyzed by comparing the ability of free
IMM60 or encapsulated IMM60 to induce IL-2 production by
the mouse iNKT cell hybridoma DN32. Mouse JAWS-II DCs
were loaded with IMM60-containing particles or free IMM60.
No difference in IL-2 production by the mouse iNKT cells was
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observed between the two forms of IMM60, indicating that the
nanomanufacturing process did not influence the functionality
of IMM60 (Figure 2E).

In summary, all three selectedNY-ESO-1 peptides and IMM60
are processed and presented by DCs to T cells when delivered
together in PLGA nanoparticles.

Patient-Derived T Cells Are Stimulated by
Encapsulated Peptide-Loaded Autologous
B Cells
To test a broader response, including other epitopes covered by
the selected peptides, T cells within the PBMC of two patients
(#6 and #7) that participated in a NY-ESO-1 vaccination trial
were used (20). Autologous EBV-transformed B cells loaded
with free peptides or peptide-containing PLGA nanoparticles
were used as APCs. Encapsulated peptide-1 was recognized by
CD8T cells of patient #6 (Figure 3A). This patient has the HLA-
B35 allele, which is known to present NY-ESO-1 epitopes 92–
100 and 94–104 (Table 1, Supplementary Tables 4A,B). Indeed,
CD8T cell responses against soluble peptides 85–102, 89–103,
and 93–107 covering the same epitopes were also observed
(Figure 3A) (30). No CD8T cell responses were detected in
the PBMC of patient #7 which might be explained by the
lack of MHC class I alleles known to present a NY-ESO-
1 epitope (Figure 3B, Supplementary Table 4B). CD4T cell
responses were observed in both patients. Patient #6 had CD4T
cell responses against peptide-1 and peptide-2 (Figure 3C); the
latter may correspond to a DRB1∗0101 epitope covered by
peptide-2 (Table 1). Furthermore, CD4T cell responses against
peptide-2 were also detected in patient #7, possibly presented
by DRB1∗0401 (Figure 3D, Supplementary Tables 4A,B). This
experiment was repeated by directly introducing the antigens
onto the PBMC cultures and without preloading onto autologous
B cells. The trends in response to peptides were identical
(Supplementary Figure 3A). CD8T cell responses were heavily
influenced by the lack of autologous B cells as antigen presenting
cells which can be seen by the lower values of IFN-gamma
producing cells in the latter setting (Supplementary Figure 3A).
In comparison, CD4T cell activation was less dependent on the
B cell presentation.

Peptide-3 can only bind to HLA-A2.1; therefore,
a broader response is not expected. The response to
peptide-3 was tested with a patient-derived T-cell clone
(4D8) cultured with EBV-transformed B cells as APCs.
Similar stimulation of T cells was observed with a
slightly higher activity of nanoparticle-encapsulated
peptide-3 over its soluble counterpart in lower amounts
(Supplementary Figure 3B).

Co-encapsulation of Peptides and IMM60
Enhances CD4T Cell Responses in vivo
Endogenous CD4T cell responses in wild type C57BL/6 mice
are known to generate a CD4T cell response against NY-
ESO-1 86–99 epitope (31). This sequence is also present in
peptide-1. To test the induction of T cell responses in vivo,
wild type C57BL/6 mice were injected with nanoparticles

containing the three selected peptides either with or without
IMM60. One week after a single injection, splenocytes were
restimulated with the individual peptides. As expected, IFN-y
production was only observed against peptide-1 (Figure 4A).
Strikingly, IFN-y production by CD4T cells was predominantly
observed in mice injected with particles containing IMM60,
suggesting that iNKT cells can provide help for CD4T cell
responses (Figure 4A). In conclusion, IMM60 enhanced CD4T
cell responses against NY-ESO-1 in wild type mice vaccinated
with PLGA nanoparticles containing the selected NY-ESO-1
peptides and IMM60.

Co-encapsulation of Peptides and IMM60
Enhances CD8T Cell Responses in vivo
We could not observe any specific CD8T cell response in wild
type C57BL/6 mice (Supplementary Figure 3C). Therefore, we
used both AAD and HHD mice which express a hybrid MHC
class I molecule with α1 and α2 domains of the human HLA-
A2.1 molecule fused to α3 domain of mouse H-2Db molecule. In
HHD mice, HLA-A2.1 heavy chain was covalently linked to the
human β2m light chain, denominated HHD molecule, and the
H-2 Db and mouse β2-microglobulin genes have been disrupted
preventing the expression of MHC class I Kb (as well as Class I
like molecules such as CD1d) (32). In the F1 (HHD× C57BL/6J)
generation of HHD mice, wild-type murine β2-microglobulin is
expressed, allowing for the expression of CD1d, and thus the
normal development of iNKT cells.

For experiments in HLA-A2 transgenic mice, we initially
used the longer version of peptide-3 [peptide-3-LP (153–167)]
presented by HLA-A2. This peptide induced lower IFN-γ
responses than peptide-3 (157–165) in equimolar concentrations
in vitro and both in free and nanoparticle encapsulated
forms (Supplementary Figure 4A). To test the activity of
the nanoparticles containing peptide-3-LP in vivo, adoptively
transferred NY-ESO-1157−165 specific mouse CD8T cells (m1G4)
were tested for their capacity to respond. CD8T cells were
fluorescently labeled and transferred to F1 (C57BL/6 × HHD)
mice which were vaccinated with nanoparticles the next day.
Nanoparticles containing peptide-3-LP were able to stimulate
adoptively transferred CD8T cells albeit with low sensitivity (2
nmol of the long peptide stimulated m1G4T cell, 0.1 nmol failed
to do so) (Supplementary Figure 4B).

For the induction of NY-ESO-1157−165 specific T cells from
the endogenous T cell repertoire, F1 (C57BL/6 × HHD) mice
were injected intravenously with nanoparticles containing both
peptide-3-LP as well as IMM60 or with soluble peptide-3-LP
and soluble IMM60. After 28 days, a booster injection was
given. Enhanced nanoparticle-mediated delivery of antigen was
observed (Figure 4B). When nanoparticles containing peptide-
3-LP and IMM60 were used, endogenous T cell responses could
be detected even after a single dose up to 5.5 pmol 10 days
after vaccination (Figure 4C). As a result, PLGA nanoparticles
encapsulating NY-ESO-1 peptide-3-LP and IMM60 were able to
expand endogenous antigen-specific CD8T cells recognizing the
HLA-A2 epitope.
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FIGURE 3 | IFN-γ production by PBMC samples of two patients restimulated with NY-ESO-1 derived overlapping peptides in solution or selected free peptides

(dissolved in DMSO) or nanoparticles. (A) IFN-γ positive CD8T cells in restimulated PBMCs of patient#6, (B) IFN-γ positive CD8T cells in restimulated PBMCs of

patient#7, (C) IFN-γ positive CD4T cells in restimulated PBMCs of patient#6, (D) IFN-γ positive CD4T cells in restimulated PBMCs of patient#7.

To further elucidate the role of IMM60 in CD8T cell
responses, homozygous AAD mice were used. In these mice,
β2-microglobulin is intact; therefore, they have a similar
expression of H2-Dd and HLA-A2.1 as well as other class I-
like molecules such as CD1d (33) and have functional iNKT
cells (Supplementary Figures 5A,B). AADmice were vaccinated
with nanoparticles containing all three peptides (peptide-1,
peptide-2, peptide-3) with or without IMM60 or only peptide-
3 with IMM60. After 2 monthly injections, target cells were
loaded with peptide-3, transferred to immunized mice, and
antigen-specific cytotoxicity was measured. The mice injected
with nanoparticles containing IMM60 demonstrated higher
peptide-3 specific CD8T cell cytotoxicity than in mice injected
with nanoparticles without IMM60 but a mixture of peptides
(Figure 5A). When we repeated this experiment without a
booster injection, the cytotoxic response against peptide-3 with
nanoparticles containing a peptide mixture but not IMMM60
did not show a major change. However, cytotoxic responses
against particles containing both the single and multiple peptides
with IMM60 were reduced compared to the booster regime.
Nevertheless, nanoparticles with peptide mix (containing a

mouse CD4T cell epitope) and IMM60 was superior to both the
nanoparticles without IMM60 and nanoparticles with a single
CD8T cell-specific peptide and IMM60 (Figure 5B).

Together, these results demonstrate that PLGA encapsulated
long peptides have higher CD8T cell immunogenicity in vivo
than freely administered formulations which can be further
enhanced by co-delivery of IMM60.

PLGA Nanoparticles With Peptides and
IMM60 Enhance Antibody Responses
Against NY-ESO-1
AAD mice inoculated with full-length NY-ESO-1 expressing
1C12 sarcoma tumor cells rejected the tumors spontaneously,
and T cell responses were observed in most mice
(Supplementary Figures 5C,D). Sera of these mice were
analyzed to test if the nanoparticles containing three NY-
ESO-1 peptides and IMM60 can boost antibody responses
against NY-ESO-1. Despite a similar tumor rejection in both
groups, NY-ESO-1 specific antibodies in IgG1 and IgG2c
isotypes were detected exclusively in the sera of mice injected
with nanoparticles containing three peptides and IMM60
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FIGURE 4 | Endogenous CD4 and CD8 responses obtained by nanoparticle vaccination of mice. (A) C57Bl/6 mice were intravenously injected with 1mg

nanoparticles (NP) containing all three peptides with or without IMM60. Left: 7 days later, splenocytes were isolated and restimulated separately with peptide-1,

peptide-2, or peptide-3. IFN-γ amounts in culture supernatants were determined 48 h later. Right: Splenocytes were restimulated ex-vivo either with peptide-1 or

peptide-3 and stained with CD3, CD4, and intracellularly IFN-y. IFN-y staining in non-vaccinated mouse cells is shown as a dashed line. Dots represent each mouse.

(B) F1 (HHD × C57BL/6J) mice were intravenously injected with 1.1 ug (0.6 nmol) peptide-3-LP either in solution or encapsulated within nanoparticles mixed with 50

ng IMM60 in solution. Twenty eight days later all mice were boosted with 1.1 ug peptide-3-LP in a solution mixed with 50 ng IMM60 in solution. Eight days after boost

splenocytes were isolated and stained with HLA-A2/Kb NY-ESO-1157−165 tetramers. FACS plots show the NY-ESO-1157−165 specific CD8T cells (in the square).

Unpaired t-test with Welch’s correction was used to determine statistical significance. (C) F1 (HHD × B6SJLCD45.1) mice were injected with nanoparticles containing

Peptide-3-LP and IMM60 intravenously with different doses [2 ug (1.1 nmol), 100 ng (55 pmol), or 10 ng (5.5 pmol)] and 10 days later, splenocytes were isolated and

stained with HLA-A2/Kb NY-ESO-1157−165 tetramers. Mean values are shown. Dots represent each mouse. One-way ANOVA with Tukey’s correction was used to

determine statistical significance.

(Figure 5C). When the sera of these mice were subjected to an
ELISA with peptide coated wells, almost all reactivity against
whole NY-ESO-1 protein could be reproduced with Peptide-1
(Figure 5D, Supplementary Figure 6). The B cell epitope was
also preserved within the shorter 93–107 and 97–111 peptides
(Figure 5D, Supplementary Figure 6). Since both groups were
subjected to two challenges with NY-ESO-1 expressing tumors,
injection of nanoparticles, containing both iNKT cell agonist and
NY-ESO-1 peptides, are likely to have a critical contribution to
antibody responses against NY-ESO-1.

PLGA Nanoparticles With Peptides and
IMM60 Have Reversible Side Effects in
Preclinical Toxicology Studies
The toxicity of PLGA nanoparticles containing the 3 selected
NY-ESO-1 peptides and IMM60 was tested in a preclinical
toxicology study. During the toxicology study, no unscheduled
deaths were observed. One day after injection, an increase in the
liver enzymes AST and ALT was observed, which normalized at
day 7, indicating transient liver toxicity (Figure 6). Moreover,
necropsy results showed IMM60-associated liver toxicity
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FIGURE 5 | (A) Homozygous AAD mice were intravenously injected with

nanoparticles encapsulating 6 ug (5.5 nmol) peptide-3 either mixed with

peptide-1 and 2 [NP (Peptide mix)], mixed with peptide-1,2 and IMM60 [NP

(peptide mix+IMM60)], or only with IMM60. All mice were boosted with the

same nanoparticles on day 28. Seven days after booster injections, specific in

vivo cytotoxicity of peptide-3 loaded target cells was analyzed. Dots represent

each mouse, 3–5 mice were used per group. (B) Experiment in A is repeated

without any booster injections and peptide-3 loaded target cells were

transferred 7 days after a single injection of nanoparticles with a dose of each

containing 6 ug peptide-3. Dots represent each mouse, 3 mice were used per

group. (C) Anti-NY-ESO-1 antibody levels in the sera of AAD mice vaccinated

with NP (peptide mix+IMM60) or non-vaccinated and inoculated with 1C12

sarcoma cells expressing full-length NY-ESO-1. Serum samples were diluted

1/100 and 1/500, optical densities of duplicate wells are shown. Dots

represent each mouse. (D) Peptide specificity of anti-NY-ESO-1 antibodies in

the sera of the same AAD mice as shown in (C). Optical density of ELISA wells

indicating relative IgG1 antibody levels is shown. Bars show mean optical

density values of all mice, dots represent each mouse.

[i.e., hepatocellular necrosis, (peri)vascular mononuclear cell
infiltration, and thrombus formation] on day 1 without a dose-
response relation (Supplementary Table 5). Also, minimal/mild
pulmonary vascular mononuclear cell infiltration was observed.

On day 7, despite a low-grade granulomatous inflammation
in one mouse and minimal (peri)vascular mononuclear cell
infiltration in three mice, hepatocellular necrosis in the 50 mg/kg
subgroup was no longer recorded (Supplementary Table 6),
and thrombus formation was almost completely recovered.
Similarly, the pulmonary findings observed in 3 out of
10 mice were recovered (Supplementary Table 6). In mice
injected with nanoparticles encapsulating the 3 peptides only,
hepatocellular apoptosis/necrosis was also observed. The lesions
were, however, smaller and without thrombosis or mononuclear
cell infiltration compared to the mice injected with nanoparticles
containing IMM60.

In brief, the presence of minimal/mild thrombosis and
necrosis in the liver 1 day after nanoparticle injection was
considered to be adverse, while partial recovery of necrosis
and almost complete recovery of thrombosis were noted within
7 days.

DISCUSSION

In our previous studies, iNKT cell agonists outperformed TLR
ligands upon encapsulation in PLGA nanoparticles for the co-
delivery of antigen and adjuvant to DCs (14). Effects were
mediated by chemokines, CCL17, and CXCL9, induced by iNKT
cells during the cross-priming of CD8T cells (16). Besides,
intravenous injection of nanoparticles was necessary for a
robust anti-tumor immune response which can synergize with
checkpoint modulation (15). However, so far, mostly ovalbumin
protein was used in these studies as a model antigen. Here,
we took the next step toward clinical application by moving
to the widely expressed tumor-associated cancer germline
antigen NY-ESO-1.

NY-ESO-1 can be qualified as the most suitable TAA for an
“off the shelf ” cancer vaccine due to its leading immunogenicity
which has been reaffirmed by a recent mRNA vaccination trial
incorporating various tumor-associated antigens (13). Although
mRNAs encoding multiple full-length antigens can be easily
encapsulated within liposomes, peptide/protein antigens within
PLGA have the advantage of long-term stability and wide
storage conditions. NY-ESO-1 whole protein is known to be
poorly cross-presented when delivered to DCs in free form (19).
The cross-presentation of NY-ESO-1 is enhanced by different
formulations which were previously demonstrated to induce
specific T cell responses in clinical trials (19, 20, 34). We also
reported high T cell stimulation with nanoparticles made of the
same full-lengthNY-ESO-1 and LPS coated with polyphenol (35).
However, in this study, no considerable response with PLGA
nanoparticles encapsulating NY-ESO-1 protein was observed.
This could be due to the low solubility of the NY-ESO-1 protein
in aqueous and organic solvents which hampers encapsulation
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FIGURE 6 | Wild type C57BL/6 mice were intravenously injected either with PBS (0 mg/kg), nanoparticles containing NY-ESO-1 peptide mix (6.1 ug Peptide-1, 4.3 ug

Peptide-2, and 11 ug Peptide-3 per mg NP) (50 mg/kg NP peptide mix) or increasing doses of nanoparticles containing NY-ESO-1 peptide mix and IMM60 (8.8 ug

Peptide-1, 5.9 ug Peptide-2 and 12 ug Peptide-3 with 1.2 ug IMM60 per mg NP) 0.5, 5, 50 mg/kg NP (peptide mix+IMM60). Total IMM60 doses for a mouse

weighing 20 g were 0.012, 0.12, and 1.2 ug, respectively. Twenty-four hour and 7 days after injections Alanine aminotransferase (ALT), Aspartate aminotransferase

(AST), and Alkaline phosphatase (ALP) levels were measured in blood plasma. Five male and 5 female, 10 mice were used for each group, dots represent each

mouse, Kruskal-Wallis and Dunn’s pairwise comparisons were performed for statistical analysis. Only significant differences were shown.

and quantification. In contrast, peptides derived from NY-ESO-
1 were shown to be effective for vaccination, and higher molar
quantities of peptides could be encapsulated improving the
immunogenicity of the PLGA nanoparticle vaccine (11, 36–38).
Accordingly, we focused on immunogenic epitopes of NY-ESO-
1 and determined two NY-ESO-1 long (85–111 and 117–143)
peptides and one short (157–165) peptide which are presented
in a range of MHC class-I and MHC class-II molecules covering
more than 80% of the European population.

In a previous study, similar NY-ESO-1-derived peptides and
α-GalCer loaded onto monocyte-derived DCs induced iNKT cell
expansion and CD4T cell responses in the majority, and CD8T
cell responses in some patients (38). Besides, we also added a
third short peptide (peptide-3, 157–165) presented by the highly
prevalent HLA-A2.1 molecule, which may improve CD8T cell
response rates. The same epitope was used previously in clinical
trials but suffered from either a cryptic epitope emerging in
longer forms due to extracellular cleavage or being presented
by non-APCs in the short form (24, 39). Nanoparticle delivery
can protect peptides from extracellular cleavage until professional
APCs take them up, and spleen resident cDC1s can enhance
priming of CD8T cells by utilizing the CCL17 and CXCL9
networks (16, 40, 41). Indeed, we observed higher endogenous
CD8T cell responses against this epitope in vivo with PLGA
nanoparticles, and short peptides could also induce cytotoxic
T cell response in nanoparticle form. As expected, CD8T cell
cytotoxicity against NY-ESO-1157−165 is further enhanced by the
presence of IMM60 within the particles reaffirming our previous
findings on CD8T cell responses against ovalbumin protein and
HPV-E7 peptide (14, 15). Moreover, we observed even higher
cytotoxic T cell responses when a CD4T cell epitope is also
introduced within particles together with IMM60. This hints at a
further enhancement of iNKT cell help by CD4T cell help when
multiple epitopes are covered within the particles. Therefore,
nanoparticle-mediated peptide delivery is expected to enhance
CD8T cell responses against 157–165 epitope together with the
extended activation of human iNKT cells by the novel iNKT cell
agonist IMM60 (14, 18).

Harnessing the helper functions of iNKT cells is also known
to enhance antigen-specific CD4T cell responses (42, 43). This
was also relevant in our vaccination strategy with nanoparticles
containing NY-ESO-1 peptides in which the presence of IMM60
primed endogenous CD4T cells that were otherwise almost
absent with particles containing only peptides. Tumor cells
could also present MHC class-II epitopes of NY-ESO-1 on their
surface, and NY-ESO-1 specific CD4T cells were previously
demonstrated to induce tumor regression in melanoma patients
(44, 45). CD4T cells can play various critical roles in sustaining
an anti-tumor microenvironment, helping NK and CD8T cell
survival and cytotoxicity as well as B cell responses.

IC12 sarcoma line was transduced with a lentiviral vector
to express full-length NY-ESO-1 and was cloned based on
the highest expression of NY-ESO-1. Unfortunately, this also
increased the immunogenicity of the tumor to cause spontaneous
rejections with a visible CD8T cell response hampering the
detection of vaccine-induced T cell immunity. On the other
hand, we could demonstrate a de novo antibody response
against NY-ESO-1 protein in the IC12 sarcoma inoculated
mice which were also vaccinated with nanoparticles containing
three peptides and IMM60. Even though all mice have been
introduced with NY-ESO-1 via the sarcoma cell line twice,
the full-length antigen may not be easily accessible to the B
cells as well as the nanoparticle delivered peptides or IMM60
could be responsible for transactivating the B cells in the
vaccination group. Considering the CD4T cell responses which
were dependent on co-encapsulation of IMM60 but not the
peptides, IMM60 is likely to have a significant contribution also
to the antibody responses. INKT cells are known to provide both
cognate and non-cognate help to B cells leading to enhanced
antibody responses. Through cognate help, marginal zone B cells
can acquire the particles and present glycolipid to iNKT cells.
By contrast, by non-cognate help, DCs licensed by iNKT cells
activate the CD4 helper T cells, which facilitates B cell stimulation
(46, 47). However, further research is required to fully decipher
the mechanism of help toward B cells in the PLGA nanoparticle-
mediated peptide and agonist co-delivery settings.
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As a final step toward clinical application, the systemic toxicity
of PLGA nanoparticles containing three NY-ESO-1 peptides
and IMM60 was evaluated. Mild and mostly transient liver
toxicity was observed in mice treated with IMM60 containing
nanoparticles indicating that the toxicity is dependent on iNKT
cell activation, which is known to reside in the liver of mice
in high numbers. Considering the lower numbers of iNKT
cells in humans compared with mice, and the safety of the
iNKT cell agonist α-GalCer in previous clinical treatments,
the PLGA nanoparticle vaccines containing iNKT cell agonists
can be regarded as a safe and effective modality. We believe
that the long-term stability and a full spectrum of immunity
could also render these nanoparticles with potential use against
viral infections.

In summary, we demonstrated the feasibility to encapsulate
three NY-ESO-1-derived peptides together with IMM60 in PLGA
nanoparticles. All peptides are efficiently processed and presented
by multiple HLA types in vitro and in vivo while preserving the
potency of IMM60. Furthermore, iNKT cell help was provided
for multiple epitope-specific CD8 and CD4T cell responses,
and a de novo antibody response was observed in NY-ESO-1
positive tumor-bearing mice via PLGA nanoparticle-mediated
co-delivery. Finally, no serious adverse events occurred in
the toxicological evaluation warranting the clinical testing of
these nanoparticles.
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Type 1 diabetes (T1D) is a disorder of impaired glucoregulation due to lymphocyte-driven

pancreatic autoimmunity. Mobilizing dendritic cells (DC) in vivo to acquire tolerogenic

activity is an attractive therapeutic approach as it results in multiple and overlapping

immunosuppressive mechanisms. Delivery of agents that can achieve this, in the

form of micro/nanoparticles, has successfully prevented a number of autoimmune

conditions in vivo. Most of these formulations, however, do not establish multiple layers

of immunoregulation. all-trans retinoic acid (RA) together with transforming growth factor

beta 1 (TGFβ1), in contrast, has been shown to promote such mechanisms. When

delivered in separate nanoparticle vehicles, they successfully prevent the progression

of early-onset T1D autoimmunity in vivo. Herein, we show that the approach can

be simplified into a single microparticle formulation of RA + TGFβ1 with surface

decoration with the T1D-relevant insulin autoantigen. We show that the onset of

hyperglycemia is prevented when administered into non-obese diabetic mice that are at

the mid-stage of active islet-selective autoimmunity. Unexpectedly, the preventive effects

do not seem to be mediated by increased numbers of regulatory T-lymphocytes inside

the pancreatic lymph nodes, at least following acute administration of microparticles.

Instead, we observed a mild increase in the frequency of regulatory B-lymphocytes

inside the mesenteric lymph nodes. These data suggest additional and potentially-novel

mechanisms that RA and TGFβ1 could be modulating to prevent progression of

mid-stage autoimmunity to overt T1D. Our data further strengthen the rationale to

develop RA+TGFβ1-based micro/nanoparticle “vaccines” as possible treatments of

pre-symptomatic and new-onset T1D autoimmunity.
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INTRODUCTION

Type 1 diabetes (T1D) is widely-viewed as a disorder of
impaired glucoregulation primarily due to a pancreatic beta
(β) cell-selective, largely lymphocyte-driven autoimmunity (1–3).
Significant knowledge about pathogenesis of T1D derives from
the spontaneously diabetic nonobese diabetic (NOD) mouse
strain, believed to share etiopathogenesis with human T1D
(4). TH1 and TH17 T-lymphocytes (T-cells) lead this process
resulting in β cell destruction (5–8). Dead and dying β cells are
acquired by macrophages and DC in steady-state flux through
islet structures which migrate into the pancreatic lymph nodes
(PLN) where they amplify a vicious circle of T1D autoimmunity
by triggering expansion of more β cell-autoreactive T-cells.
Regulatory lymphocytes, especially T-cells that stably-express the
Foxp3 transcription factor (Foxp3+ Tregs) prevent autoimmune
diabetes in the NOD mouse (9) and there is strong evidence
that they can regulate the pool of autoreactive effector CD4+
and CD8+ T-cells in humans (10–12). Indeed, autologous Tregs
are now in different phases of clinical trials to preserve residual
beta cell mass in new onset T1D patients (13–17). While ex vivo
generation of Tregs has been realized, logistic hurdles stand in the
way of expanding personalized Treg cell therapy at a population
level (13–17). A simpler way to generate Tregs in vivo, and fortify
other layers of immune tolerance using a “vaccine,” would be
decisive in preventing and treating new onset disease.

We have demonstrated that microsphere formulations of
antisense DNA oligonucleotides targeting the primary transcripts
of CD40, CD80, and CD86 prevent and reverse T1D (18). We
observed an increased prevalence of Foxp3+ Tregs together
with a decrease in TH1 cytokine levels in successfully-treated,
diabetes-free mice, especially in PLN, when injected into
the abdominal region overlying the expected location of the
pancreas. The effect was β-cell specific since T-cells from
successfully-treated mice proliferated vigorously to alloantigen,
but not to β-cell antigens in vitro. Protection offered by the
microspheres was adoptively-transferable to immunodeficient
recipients even in the presence of diabetogenic immune cells
(18). In parallel, we had examined the effects of the antisense
DNA oligonucleotides on dendritic cells (DC) and we discovered
that they stimulated the DC to produce retinoic acid (RA) (19,
20). These RA-producing DC were further shown to increase
the frequency of IL-10+ regulatory B-lymphocytes (Bregs) as
well as stimulate the proliferation of existing Bregs (19, 20).
We surmised that a microsphere formulation of the antisense
DNA oligonucleotides could also confer RA-producing ability
to DC. In fact, we subsequently discovered that DC isolated
from the injection site of microsphere-formulated antisense
DNA oligonucleotides acquired the ability to produce retinoic
acid (RA) as they took up the microsphere formulations and
migrated from this injection site to PLN. These DC, accumulated
inside PLN, continued to produce RA. These microspheres were
subsequently shown to mobilize DC and Tregs inside the PLN of
mice exhibiting an ongoing ex vivo-induced inflammation (21).

While a number of factors, and different in vitro and in vivo

environments can support the differentiation of Foxp3+ Tregs
from precursor T-cells (22–25), transforming growth factor beta

(TGFβ) appears to be a common denominator (26–32). Evidence
of the in vivo effect of TGFβ in Treg cell pool expansion is
described in NOD mice treated with TGFβ. In these mice, TGFβ
inhibits T1D development, and increases Treg frequency inside
islets. Studies in human T-cells demonstrate TGFβ is necessary
to induce Tregs. Treatment of human CD4+ cells with TGFβ
increases the number of Tregs and expression of CD25 and
intracellular CTLA-4. Expansion is due to increased proliferation
and protection of cells from activation-induced apoptosis (33).
TGFβ promotes induction of Tregs accompanied by an increase
in Foxp3 expression. TGFβ converts CD4+ CD25– Foxp3– non-
Tregs into CD4+ CD25+ Foxp3+ Tregs. On its own, however,
TGFβ is unable to mediate Treg cell induction. RA appears to
be an additional factor that licenses the induction process. In
mucosal tissue, mature tolerogenic DC producing RA induce
Foxp3+ Tregs via a TGFβ -dependent mechanism. RA enhances
TGFβ signaling by increasing expression and phosphorylation
of Smad3, and this results in increased Foxp3 expression, even
in presence of proinflammatory IL-6 or IL-21 (34). Two studies
addressed the role of retinoids in T1D using NOD mice. One
examined the effect of high vitamin A concentrations on T1D
development (35). RA was protective. The other demonstrated
that RA inhibited disease development in multiple low dose
streptozotocin and naturally-occurring T1D in NOD mice.
Prevention was abrogated in Foxp3+ Treg-depleted mice. T1D
hyperglycemia was reversible in new onset NOD mice so long as
RA was available (36).

The conceptual feasibility of an RA-based immunoregulatory
microparticle method to suppress inflammation has been
demonstrated (37, 38). PLGA-based particle RA formulation
suppressed IL-17 production and RORγ(t) expression in T-
cells polarized toward TH17 phenotype in vitro with similar
potency to that of free drug. RA nanoparticles enhanced
TGFβ -dependent Foxp3 expression and IL-10 production
in T-cells in vitro with similar potency to free RA. T-cells
polarized toward TH17 phenotype in presence of free and
nanoparticulate RA similarly suppress ability to induce IL-6
production by fibroblasts. DC isolated from cervical lymph
nodes and pulsed with PLGA nanoparticles efficiently induces
proliferation of Foxp3+ Tregs in vitro. Further data demonstrate
that nanoparticle formulations that contain either RA or TGFβ
in combination with another drug (39, 40), or in one instance
administered together as separate particles (40) are effective in
suppression of inflammation through regulatory cell networks.

Until now, no formulation that combined RA and TGFβ
together with a T1D-relevant autoantigen, to induce antigen-
specific immune hyporesponsiveness, was considered as a
potential therapeutic vehicle. We present evidence, herein, that
a novel and stable formulation of a RA and TGFβ-formulated
single microparticle, decorated with a T1D-relevant autoantigen
(Insulin B9-23 peptide) (41–44) can prevent the onset of
hyperglycemia when administered into NODmice that are at the
mid-stage of active islet-selective autoimmunity. Acute treatment
of late stage autoimmune pre-diabetic NOD mice with the
combined RA/TGFβ/T1D-relevant autoantigen microparticle
formulation resulted in a mild increase in the frequency of
regulatory B-lymphocytes (Bregs) inside the mesenteric lymph
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nodes (MLN), but not the PLN. These data suggest additional
and potentially-novel mechanisms that RA and TGFβ could
be modulating in the prevention of progression of mid-stage
autoimmunity to hyperglycemic T1D.

MATERIALS AND METHODS

Experimental Animals
Female NOD/LtJ mice were purchased from the Jackson
Laboratories (Bar Harbor, ME) at 6–8 weeks of age and housed
up to 34 weeks. Prior to randomization into the treatment
arms, NOD female mice between 9 and 11 weeks of age were
pre-screened to insure absence of overt hyperglycemia. Blood
glucose was assessed using the One Touch Ultra Blood Glucose
Meter (Lifescan, Malvern, PA). Animals were maintained in a
specific pathogen-free environment in the Animal Facility of the
Allegheny Health Network Research Institute. All procedures
utilized were in full compliance with and approved by the
Institutional Animal Care and Use Research Committee of the
Allegheny Health Network Research Institute.

Synthesis and Characterization of RA and
TGFβ-Formulated Microparticles
We have previously described surface-functionalized poly lactic-
co-glycolic acid (PLGA) particles as drug carriers (45–49). In
particular, surface nickel (Ni)-formulated PLGA microparticles
(PLGA-Ni) serves as the backbone of our formulations. PLGA-
Ni particles were prepared by incorporating the metal chelating
lipid 18:1 DOGS-NTA-Ni into the PLGA matrix using a double-
emulsion solvent evaporation method. Briefly, 90mg of PLGA
(50:50) dissolved in 2.4ml dichloromethane (DCM)was admixed
with 0.6ml of 10 mg/ml DOGS-NTA-Ni dissolved in the same
solvent. The organic mixture was slowly added to 20ml 1%
polyvinyl alcohol aqueous solution and homogenized at 25,000
rpm for 5min on ice. These microparticles are designated as
PLGA-Ni. Additional PLGA-Ni formulations include all-trans
retinoic acid (RA) (Sigma-Aldrich, St. Louis, MO) or Nile
Red dye (Thermo Fisher Scientific, Waltham, MA). 5.0mg
of RA or Nile red dye were loaded in the organic phase
(DCM) with PLGA and the lipid. Using a solvent extraction
method, loading of RA was determined to be 4.8 µg per mg
of dry powder, with the efficiency determined to be 61% by
BCA protein assay (data not shown). Microparticles containing
Nile Red dye are designated as PLGA-Red in this manuscript.
Particles were precipitated by evaporating DCM and collected
by centrifugation, before lyophilization in 2% trehalose for long-
term storage at 4◦C in a desiccator until use. His-tagged proteins
were attached after washing and resuspension in low protein
binding microcentrifuge tubes (Thermo Fisher Scientific). Five
microgram of the following His-tagged proteins were incubated
per 10mg ofmicroparticles for 1 h: G protein (pG), GFP (Thermo
Fisher Scientific), TGFβ1 (Prospec, Rehovot, Israel), or human
insulin B9-23 peptide (8 µg) (R&D Biosystems, Minneapoplis,
MN). Using the BCA assay, 45.5% of the His-tagged TGF
β1protein was associated with the microparticles (data not

shown). RA-formulated, TGFβ1 and insulin B9-23 peptide-
modified microparticles (all three components constituting the
microparticle) were designated Ins-RT-NP.

Microparticle Microscopy and Size
Determination
Fluorescence microscopy was performed with a IX53 inverted
microscope (Olympus, Shinjuku, Japan) with a 20x objective.
His-tagged GFP was admixed with particle suspensions, fixed
on slide cover and mounted with Slowfade Diamond solution.
Scanning electron microscopy (SEM) of the microparticle
formulations was conducted after placing the sample solution
(200 µL) directly onto sample stubs. Stubs were then covered in
foil and left in a desiccator overnight before testing. Samples were
examined using a S-3400N Scanning Electron Microscope 14
(Hitatchi, Tokyo, Japan) equipped with an AXS XFlash Detector
5010 (Bruker, Billerica, MA) and a BrukerNano e-Flash 1000+
(Bruker, Billerica, MA). Hydrodynamic size of the microparticle
formulations was measured using a Zetasizer Nano-S; particles
were washed to remove trehalose and resuspended in ultrapure
water (pH 7.4); measurements were made with dilutions at
5, 2.5, 0.25, 0.0125, 0.00025, and 0.0000025mg per ml to
obtain consensus.

Formulation Release Kinetics
His-tagged GFP was used as a TGFβ1 surrogate to determine
release kinetics in vitro. Briefly, 5mg of the PLGA-Ni
microparticles were washed and resuspend in 100 µl of pH 8
Tris buffer with 0.1% BSA and loaded with 200 µl of 0.025
mg/ml His-GFP to 0.2ml pH 8 Tris buffer (0.5ml Tris buffer in
total) and incubated for 1 h at room temperature. Particles were
then washed to remove unbound proteins before re-suspended
in 1ml of release medium (1% BSA) and transferred into a
1ml syringe fitted with a 0.22µm syringe. Samples (100 µl)
were dispensed from the syringe kept at 37◦C at the specific
time points. Equal volume of the release medium was replaced
in the syringe after each sampling. The concentration of His-
GFP collected at each time point was determined by measuring
the fluorescence intensity (λ = 508 nm) using a Tecan M1000
spectrophotometer (Tecan, Mannedorf, Switzerland) with an
established standard curve. Similarly PLGA-Ni microparticles
bound with TGFβ1 were placed in a complete elution buffer. A
small sample (5 µl) of the elution was loaded into individual
wells of a 6–12% polyacrylamide gradient gel, together with
molecular weight marker proteins (Thermo Fisher Scientific)
and separated by SDS-PAGE in single dimension. The separated
proteins were visualized in the gel in situ using silver staining.
RA was found to release gradually from the particles at 37◦C
in PBS. In a preparation of 10mg of PLGA-Ni RA containing
microparticles was dissolved in 1ml of PBS, and the rate of release
was monitored over 18 days in vitro by UV absorbance.

Ex vivo Microparticle Uptake
Spleens were harvested from NOD female mice euthanized at
10 weeks of age. A single cells suspension was made by first
physically dissociating the spleen followed by a 10min incubation
in RBC lysis buffer (eBioscience) to remove red blood cells.
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The cell suspension was then strained through a 100µm filter
and plated at 1 × 106 cells/well in complete RPMI cell culture
media (SigmaAldrich) plus 10% fetal bovine serum (Gibco). Cells
were plated in a 96-well tissue culture plate in a final volume of
200 µl and allowed to settle prior to addition of microparticles.
PLGA-Red microparticles were resuspended in tissue culture
media. 0.25mg of reconstituted particles were then added to the
cell wells and incubated together at 37◦C for 18 h. Cells were
then collected and washed three times to remove extra-cellular
particles. The uptake of particles by cells was measured by flow
cytometry (BD Influx) and the data were analyzed by FlowJo
software version 10.7.1.

In vivo Microparticle Administration
Microparticles were prepared at a concentration of 10mg
per 200 µL vehicle volume for administration to mice.
PLGA-Ni and PLGA-Red microparticles were resuspended in
sterile saline in low protein binding microcentrifuge tubes.
PLGA (RA)-Ni were incubated with His-tagged recombinant
human TGFβ1 at a concentration of 25µg/mL, or 5 µg total
weight and His-tagged human insulin B9-23 peptide (3-letter
amino acid sequence: H-Ser-His-Leu-Val-Glu-Ala-Leu-Tyr-Leu-
Val-Cys-Gly-Glu-Arg-Gly-OH) was added at a concentration of
40µg/mL, or 8 µg total weight. The microparticle suspension
was maintained dispersed by pipet mixing and incubated at
room temperature for 30min. After incubation, the suspension
was again mixed by pipetting and loaded into 1ml syringes
with 27 gauge needles. Eleven week-old female NODLtJ/Shi
mice were administered the microparticle formulations by
subcutaneous (s.c.) injection into the abdomen. None of the
mice were hyperglycemic or exhibited dysglycemia at the time of
microparticle administration.

Tissue Single Cell Collection and
Processing
PLN, MLN and skin (a 1× 1 cm2 patch at the injection site) were
resected from randomly-selected diabetes-free mice from all the
treatment arms. Lymph nodes were physically dissociated and
the tissue was strained through 100µm filters (Fisher Scientific)
to produce single cell suspensions. Viability of cells was assessed
by Trypan Blue staining and counted in a Countess II FL
device (Thermo Fisher). Skin was isolated and processed into
single cells as described previously (50). Briefly, hair around
the injection site on the mouse abdomen was removed with
hair trimmers. After euthanasia a 1 × 1 cm2 patch of skin
was resected. Excess fat and connective tissue were scraped off
the sample. Skin was incubated in a HBSS solution containing
5mM EDTA, 10mM HEPES, and 10% FBS for 30min at 37◦C.
Skin was then placed in HBSS media supplemented with 0.7
mg/mL collagenase (Sigma Aldrich) and cut into small pieces
with surgical scissors. The tissue was incubated for 30min at
37◦C, vigorously vortexed, and single cells were isolated through
a 70µm filter (Thermo Fisher Scientific). Isolated cells were
further purified by density gradient centrifugation on Ficoll (GE
Healthcare) prior to further processing.

Flow Cytometry
Single cells from lymph nodes, spleen and skin from mice
randomly-selected for euthanasia in all treatment groups
were treated with Mouse BD Fc block (BD Pharmigen)
for 5min to reduce nonspecific antibody binding. Cells
were incubated with fluorochrome-labeled antibodies at
the manufacturer’s recommended dilutions for 30min.
Cells were then permeabilized for internal staining with
FoxP3/Transcription Factor Staining Buffer Set (eBioscience)
for nuclear proteins according to manufacturer’s protocols. All
antibodies were obtained from BD Pharmigen unless specified
otherwise. DC were characterized as CD11c+ (clone REA754;
Miltenyi Biotech) and CD45+ (clone 30-F11). Tregs were
characterized as CD4+ (clone RM4-5), CD25+ (clone PC61),
and FoxP3+ (Internal nuclear, clone FJK-16s) (eBioscience).
Bregs were characterized as B220+ (clone RA3-6B2), CD19+
(clone 1D3), CD1d+ (clone 1B1), and CD5+ (clone 53-7.3).
Elsewhere, we (20) and others (51–56) have shown that the
precursor B-cells to IL-10-producing Bregs as well as >50% of
IL-10 actively-producing Bregs lie inside this CD1d+ CD5+
B-cell population. Appropriate fluorochrome and antibody type
matched isotypes were used, as well as single stain controls
for cytometer compensation. Cytometry was conducted in the
BD Influx cell sorter with 50,000 events recorded per sample.
The data were analyzed with FlowJo software version 10.7.1.
Data presented exclude cellular debris and are displayed as a
percentage of target cells within the total intact cell population.

Incidence of Hyperglycemia in Mice in vivo

and Insulitis Scoring
Female NODmice were randomly distributed into saline, PLGA-
Ni, or Ins-RT-NP treatment groups with an n = 12 animals per
group.Microparticles or vehicle were administered onDay 0, 3, 7,
14, and 21. Blood glucose was monitored twice a week. An animal
was considered diabetic if two consecutive readings, spaced 2
days apart were ≥300 mg/dL. Animals were euthanized within 4
days of diabetes confirmation. Tissues collected from euthanized
mice included PLN, MLN, pancreas, and spleen. To assess the
grade of insulitis in randomly-selected sections of pancreata from
diabetic mice as well as RT-NP recipients who were diabetes-
free at 33 weeks of age, we visualized hematoxylin/eosin-stained
sections by light microscopy at 10X magnification and assigned
scores as follows: 1 = up to 25% of the islet mass infiltrated; 2 =
between 25 and 50% of the islet infiltrated; 3 = between 50 and
75% of the islet infiltrated; and 4 = Between 75 and 100% of the
islet infiltrated. Scoring was conducted in a blinded manner (i.e.,
pathologist was not aware of the treatment assigned to the mouse
from which the sections of the pancreas were derived).

Statistical Analyses of the Data
Statistical analysis was performed with GraphPad Prism software
version 7.0c. Student’s t-tests, ANOVA, and Kruskal-Wallis
tests were performed as appropriate to compare the statistical
relevance of differences in outcomes between and among
treatment groups. A p-value of ≤0.05 was considered significant.
Survival curves (Log-Rank test, Mantel-Cox) were analyzed for
significance between two treatments at a time, where a p< 0.0167
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was deemed significant (Bonferroni correction for three groups).
Graphs are displayed as mean and standard deviation. A Dixon q
test was performed to remove any data point outliers.

RESULTS

TGFβ1 and Human Insulin B9-23 Peptide
Bind Efficiently to PLGA-Ni Microparticles
The ability of PGLA-Ni microparticles to adsorb His-tagged
proteins was confirmed by fluorescent microscopy. Figure 1A
shows His-tagged GFP conjugated PLGA-Ni microparticles.
PLGA-Ni microparticles were also imaged in scanning electron
microscopy where they exhibited spherical morphology
(Figure 1B), and self-association when formulated as His-
tagged TGFβ1 microparticles (Figure 1C). In the absence of
TGFβ1, the particles are found in the micron size range with a
hydrodynamic diameter (Dh) of 867.5 ± 41.6 nm (PDI = 0.18;
Figure 1D). Adding TGFβ1 to the particles increased the Dh to
1,088.6 ± 15.6 nm (PDI = 0.15). The kinetics of RA release was
subsequently characterized in vitro. RA was found to release
gradually from PLGA-Ni microparticles at 37◦C in PBS with an
average release rate of 1 µg/day from 10mg of microparticles
over 10 days in vitro, resulting in a total release of approximately
15 µg by day 18 at 37◦C. This represents 31% of the total RA
contained in 10mg of microparticles (Figure 2A). PLGA-Ni
microparticles incubated with His-tagged GFP (as a protein
surrogate for TGFβ1) showed a more rapid and complete release
of GFP (Figure 2B). This is indicative of the His-tag more
readily detaching from the Ni ion compared to RA released
from the intact or deformulating particle. GFP concentration
was maintained at 150 ng/mL, yielding a concentration above
the anticipated physiologically-active concentration of TGFβ1
(57). Additional preparations of PLGA-Ni microparticles were
incubated with His-tagged TGFβ1 (a 17.3 kDa non-glycosylated
fragment fused to a 4.5 kDa amino terminal hexa-histidine
tag) and subsequently eluted. Figure 2C shows a representative
result following SDS-PAGE of eluates in vitro from the TGFβ1-
formulated microparticles indicating that upon elution, the
TGFβ1 protein exists predominately as dimers and monomers,
with some higher order oligomers.

DC Take up PLGA-Ni Particles in vitro as
Well as in vivo, Following Subcutaneous
Administration
We first sought to confirm that the PLGA-Ni backbone would be
taken up by DC in vitro. CD45+ CD11c+ DC were identified
by flow cytometry (Supplementary Figure 1) in freshly-obtained
splenocytes after a 18 h exposure to PLGA-Ni or PLGA-Red
microparticles. In Figures 3A–C we show that Nile Red dye
was detected in up to 85% of CD45+ CD11c+ DC incubated
with PLGA-Red microparticles, with little detection in cell
unexposed to the PLGA-Red microparticles or cells incubated
with PLGA-Ni microparticles that were not formulated with
Nile Red. We then sought to determine the uptake of PLGA-
Red by DC in the skin following subcutaneous (s.c.) injection
into 8–10 week-old female NOD mice. In Figure 3D, we show

FIGURE 1 | Physical characteristics of the PLGA-Ni microparticles. (A)

Fluorescence microscopy image of His-tagged GFP admixed with PLGA-Ni

microparticle suspensions. Autofluorescence has been subtracted from the

image. Scanning electron microscopy images of PLGA-Ni without (B) and with

(C) adsorbed TGFβ1. (D) A histogram of hydrodynamic microparticle size of

PLGA-Ni alone or with His-tagged TGFβ1, reveals hydrodynamic diameters

(Dh) of 867.5 ± 41.6 nm (PDI = 0.18) and 1,088.6 ± 15.6 nm (PDI =

0.15), respectively.

substantial accumulation (>88%) of PLGA-Redmicroparticles in
CD45+ CD11c+ DC recovered from a 1 × 1 cm2 of abdominal
skin (that contains the dermal and subdermal tissue; anatomic
site known to facilitate the accumulation of exogenously-
administered DC and microparticles inside the PLN (20, 21, 58–
61) 18 h following the injection of PLGA-Red. Any fluorescence
detected in CD45+ CD11c+ cells from vehicle-treated animals
represents the expected autofluorescence of DC.

Insulin B9-23 Peptide-Decorated RT-NP
Treatment Prevents the Onset of Diabetes
When Administered Into Early Mid-stage
Insulitic NOD Mice
Having confirmed that PLGA-Ni delivery resulted in substantial
accumulation inside DC, with the expectation that these DC
would be converted into tolerogenic cells using RA and TGFβ1-
formulated microparticles, we then sought to determine if a
PLGA-Ni formulation of RA and TGFβ1 additionally-engineered
with adsorbed insulin peptide B9-23 (Ins-RT-NP) could alter
the progression of the underlying autoimmunity in NOD female
mice toward overt diabetic hyperglycemia. In Figure 4A, we
show the timeline of microparticle injections, where each of
the mice were administered five s.c. injections of either vehicle
saline, PLGA-Ni, or Ins-RT-NP starting at 11 weeks of age.
This is an age where insulitis is evident inside the pancreas of
NOD mice. Prior to randomization into the treatment arms,
NOD female mice between 9 and 11 weeks of age were pre-
screened to insure absence of hyperglycemia. Fasting blood
glucose, immediately prior to treatment, did not exceed 131
mg/dL (Figure 4B). In Figure 4C, we show that Ins-RT-NP
administration beginning at 11 weeks of age when substantial
insulitis is known to exist, prevented the onset of hyperglycemia
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FIGURE 2 | RA and adsorbed protein release from PLGA-Ni microparticles. (A) The rate of RA release was determined by UV absorption and shown as cumulative

release (% of starting amount) over time. (B) 5mg of PLGA-Ni particles with adsorbed His-tagged GFP was incubated in pH 8 Tris buffer at 37◦C for 5 days. Free

His-tagged GFP was measured with a fluorescent spectrometer (λ = 508 nm) at the indicated time points and the amount of free protein is shown as cumulative

release (% of starting amount) over time. (C) Eluate from TGFβ1-adsorbed PLGA-Ni microparticles contains monomers, dimers, and higher order multimers of TGFβ1.

in a significant proportion of recipients compared to mice
treated with microparticles that were devoid of RA, TGFβ1
and insulin B9-23 peptide, or mice treated with vehicle alone.
It is noteworthy that the diabetes-free state was maintained
for a substantial amount of time (33 week-old mice; 22
weeks diabetes-free following treatment) without additional
injections of the microparticles. Insulitis grade was significantly-
lower in pancreas sections of 33 week-old diabetes-free RT-NP
recipients compared to all the diabetic mice in the control arms
(Figures 4D,E).

Increased Frequency of Bregs but Not
Foxp3+ Tregs in Ins-RT-NP-Treated NOD
Mice
Data by others indicate that nanoparticle formulations of RA and
TGFβ can convert T-cells into Tregs (37), and when administered
(nanoparticles or hydrogels) into NOD female mice, they foster
an increase in the number of Foxp3+ Tregs inside the PLN
and/or the pancreata of diabetes-free mice (58, 59, 62, 63). Since
there were no surviving mice in the control treatment arms at 22
weeks following test article administration, it proved challenging
for us to interpret the differences in Tregs in PLN and MLN
obtained from vehicle or PLGA-Ni-treated mice to those in the
diabetes-free Ins-RT-NP recipients. Therefore, to ensurematched
populations and matched times at which PLN and MLN were
collected in order to obtain interpretable data, we used an acute
model of test article administration. For this, 11 week-old NOD

mice in all treatment arms (n = 7–9) were euthanized 1 or
3 days following microparticle or vehicle administration. We
then measured regulatory immune cell population numbers by
flow cytometry (Supplementary Figures 2, 3) in PLN and MLN
from these mice. Much to our surprise, and in contrast to our
expectations, the frequency of Foxp3+ Tregs inside the PLN
among all treatment groups was not different (Figure 5). There
was a surprising lower, albeit statistically-not significant, Treg
content in the MLN of mice treated with Ins-RT-NP compared
to the controls (Figure 6). Considering the possibility that the
viability of the cells inside the pancreatic and/or mesenteric
lymph nodes could be affected by microparticles drained into
the tissue (PLN and/or MLN), we measured the viability of
single cells from dispersed lymph node tissue. We did not see
any significant differences in viability of single cells from PLN
and MLN of diabetes-free mice (Supplementary Figure 4). We
then looked for possible differences in Breg frequency. Although
we could not discern any differences inside the PLN of mice
among the three treatment arms (Figure 5), we confirmed a
small but statistically-relevant difference inside the MLN of
mice treated with the Ins-RT-NP (Figure 6) at 3 days following
administration. The ratio of Tregs to Bregs in PLN at 1 or
3 days following test article administration was statistically-
indistinguishable among the treatment arms (Figure 5). In the
MLN, however, the ratio was statistically-different in the Ins-RT-
NP-treatment arm at 3 days post-administration compared to the
other treatments (Figure 6).
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FIGURE 3 | Microparticle uptake by DC in vitro and in vivo. Single cell suspensions of freshly isolated splenocytes were incubated with PLGA-Ni, PLGA-Red, or saline

vehicle in vitro for 18 h. (A) Flow cytometry-identified CD45+ CD11c+ splenic DC were evaluated (B) for PLGA-Red microparticle uptake with PE fluorochrome

settings. Saline (blue) and PLGA-Ni (orange) treatment populations showed similar PE signal indicating PLGA-Ni alone had low-to-no autofluorescence. PLGA-Red

(red) treated DC showed PE signal which when quantified (C) displayed a 85% uptake of microparticles (n = 10 wells). PLGA-Red uptake was significant compared to

the other treatment groups (Kruskal-Wallis test) with p-values of 0.0001 (saline vs. PLGA-Red) and 0.0026 (PLGA-Ni vs. PLGA-Red). PLGA-Red particles alone did not

exhibit signal in DC marker fluorochrome channels (data not shown). (D) PLGA-Red microparticles were administered subcutaneously in mice and DC were isolated

from a 1 cm2 patch of skin 18 h later. DC from the skin patch of PLGA-Red treated animals exhibited a 88.5% uptake of microparticles (n = 5 mice, Student t-test p =

0.0001). Experiments were performed twice in mice from separate NOD cohorts. Statistical significance is designated with ** if p < 0.01 and *** if p = 0.0001.

DISCUSSION

Although insulin therapy can adequately manage the day-to-day
glucose control in T1D, the lifestyle changes, the considerable
risk of insulin-induced hypoglycemia, and the progression
of many T1D patients to cardiovascular, renal, neural, and
ophthalmic complications, indicate that pharamcologic insulin
is not a cure. The once widely-held dogma that insulin-
requiring patients were devoid of a substantial mass of beta
cells inside the pancreas due to autoimmune destruction, has
now yielded to a more balanced view. Based on accumulating
evidence, a respectable mass of beta cells remains in T1D
patients whose disease duration can be long-standing (64–
69) that is functionally-impaired, although potentially “re-
activatable” if the underlying autoimmunity as well as non-
autoimmune pancreas-selective innate inflammation can be
attenuated. A number of approaches have been implemented
over the past decade to depress the underlying autoimmunity
including single or combination agents from the categories
of pharmacologic immunosuppressives, cytokine neutralizing

antibodies, lymphocyte depletion, and T1D autoantigens (70–
80). Where animal studies demonstrated sufficient efficacy, when
implemented as clinical trials, each of the referenced approaches
could not achieve long-term insulin independence (70–72). In
fact, systemic as well as parenteral administration ofmost of these
agents resulted in significant toxicity and adverse effects.

Micro/nanoparticle-based delivery of immunomodulatory
agents, with or without autoantigen co-delivery to treat
autoimmune disease, offers many attractive advantages over
systemic immunomodulators. Site-specific delivery minimizes
off-target effects, licenses leukocytes that can be “reprogrammed”
to build regulatory leukocyte networks that can become
antigen-specific, even in the absence of exogenous supply
of autoantigen(s). We have demonstrated the latter using a
specific abdominal site in mice and non-human primates, whose
epidermal space is served by lymphatic drainage that accumulates
or transits, in part, inside the PLN (18, 21). Taking advantage
of this intriguing anatomical feature, we demonstrated that
autoantigen-free microsphere formulations of antisense DNA
targeting the primary transcripts of CD40, CD80, and CD86,
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FIGURE 4 | Prevention of diabetes onset following Ins-RT-NP administration. Non-diabetic female NOD mice at 11 weeks of age were randomly assigned to three

treatment groups (n = 12 per group). Each mouse received five subcutaneous abdominal injections of saline vehicle, 10mg of PLGA-Ni in solution, or 10mg of

Ins-RT-NP in solution as shown in the dosing schedule timeline (A). The timeline also shows the tissue harvest time points (“*”) from an additional cohort of animals

(“acute study cohort”; Figure 5). (B) No significant difference was observed in the starting blood glucose values (prior to microparticle injection; p = 0.981,

Kruskal-Wallis test). (C) Mice were assessed for diabetes status by measuring tail vein blood glucose, where two consecutive readings over 300 mg/dL indicated

diabetes onset. Shown in the graph are the survival curves representing diabetes-free mice. Diabetes incidence in Ins-RT-NP-treated mice was significantly lower

when compared to saline (p = 0.0119) and PLGA-Ni (p = 0.0001) treatment. A log-rank test (Mantel-Cox) confirms significance in the differences among the

treatment groups (p < 0.0167; p < 0.05 Bonferonni-corrected for three groups). (D) Insulitis grade was significantly-lower in pancreas sections of 33 week-old

diabetes-free RT-NP recipients compared to all the diabetic mice in the control arms. Shown are images at 10X magnification representative of >5 islets/field

visualized per treatment arm. (E) Summary of insulitis scores between all diabetic mice and the Ins-RT-NP recipients who were diabetes-free at 33 weeks of age.

preferentially accumulated inside PLN, generated Foxp3+ Tregs
therein, and in NOD mice, prevented the progression of late-
stage dysglycemia to overt clinical diabetes and also achieved
reversal of new-onset hyperglycemia and long-term stability of
a normoglycemic state (18, 21).

Our technology (18, 21) was developed to exploit the
phagocytic nature of epidermis-residing as well as migratory
DC to take up exogenously-administered particles loaded with
molecules that are able to direct them toward a functionally-
tolerogenic state in vivo. Since then, other groups have developed
conceptually similar architecture with different approaches to
stabilize functional tolerance in DC (40, 58, 59, 81–92). These
approaches have resulted in successful treatment of autoimmune

disease in animal models of T1D (58, 59) and multiple sclerosis
(81–83, 85). As we continue to decipher the mechanisms that
our earlier-reported microspheres use to confer tolerogenic
functional properties to DC beyond the knockdown of the
primary transcripts of CD40, CD80, and CD86, we have
uncovered the involvement of RA (19). The combination of the
DNA antisense oligonucleotides stimulates the production of RA
by DC in a manner that involves cell-intrinsic retinaldehyde
dehydrogenase 1 (RALDH1) (19).

The combination of RA and TGFβ1 is critical in peripheral
generation of immunosuppressive T-cells characterized by the
expression of the Foxp3 transcription factor (Foxp3+ Tregs)
(93–98). Tregs prevent emergence of autoimmune disease (99,
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FIGURE 5 | Changes in the frequency of regulatory lymphocyte cell populations inside the PLN of NOD mice following acute microparticle administration. Animals

from the acute study cohort (See timeline in Figure 4A) were euthanized at 1 or 3 days following test article administration. Single cell suspensions from resected PLN

were then assessed by flow cytometry for Treg and Breg frequency. There were no discernible differences in the Treg or Breg frequency in the PLN among the mice of

the three treatment arms at 1 or 3 days following microparticle administration. Similarly the ratios between Treg and Breg cells were unaltered. Data are combined

from the outcomes in two independent animal cohorts examined at different times in the study (n = 7–9 per arm).

100). Subsets of Foxp3+ Tregs are found in mice and humans:
natural Treg and induced Treg (iTreg) (101, 102). In the
periphery, iTreg differentiate from naive T-cells under sub-
immunogenic conditions of antigen presentation and in the
presence of RA and TGFβ (103). That RA is a cofactor in
the generation of iTregs stems from in vitro findings that
mesenteric lymph node and lamina propria DC potently induced
iTreg differentiation in the presence of TGFβ (98, 104, 105).
Addition of RA to co-cultures with splenic DC and TGFβ
enhances iTreg induction (94, 98, 105). Exogenous RA sustains
iTreg generation in conditions that typically oppose it, such
as presence of inflammatory cytokines (IL-6, IL-21) and high
co-stimulatory environments (34, 94, 98). These observations
made for a very compelling case to combine RA with TGFβ1
with a T1D-relevant autoantigen in a microparticle formulation.
One could argue that non-formulated RA and TGFβ1 co-
administered could achieve similar if not identical outcomes
thereby questioning the need to engineer micro-/nanoparticle
formulations of the agents. To our knowledge, and also in our
experience, administration of RA or TGFβ1 alone or together

as an injectable suspension cannot prevent T1D (unpublished
observations) even though iTreg frequency is increased inside
the site of the injection in the skin but not the draining lymph
nodes. Also, the iTregs are not functionally-stable in suppression
assays (unpublished observations). As the studies reported herein
were underway, a number of supportive findings were published
using particle designs different from ours. Keselowsky et al., using
a mixture of two separate microparticle populations (population
1 consisting of TGFβ or IL-10 and population 2 consisting of
either rapamaycin or RA), conferred a tolerogenic-reminiscent
phenotype in DC in vitro (40). They also developed a more
complex variation where one of the microparticle populations
contained either GM-CSF or TGFβ and the other contained
vitamin D3 and denatured insulin, to prevent progression
of early-stage autoimmunity to diabetic hyperglycemia and
to reverse, to some degree, new-onset hyperglycemia (59).
This approach resulted in protective outcomes similar to
those achieved by Miller et al. in mouse models of multiple
sclerosis (81, 83, 85). Mechanistically, the involvement of DC as
mediators of a tolerogenic state, mainly via the increase in Treg
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FIGURE 6 | Changes in the frequency of regulatory lymphocyte cell populations inside the MLN of NOD mice following acute microparticle administration. Animals

from the acute study cohort (See timeline in Figure 4A) were euthanized at 1 or 3 days following test article administration. Single cell suspensions from resected MLN

were then assessed by flow cytometry for Treg and Breg frequency. A non-significant downward trend is seen in Treg frequency in MLN of mice treated with Ins-RT-NP

vs. saline. Breg frequency exhibited an upward trend in mice treated with Ins-RT-NP, becoming statistically-significant significant compared to control test articles by

the time of the third injection (n = 9, ANOVA p = 0.0262). Tukey’s multiple comparisons determined p = 0.0215 between the saline and Ins-RT-NP treatment group.

The Treg/Breg ratio was similarly significantly-different with the three-injection treatment (ANOVA p = 0.0035, post test p = 0.0025 for saline vs. Ins-RT-NP). Statistical

significance is displayed as * for p < 0.05 and ** for p < 0.01 as assessed by ANOVA. Data are combined from the outcomes in two independent animal cohorts

examined at different times in the study.

numbers, was a shared feature of these approaches (59, 81, 83,
85).

In addition to the increase in the frequency of Tregs, we
have shown that one mechanism by which RA participates
in the induction of immune hyporesponsiveness is through
the differentiation of B-lymphocytes into IL-10+ Bregs as
well as the proliferation of existing Bregs (19, 20). Although
initial studies indicated that suppression ability was specific
for IL-10+ CD1d+ CD5+ B-cells, it was later discovered
that the progenitors of as well as the majority of IL-10-
producing Bregs resided inside CD1d+ CD5+ population and
that additionally, IL-10 expression was not a condition sine
qua non for CD1d+ CD5+ B-cell suppressive ability (51–
56). To date, none of the previous studies in the delivery of
potentially-tolerogenic micro/nanoparticles into animal models
of autoimmunity have studied their effects on Bregs as possible

unique or Treg-overlapping cellular mediators of the action
of the micro/nanoparticles. Our report here is the first to
demonstrate the possible involvement of Bregs in the absence
of increases in Treg frequency in NOD mice acutely-treated
with single microparticle-formulated RA, TGFβ1 and insulin
autoantigen peptide. What is, at the moment, unclear, is why
Bregs are elevated inside the MLN when compared to the
PLN (Figures 5, 6). Although NOD mice treated with Ins-
RT-NP exhibit Foxp3 positivity at 22 weeks from the time
of the last microparticle injection (data not shown), in the
absence of age-matched diabetes-free and age-matched new-
onset diabetic mice treated with the control test articles, it is
currently not known if the frequency of Tregs or Bregs changes
longitudinally resulting in a greater population of these cells
inside the PLN and/or the MLN of Ins-RT-NP-treated mice. If
so, the observations we present following acute administration
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will not reflect a mechanistically-interpretable outcome, when
measured longitudinally. These studies are currently underway
with large animal cohorts to capture age-matched diabetic and
non-diabetic control microparticle recipients. Nevertheless, the
microparticle formulation, when delivered into NOD mice is
protective against the progression of mid-stage autoimmunity to
overt clinical hyperglycemia.

Our Ins-RT-NP delivery system has several advantages over
the other reported approaches, referenced above. First is in the
design complexity. Our system consists of a single formulation
that brings together only two bioactive agents (RA and TGFβ1)
with the addition of a unique T1D-relevant autoantigen. Second,
from a biologic aspect, DC need acquire only one population of
particles without the potential of competition for uptake and/or
selectivity in action imposed by a second population. Third, from
a potential future regulatory aspect, a single population of easily-
characterizable particles that are manufactured to predictable
physicochemical properties facilitates a target product profile
that would be human-specific compared to more complex
microparticle chemistry and the requirement for more than one
particle population. Finally, only a short course of microsphere
treatment (five injections) was required to achieve a long-term
diabetes-free state (Figure 4). It is possible that even fewer
injections could achieve comparable outcomes, something that
is under investigation currently. This suggests that, even if the
induced Bregs are the only layer of autoimmunity regulation,
their effect is potentially long lasting (e.g., due to a longitudinal
expansion and/or a long half-life of these Bregs in vivo). Although
this does not rule out the possibility that other regulatory
cell changes occur in different organs or time points of the
treatment progression.

Recently, an orally-delivered formulation of TGFβ and RA
was reported to result in decreased potentially-autoreactive
effector T-cells inside the pancreas of mice rendered diabetic by
multiple low-dose streptozotocin (MLDS) (106). The reported
data suggest suppressed insulitis and a statistically-greater
proportion of diabetes-free mice in the RA/TGFβ microparticle
treatment arm compared to controls. The conceptual novelty
and achievement of an orally-available microparticle formulation
is very noteworthy and certainly commendable, however, the
findings raise some important questions that need to be
addressed. First is the model. All studies, including ours, using
micro/nanoparticle approaches to treat T1D, use the NOD/LtJ
strain mouse strain, widely regarded as the best in vivo test
system for T1D immunotherapeutics, so long as one is aware
of the model’s limitations (72, 107–110). The authors, instead
used a model (MLDS in C57BL/6 mice) that does not reflect
the genetic component as well as the chronic development of
an underlying autoimmune state. Second, diabetes incidence was
only monitored up to 28 days following the MLDS treatment. In
our view, this time frame is insufficient to draw any conclusions
about the stability of any efficacy. Third, most of the measured
differences in the frequency of leukocyte populations recovered
from mice in the different treatment arms in that report are
not readily discernible. The differences appear to be quite small.
Nevertheless, that report can be considered a first in terms of
demonstrating proof-in-concept, at least in terms of oral delivery

of a potentially-tolerogenic microparticle system that has a broad
impact on treating autoimmunity.

Our findings support the ongoing trajectory to develop
TGFβ/RA-based tolerogenic micro/nanoparticle “vaccines” for
the treatment of T1D (38–40, 58, 81). The strengths of our system
and approach include a simple one-population microparticle
with the efficacy to prevent the progression of mid-stage
autoimmunity characterized by fulminant insulitis to overt
diabetic hyperglycemia achieved by only five s.c. injections
of an amount of particles that would translate to a well-
tolerated human-relevant target product profile. Furthermore,
we have achieved long term stability of the normoglycemic
state (33 weeks) that may in part be due to the regulation
of the progressive autoimmunty via Bregs, at least in the
MLN, even though the increase in Bregs we present herein
(Figure 6) was an acute response specifically to the Ins-RT-
NP. It remains to be determined if Breg frequency in diabetes-
free mice remains increased in Ins-RT-NP compared to age-
matched diabetic control mice (untreated and control test article-
treated recipients). The differences in the Treg:Breg ratio we
observe in the MLN among the treatment arms at 3 days post-
administration of the Ins-RT-NP are intriguing and remain to
be mechanistically-understood. It is possible that our particles
act by modifying the biology of other T-cells by a number
of overlapping and complementary mechanisms of action. For
example, DC that take up these particles could modify the
numbers and/or action of Tr1 regulatory T-cells and not Foxp3+
Tregs. Or, the surface-bound TGFβ1 on our particles could bind
to TGF receptors on DC and /or other regulatory leukocytes to
license their suppressive abilities that are expressed only inside
secondary lymphoid organs. These possibilities, among a number
of others, are currently under investigation so that we can better
understand the mechanism of action of our particle system.

Whether provision of other, or additional T1D autoantigens
to the TGFβ/RA-based formulation can improve the prophylactic
outcomes or could reverse new-onset hyperglycemia is currently
unknown, although many other particle formulations tested
appear to require at least one autoantigen peptide or intact
protein to induce some form of disease-specific immune
hyporesponsiveness (40, 58, 59, 81–92).
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Supplementary Figure 1 | Dendritic cell antibody isotypes and controls used in

flow cytometry. Single cell suspensions of splenocytes were isolated and grown in

vitro. Splenocytes were analyzed by flow cytometry to identify dendritic cells using

the CD45 and CD11c cell surface markers 18 h later. Fluorescence histograms of

unstained cells are shown in red and cells stained with matched

fluorochrome-conjugated isotypes are shown in blue. Cells with antibody against

(A) CD45 or (B) CD11c are shown in orange. A signal intensity cut off is shown

which displays positively stained cells to the right. (C) Signal intensity is shown in

both CD45 and CD11c channels, with CD45+ CD11c+ cells located inside

the box.

Supplementary Figure 2 | Antibody controls and gating method in Treg flow

cytometry. Single cell suspensions of lymph nodes were analyzed by flow

cytometry to identify Tregs by cell surface markers CD4, CD25, and nuclear

marker FoxP3. Histograms of control unstained cells are shown in red and cells

stained with matched fluorochrome-conjugated isotypes are shown in blue. Cells

with antibody against (A) CD4, (B) CD25, (C) FoxP3 are shown in orange. A signal

intensity cut off is shown which displays positively stained cells to the right. (D) The

gating method for identifying Foxp3+ Tregs is shown. First, cells are selected for

low granularity based on low side scatter. Within this population, CD4+ cells are

selected as a general T-cell population. Finally, within the CD4+ cell population,

cells that are CD25+ FoxP3+ are selected for further analysis and quantitation.

Supplementary Figure 3 | Breg antibody controls and gating method in Breg

flow cytometry. Single cell suspensions of lymph nodes were analyzed by flow

cytometry to identify Bregs by cell surface markers CD19, B220, CD1d, and CD5.

Histograms of control unstained cells are shown in red and cells stained with

matched fluorochrome-conjugated isotypes are shown in blue. Cells with antibody

against (A) CD19, (B) B220, (C) CD1d, and (D) CD5 are shown in orange. A signal

intensity cut off is shown which displays positively stained cells to the right. (E)

The gating method for identifying Bregs is shown. First, cells are selected for low

granularity as indicated by low side scatter. Within this population, the prevalent

CD19+ B220+ double positive B-cells are selected. Finally, within this B cell

population, cells that are CD1d+ CD5+ are selected as shown for further analysis.

Supplementary Figure 4 | Lymph node (LN) cell viability. Animals received a

single injection of saline, 10mg PLGA-Ni, or 10mg Ins-RT-NP. Single cell

suspensions were made from MLN and PLN. Cell viability was assessed after LN

dissociation by Trypan Blue staining. The percentage of viable cells is displayed

and no significant differences in viability were detected (individual one-way ANOVA

per LN type). Experiments include two separate animal cohorts combined (n = 9).

REFERENCES

1. Insel RA, Dunne JL, Atkinson MA, Chiang JL, Dabelea D, Gottlieb PA, et al.
Staging presymptomatic type 1 diabetes: a scientific statement of JDRF, the
Endocrine Society, and the American Diabetes Association. Diabetes Care.
(2015) 38:1964–74. doi: 10.2337/dc15-1419

2. Atkinson MA, Eisenbarth GS, Michels AW. Type 1 diabetes. Lancet. (2014)
383:69–82. doi: 10.1016/S0140-6736(13)60591-7

3. Atkinson MA. The pathogenesis and natural history of type 1 diabetes. Cold
Spring Harb Perspect Med. (2012) 2. doi: 10.1101/cshperspect.a007641

4. Roep BO, Atkinson M, von Herrath M. Satisfaction (not) guaranteed: re-
evaluating the use of animal models of type 1 diabetes. Nat Rev Immunol.

(2004) 4:989–97. doi: 10.1038/nri1502
5. Emamaullee JA, Davis J, Merani S, Toso C, Elliott JF, Thiesen A, et al.

Inhibition of Th17 cells regulates autoimmune diabetes in NOD mice.
Diabetes. (2009) 58:1302–11. doi: 10.2337/db08-1113

6. Ferraro A, Socci C, Stabilini A, Valle A, Monti P, Piemonti L, et al. Expansion
of Th17 cells and functional defects in T regulatory cells are key features of
the pancreatic lymph nodes in patients with type 1 diabetes. Diabetes. (2011)
60:2903–13. doi: 10.2337/db11-0090

7. Jain R, Tartar DM, Gregg RK, Divekar RD, Bell JJ, Lee HH,
et al. Innocuous IFNgamma induced by adjuvant-free antigen
restores normoglycemia in NOD mice through inhibition of IL-17
production. J Exp Med. (2008) 205:207–18. doi: 10.1084/jem.2007
1878

8. Wang B, Andre I, Gonzalez A, Katz JD, Aguet M, Benoist C, et al.
Interferon-gamma impacts at multiple points during the progression

of autoimmune diabetes. Proc Natl Acad Sci USA. (1997) 94:13844–9.
doi: 10.1073/pnas.94.25.13844

9. 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

10. Miska J, Abdulreda MH, Devarajan P, Lui JB, Suzuki J, Pileggi A, et al.
Real-time immune cell interactions in target tissue during autoimmune-
induced damage and graft tolerance. J Exp Med. (2014) 211:441–56.
doi: 10.1084/jem.20130785

11. Salvany-Celades M, van der Zwan A, Benner M, Setrajcic-Dragos V,
Bougleux Gomes HA, Iyer V, et al. Three types of functional regulatory T
cells control T cell responses at the human maternal-fetal interface. Cell Rep.
(2019) 27:2537–47 e5. doi: 10.1016/j.celrep.2019.04.109

12. Wu J, Ma S, Hotz-Wagenblatt A, Angel P, Mohr K, Schlimbach T, et al.
Regulatory T cells sense effector T-cell activation through synchronized JunB
expression. FEBS Lett. (2019) 593:1020–9. doi: 10.1002/1873-3468.13393

13. Golab K, Krzystyniak A, Marek-Trzonkowska N, Misawa R, Wang LJ, Wang
X, et al. Impact of culture medium on CD4(+) CD25(high)CD127(lo/neg)
Treg expansion for the purpose of clinical application. Int

Immunopharmacol. (2013) 16:358–63. doi: 10.1016/j.intimp.2013.02.016
14. Marek-Trzonkowska N, Mysliwec M, Siebert J, Trzonkowski P. Clinical

application of regulatory T cells in type 1 diabetes. Pediatr Diabetes. (2013)
15:322–32. doi: 10.1111/pedi.12029

15. Thompson JA, Perry D, Brusko TM. Autologous regulatory T cells for
the treatment of type 1 diabetes. Curr Diab Rep. (2012) 12:623–32.
doi: 10.1007/s11892-012-0304-5

Frontiers in Immunology | www.frontiersin.org 12 March 2021 | Volume 12 | Article 58622047

https://www.frontiersin.org/articles/10.3389/fimmu.2021.586220/full#supplementary-material
https://doi.org/10.2337/dc15-1419
https://doi.org/10.1016/S0140-6736(13)60591-7
https://doi.org/10.1101/cshperspect.a007641
https://doi.org/10.1038/nri1502
https://doi.org/10.2337/db08-1113
https://doi.org/10.2337/db11-0090
https://doi.org/10.1084/jem.20071878
https://doi.org/10.1073/pnas.94.25.13844
https://doi.org/10.1111/j.0105-2896.2006.00427.x
https://doi.org/10.1084/jem.20130785
https://doi.org/10.1016/j.celrep.2019.04.109
https://doi.org/10.1002/1873-3468.13393
https://doi.org/10.1016/j.intimp.2013.02.016
https://doi.org/10.1111/pedi.12029
https://doi.org/10.1007/s11892-012-0304-5
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Phillips et al. Tolerogenic Microparticles for T1D

16. Bluestone JA, Buckner JH, Fitch M, Gitelman SE, Gupta S, Hellerstein MK,
et al. Type 1 diabetes immunotherapy using polyclonal regulatory T cells. Sci
Transl Med. (2015) 7:315ra189. doi: 10.1126/scitranslmed.aad4134

17. Marek-Trzonkowska N, Mysliwiec M, Dobyszuk A, Grabowska M,
Derkowska I, Juscinska J, et al. Therapy of type 1 diabetes with
CD4(+)CD25(high)CD127-regulatory T cells prolongs survival of
pancreatic islets - results of one year follow-up. Clin Immunol. (2014)
153:23–30. doi: 10.1016/j.clim.2014.03.016

18. Phillips B, Nylander K, Harnaha J, Machen J, Lakomy R, Styche A, et al. A
microsphere-based vaccine prevents and reverses new-onset autoimmune
diabetes. Diabetes. (2008) 57:1544–55. doi: 10.2337/db07-0507

19. Di Caro V, Phillips B, Engman C, Harnaha J, Trucco M, Giannoukakis
N. Retinoic acid-producing, ex-vivo-generated human tolerogenic dendritic
cells induce the proliferation of immunosuppressive B lymphocytes.Clin Exp
Immunol. (2013) 174:302–17. doi: 10.1111/cei.12177

20. Di Caro V, Phillips B, Engman C, Harnaha J, Trucco M, Giannoukakis N.
Involvement of suppressive B-lymphocytes in the mechanism of tolerogenic
dendritic cell reversal of type 1 diabetes in NOD mice. PLoS ONE. (2014)
9:e83575. doi: 10.1371/journal.pone.0083575

21. Engman C, Wen Y, Meng WS, Bottino R, Trucco M, Giannoukakis N.
Generation of antigen-specific Foxp3+ regulatory T-cells in vivo following
administration of diabetes-reversing tolerogenic microspheres does not
require provision of antigen in the formulation. Clin Immunol. (2015)
160:103–23. doi: 10.1016/j.clim.2015.03.004

22. Barbi J, Pardoll D, Pan F. Treg functional stability and its responsiveness
to the microenvironment. Immunol Rev. (2014) 259:115–39.
doi: 10.1111/imr.12172

23. Chaudhry A, Rudensky AY. Control of inflammation by integration of
environmental cues by regulatory T cells. J Clin Invest. (2013) 123:939–44.
doi: 10.1172/JCI57175

24. Hoeppli RE, Wu D, Cook L, Levings MK. The environment of regulatory T
cell biology: cytokines, metabolites, the microbiome. Front Immunol. (2015)
6:61. doi: 10.3389/fimmu.2015.00061

25. Pesenacker AM, Broady R, Levings MK. Control of tissue-localized immune
responses by human regulatory T cells. Eur J Immunol. (2015) 45:333–43.
doi: 10.1002/eji.201344205

26. Konkel JE, Zhang D, Zanvit P, Chia C, Zangarle-Murray T, Jin W, et al.
Transforming growth factor-beta signaling in regulatory T cells controls
T helper-17 cells and tissue-specific immune responses. Immunity. (2017)
46:660–74. doi: 10.1016/j.immuni.2017.03.015

27. Oh SA, Liu M, Nixon BG, Kang D, Toure A, Bivona M, et al. Foxp3-
independent mechanism by which TGF-beta controls peripheral
T cell tolerance. Proc Natl Acad Sci USA. (2017) 114:E7536–44.
doi: 10.1073/pnas.1706356114

28. Tran DQ. TGF-beta: the sword, the wand, and the shield of FOXP3(+)
regulatory T cells. J Mol Cell Biol. (2012) 4:29–37. doi: 10.1093/jmcb/mjr033

29. Wan YY, Flavell RA. ’Yin-Yang’ functions of transforming growth factor-
beta and T regulatory cells in immune regulation. Immunol Rev. (2007)
220:199–213. doi: 10.1111/j.1600-065X.2007.00565.x

30. Wan YY, Flavell RA. Regulatory T cells, transforming growth factor-
beta, immune suppression. Proc Am Thorac Soc. (2007) 4:271–6.
doi: 10.1513/pats.200701-020AW

31. Wrzesinski SH, Wan YY, Flavell RA. Transforming growth factor-beta and
the immune response: implications for anticancer therapy. Clin Cancer Res.

(2007) 13(18 Pt 1):5262–70. doi: 10.1158/1078-0432.CCR-07-1157
32. Xu A, Liu Y, Chen W, Wang J, Xue Y, Huang F, et al. TGF-

beta-induced regulatory T cells directly suppress B cell responses
through a noncytotoxic mechanism. J Immunol. (2016) 196:3631–41.
doi: 10.4049/jimmunol.1501740

33. Zheng SG, Gray JD, Ohtsuka K, Yamagiwa S, Horwitz DA. Generation ex vivo
of TGF-beta-producing regulatory T cells from CD4+CD25- precursors. J
Immunol. (2002) 169:4183–9. doi: 10.4049/jimmunol.169.8.4183

34. Xiao S, Jin H, Korn T, Liu SM, Oukka M, Lim B, et al. Retinoic
acid increases Foxp3+ regulatory T cells and inhibits development of
Th17 cells by enhancing TGF-beta-driven Smad3 signaling and inhibiting
IL-6 and IL-23 receptor expression. J Immunol. (2008) 181:2277–84.
doi: 10.4049/jimmunol.181.4.2277

35. Zunino SJ, Storms DH, Stephensen CB. Diets rich in polyphenols
and vitamin A inhibit the development of type I autoimmune
diabetes in nonobese diabetic mice. J Nutr. (2007) 137:1216–21.
doi: 10.1093/jn/137.5.1216

36. Stosic-Grujicic S, Cvjeticanin T, Stojanovic I. Retinoids differentially regulate
the progression of autoimmune diabetes in three preclinical models in mice.
Mol Immunol. (2009) 47:79–86. doi: 10.1016/j.molimm.2008.12.028

37. Capurso NA, Look M, Jeanbart L, Nowyhed H, Abraham C, Craft J,
et al. Development of a nanoparticulate formulation of retinoic acid that
suppresses Th17 cells and upregulates regulatory T cells. Self Nonself. (2010)
1:335–40. doi: 10.4161/self.1.4.13946

38. Keijzer C, Spiering R, Silva AL, van Eden W, Jiskoot W, Vervelde L, et al.
PLGA nanoparticles enhance the expression of retinaldehyde dehydrogenase
enzymes in dendritic cells and induce FoxP3(+) T-cells in vitro. J Control
Release. (2013) 168:35–40. doi: 10.1016/j.jconrel.2013.02.027

39. McHugh MD, Park J, Uhrich R, Gao W, Horwitz DA, Fahmy TM. Paracrine
co-delivery of TGF-beta and IL-2 using CD4-targeted nanoparticles for
induction and maintenance of regulatory T cells. Biomaterials. (2015)
59:172–81. doi: 10.1016/j.biomaterials.2015.04.003

40. 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 Mater Biol Med. (2014) 2:2562–74.
doi: 10.1039/C3TB21460E

41. Abiru N, Maniatis AK, Yu L, Miao D, Moriyama H, Wegmann D, et al.
Peptide and major histocompatibility complex-specific breaking of humoral
tolerance to native insulin with the B9-23 peptide in diabetes-prone and
normal mice. Diabetes. (2001) 50:1274–81. doi: 10.2337/diabetes.50.6.1274

42. Eckenrode SE, Ruan QG, Collins CD, Yang P, McIndoe RA, Muir A, et al.
Molecular pathways altered by insulin b9-23 immunization. Ann N Y Acad

Sci. (2004) 1037:175–85. doi: 10.1196/annals.1337.029
43. Harrison LC, Solly NR,Martinez NR. (Pro)insulin-specific regulatory T cells.

Novartis Found Symp. (2003) 252:132–41; discussion 141−5, 203–10.
44. NakayamaM, Babaya N,Miao D, Gianani R, Liu E, Elliott JF, et al. Long-term

prevention of diabetes andmarked suppression of insulin autoantibodies and
insulitis in mice lacking native insulin B9-23 sequence. Ann N Y Acad Sci.

(2006) 1079:122–9. doi: 10.1196/annals.1375.018
45. Jia L, Kovacs JR, Zheng Y, Gawalt ES, Shen H, Meng WS. Attenuated

alloreactivity of dendritic cells engineered with surface-modified
microspheres carrying a plasmid encoding interleukin-10. Biomaterials.

(2006) 27:2076–82. doi: 10.1016/j.biomaterials.2005.09.032
46. Jia L, Kovacs JR, Zheng Y, Shen H, Gawalt ES, Meng WS. Expansion of

Foxp3-expressing regulatory T cells in vitro by dendritic cells modified
with polymeric particles carrying a plasmid encoding interleukin-10.
Biomaterials. (2008) 29:1250–61. doi: 10.1016/j.biomaterials.2007.11.015

47. Kovacs JR, Tidball J, Ross A, Jia L, Zheng Y, Gawalt ES, et al. Characterization
of nickel-decorated PLGA particles anchored with a his-tagged polycation.
J Biomater Sci Polym Ed. (2009) 20:1307–20. doi: 10.1163/156856209X
453015

48. Zheng Y, Kovacs JR, Gawalt ES, Shen H, Meng WS. Characterization of
particles fabricated with poly(D, L-lactic-co-glycolic acid) and an ornithine-
histidine peptide as carriers of oligodeoxynucleotide for delivery into
primary dendritic cells. J Biomater Sci Polym Ed. (2006) 17:1389–403.
doi: 10.1163/156856206778937217

49. Zheng Y, Wen Y, George AM, Steinbach AM, Phillips BE, Giannoukakis N,
et al. A peptide-basedmaterial platform for displaying antibodies to engage T
cells. Biomaterials. (2011) 32:249–57. doi: 10.1016/j.biomaterials.2010.08.083

50. Broggi A, Cigni C, Zanoni I, Granucci F. Preparation of single-cell
suspensions for cytofluorimetric analysis from different mouse skin regions.
J Vis Exp. (2016) 110:e52589. doi: 10.3791/52589

51. Bouaziz JD, Yanaba K, Tedder TF. Regulatory B cells as inhibitors of
immune responses and inflammation. Immunol Rev. (2008) 224:201–14.
doi: 10.1111/j.1600-065X.2008.00661.x

52. Hong C, Gao XM. Purification and immunophenotypic characterization
of murine B10 B cells. Methods Mol Biol. (2014) 1190:35–44.
doi: 10.1007/978-1-4939-1161-5_3

53. Karim MR, Wang YF. Phenotypic identification of
CD19(+)CD5(+)CD1d(+) regulatory B cells that produce interleukin

Frontiers in Immunology | www.frontiersin.org 13 March 2021 | Volume 12 | Article 58622048

https://doi.org/10.1126/scitranslmed.aad4134
https://doi.org/10.1016/j.clim.2014.03.016
https://doi.org/10.2337/db07-0507
https://doi.org/10.1111/cei.12177
https://doi.org/10.1371/journal.pone.0083575
https://doi.org/10.1016/j.clim.2015.03.004
https://doi.org/10.1111/imr.12172
https://doi.org/10.1172/JCI57175
https://doi.org/10.3389/fimmu.2015.00061
https://doi.org/10.1002/eji.201344205
https://doi.org/10.1016/j.immuni.2017.03.015
https://doi.org/10.1073/pnas.1706356114
https://doi.org/10.1093/jmcb/mjr033
https://doi.org/10.1111/j.1600-065X.2007.00565.x
https://doi.org/10.1513/pats.200701-020AW
https://doi.org/10.1158/1078-0432.CCR-07-1157
https://doi.org/10.4049/jimmunol.1501740
https://doi.org/10.4049/jimmunol.169.8.4183
https://doi.org/10.4049/jimmunol.181.4.2277
https://doi.org/10.1093/jn/137.5.1216
https://doi.org/10.1016/j.molimm.2008.12.028
https://doi.org/10.4161/self.1.4.13946
https://doi.org/10.1016/j.jconrel.2013.02.027
https://doi.org/10.1016/j.biomaterials.2015.04.003
https://doi.org/10.1039/C3TB21460E
https://doi.org/10.2337/diabetes.50.6.1274
https://doi.org/10.1196/annals.1337.029
https://doi.org/10.1196/annals.1375.018
https://doi.org/10.1016/j.biomaterials.2005.09.032
https://doi.org/10.1016/j.biomaterials.2007.11.015
https://doi.org/10.1163/156856209X453015
https://doi.org/10.1163/156856206778937217
https://doi.org/10.1016/j.biomaterials.2010.08.083
https://doi.org/10.3791/52589
https://doi.org/10.1111/j.1600-065X.2008.00661.x
https://doi.org/10.1007/978-1-4939-1161-5_3
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Phillips et al. Tolerogenic Microparticles for T1D

10 and transforming growth factor beta1 in human peripheral blood. Arch
Med Sci. (2019) 15:1176–83. doi: 10.5114/aoms.2018.77772

54. Matsushita T, Tedder TF. Identifying regulatory B cells (B10 cells)
that produce IL-10 in mice. Methods Mol Biol. (2011) 677:99–111.
doi: 10.1007/978-1-60761-869-0_7

55. Yanaba K, Bouaziz JD, Haas KM, Poe JC, Fujimoto M, Tedder TF. A
regulatory B cell subset with a unique CD1dhiCD5+ phenotype controls
T cell-dependent inflammatory responses. Immunity. (2008) 28:639–50.
doi: 10.1016/j.immuni.2008.03.017

56. Yanaba K, Bouaziz JD, Matsushita T, Tsubata T, Tedder TF. The development
and function of regulatory B cells expressing IL-10 (B10 cells) requires
antigen receptor diversity and TLR signals. J Immunol. (2009) 182:7459–72.
doi: 10.4049/jimmunol.0900270

57. Tsang ML, Zhou L, Zheng BL, Wenker J, Fransen G, Humphrey J,
et al. Characterization of recombinant soluble human transforming growth
factor-beta receptor type II (rhTGF-beta sRII). Cytokine. (1995) 7:389–97.
doi: 10.1006/cyto.1995.0054

58. 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 NODmice. Clin Immunol. (2015)
160:90–102. doi: 10.1016/j.clim.2015.03.023

59. Lewis JS, Stewart JM, Marshall GP, Carstens MR, Zhang Y, Dolgova
NV, et al. Dual-sized microparticle system for generating suppressive
dendritic cells prevents and reverses type 1 diabetes in the nonobese
diabetic mouse model. ACS Biomater Sci Eng. (2019) 5:2631–46.
doi: 10.1021/acsbiomaterials.9b00332

60. Suwandi JS, Toes RE, Nikolic T, Roep BO. Inducing tissue specific tolerance
in autoimmune disease with tolerogenic dendritic cells. Clin Exp Rheumatol.

(2015) 33(4 Suppl. 92):S97–103.
61. Creusot RJ, Chang P, Healey DG, Tcherepanova IY, Nicolette CA, Fathman

CG. A short pulse of IL-4 delivered by DCs electroporated with modified
mRNA can both prevent and treat autoimmune diabetes in NOD mice.Mol

Ther. (2010) 18:2112–20. doi: 10.1038/mt.2010.146
62. Yoon YM, Lewis JS, Carstens MR, Campbell-Thompson M, Wasserfall CH,

Atkinson MA, et al. A combination hydrogel microparticle-based vaccine
prevents type 1 diabetes in non-obese diabetic mice. Sci Rep. (2015) 5:13155.
doi: 10.1038/srep13155

63. Keselowsky BG, Xia CQ, Clare-Salzler M. Multifunctional dendritic cell-
targeting polymeric microparticles: engineering new vaccines for type 1
diabetes. Hum Vaccin. (2011) 7:37–44. doi: 10.4161/hv.7.1.12916

64. Battaglia M, Ahmed S, Anderson MS, Atkinson MA, Becker D, Bingley
PJ, et al. Introducing the endotype concept to address the challenge of
disease heterogeneity in type 1 diabetes. Diabetes Care. (2019) 43:5–12.
doi: 10.2337/dc19-0880

65. Battaglia M, Atkinson MA. The streetlight effect in type 1 diabetes. Diabetes.
(2015) 64:1081–90. doi: 10.2337/db14-1208

66. Battaglia M, Petrelli A, Vecchio F. Neutrophils and type 1 diabetes: current
knowledge and suggested future directions. Curr Opin Endocrinol Diabetes

Obes. (2019) 26:201–6. doi: 10.1097/MED.0000000000000485
67. Campbell-Thompson M, Rodriguez-Calvo T, Battaglia M. Abnormalities

of the exocrine pancreas in type 1 diabetes. Curr Diab Rep. (2015) 15:79.
doi: 10.1007/s11892-015-0653-y

68. Valle A, Giamporcaro GM, Scavini M, Stabilini A, Grogan P, Bianconi E,
et al. Reduction of circulating neutrophils precedes and accompanies type
1 diabetes. Diabetes. (2013) 62:2072–7. doi: 10.2337/db12-1345

69. Vecchio F, Lo Buono N, Stabilini A, Nigi L, Dufort MJ, Geyer S, et al. Type
1 diabetes trialnet study, Battaglia M. Abnormal neutrophil signature in the
blood and pancreas of presymptomatic and symptomatic type 1 diabetes. JCI
Insight. (2018) 3. doi: 10.1172/jci.insight.122146

70. 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

71. Kroger CJ, Clark M, Ke Q, Tisch RM. Therapies to suppress beta
cell autoimmunity in type 1 diabetes. Front Immunol. (2018) 9:1891.
doi: 10.3389/fimmu.2018.01891

72. Roep BO. Are insights gained from NOD mice sufficient to guide clinical
translation? Another inconvenient truth. Ann N Y Acad Sci. (2007) 1103:1–
10. doi: 10.1196/annals.1394.018

73. Couri CE, Oliveira MC, Stracieri AB, Moraes DA, Pieroni F, Barros
GM, et al. C-peptide levels and insulin independence following
autologous nonmyeloablative hematopoietic stem cell transplantation
in newly diagnosed type 1 diabetes mellitus. JAMA. (2009) 301:1573–9.
doi: 10.1001/jama.2009.470

74. 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

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

76. Herold KC,HagopianW, Auger JA, Poumian-Ruiz E, Taylor L, DonaldsonD,
et al. Anti-CD3 monoclonal antibody in new-onset type 1 diabetes mellitus.
N Engl J Med. (2002) 346:1692–8. doi: 10.1056/NEJMoa012864

77. Pescovitz MD, Greenbaum CJ, Krause-Steinrauf H, Becker DJ, Gitelman
SE, Goland R, et al. Type 1 diabetes trialnet anti: rituximab, B-lymphocyte
depletion, and preservation of beta-cell function. N Engl J Med. (2009)
361:2143–52. doi: 10.1056/NEJMoa0904452

78. Ryan EA, Paty BW, Senior PA, Bigam D, Alfadhli E, Kneteman NM,
et al. Five-year follow-up after clinical islet transplantation. Diabetes. (2005)
54:2060–9. doi: 10.2337/diabetes.54.7.2060

79. Sherry N, Hagopian W, Ludvigsson J, Jain SM, Wahlen J, Ferry RJ, et al.
Protege Trial, Teplizumab for treatment of type 1 diabetes (Protege study):
1-year results from a randomised, placebo-controlled trial. Lancet. (2011)
378:487–97. doi: 10.1016/S0140-6736(11)60931-8

80. Voltarelli JC, Couri CE, Stracieri AB, Oliveira MC, Moraes DA, Pieroni F,
et al. Autologous nonmyeloablative hematopoietic stem cell transplantation
in newly diagnosed type 1 diabetes mellitus. JAMA. (2007) 297:1568–76.
doi: 10.1001/jama.297.14.1568

81. Casey LM, Pearson RM, Hughes KR, Liu JMH, Rose JA, North MG,
et al. Conjugation of transforming growth factor beta to antigen-
loaded poly(lactide- co-glycolide) nanoparticles enhances efficiency
of antigen-specific tolerance. Bioconjug Chem. (2018) 29:813–23.
doi: 10.1021/acs.bioconjchem.7b00624

82. Cho JJ, Stewart JM, Drashansky TT, Brusko MA, Zuniga AN, Lorentsen
KJ, et al. An antigen-specific semi-therapeutic treatment with local delivery
of tolerogenic factors through a dual-sized microparticle system blocks
experimental autoimmune encephalomyelitis. Biomaterials. (2017) 143:79–
92. doi: 10.1016/j.biomaterials.2017.07.029

83. Getts DR, Martin AJ, McCarthy DP, Terry RL, Hunter ZN, Yap WT, et al.
Microparticles bearing encephalitogenic peptides induce T-cell tolerance and
ameliorate experimental autoimmune encephalomyelitis. Nat Biotechnol.

(2012) 30:1217–24. doi: 10.1038/nbt.2434
84. Hlavaty KA, Luo X, Shea LD, Miller SD. Cellular and molecular targeting

for nanotherapeutics in transplantation tolerance. Clin Immunol. (2015)
160:14–23. doi: 10.1016/j.clim.2015.03.013

85. Hunter Z, McCarthy DP, Yap WT, Harp CT, Getts DR, Shea LD, et al. A
biodegradable nanoparticle platform for the induction of antigen-specific
immune tolerance for treatment of autoimmune disease. ACS Nano. (2014)
8:2148–60. doi: 10.1021/nn405033r

86. Kuo R, Saito E, Miller SD, Shea LD. Peptide-conjugated nanoparticles reduce
positive co-stimulatory expression and T cell activity to induce tolerance.
Mol Ther. (2017) 25:1676–85. doi: 10.1016/j.ymthe.2017.03.032

87. Luo X, Miller SD, Shea LD. Immune tolerance for autoimmune disease
and cell transplantation. Annu Rev Biomed Eng. (2016) 18:181–205.
doi: 10.1146/annurev-bioeng-110315-020137

88. McCarthy DP, Yap JW, Harp CT, Song WK, Chen J, Pearson RM, et al. An
antigen-encapsulating nanoparticle platform for TH1/17 immune tolerance
therapy. Nanomedicine. (2017) 13:191–200. doi: 10.1016/j.nano.2016.09.007

89. Pearson RM, Casey LM, Hughes KR, Miller SD, Shea LD. In vivo
reprogramming of immune cells: technologies for induction of
antigen-specific tolerance. Adv Drug Deliv Rev. (2017) 114:240–55.
doi: 10.1016/j.addr.2017.04.005

90. Mukherjee G, Geliebter A, Babad J, Santamaria P, Serreze DV, Freeman GJ,
et al. DEC-205-mediated antigen targeting to steady-state dendritic cells

Frontiers in Immunology | www.frontiersin.org 14 March 2021 | Volume 12 | Article 58622049

https://doi.org/10.5114/aoms.2018.77772
https://doi.org/10.1007/978-1-60761-869-0_7
https://doi.org/10.1016/j.immuni.2008.03.017
https://doi.org/10.4049/jimmunol.0900270
https://doi.org/10.1006/cyto.1995.0054
https://doi.org/10.1016/j.clim.2015.03.023
https://doi.org/10.1021/acsbiomaterials.9b00332
https://doi.org/10.1038/mt.2010.146
https://doi.org/10.1038/srep13155
https://doi.org/10.4161/hv.7.1.12916
https://doi.org/10.2337/dc19-0880
https://doi.org/10.2337/db14-1208
https://doi.org/10.1097/MED.0000000000000485
https://doi.org/10.1007/s11892-015-0653-y
https://doi.org/10.2337/db12-1345
https://doi.org/10.1172/jci.insight.122146
https://doi.org/10.1016/j.cmet.2016.10.009
https://doi.org/10.3389/fimmu.2018.01891
https://doi.org/10.1196/annals.1394.018
https://doi.org/10.1001/jama.2009.470
https://doi.org/10.2337/db16-0823
https://doi.org/10.1172/JCI78492
https://doi.org/10.1056/NEJMoa012864
https://doi.org/10.1056/NEJMoa0904452
https://doi.org/10.2337/diabetes.54.7.2060
https://doi.org/10.1016/S0140-6736(11)60931-8
https://doi.org/10.1001/jama.297.14.1568
https://doi.org/10.1021/acs.bioconjchem.7b00624
https://doi.org/10.1016/j.biomaterials.2017.07.029
https://doi.org/10.1038/nbt.2434
https://doi.org/10.1016/j.clim.2015.03.013
https://doi.org/10.1021/nn405033r
https://doi.org/10.1016/j.ymthe.2017.03.032
https://doi.org/10.1146/annurev-bioeng-110315-020137
https://doi.org/10.1016/j.nano.2016.09.007
https://doi.org/10.1016/j.addr.2017.04.005
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Phillips et al. Tolerogenic Microparticles for T1D

induces deletion of diabetogenic CD8(+) T cells independently of PD-1 and
PD-L1. Int Immunol. (2013) 25:651–60. doi: 10.1093/intimm/dxt031

91. Mukhopadhaya A, Hanafusa T, Jarchum I, Chen YG, Iwai Y, Serreze DV,
et al. Selective delivery of beta cell antigen to dendritic cells in vivo leads
to deletion and tolerance of autoreactive CD8+ T cells in NOD mice. Proc
Natl Acad Sci USA. (2008) 105:6374–9. doi: 10.1073/pnas.0802644105

92. Jamison BL, Neef T, Goodspeed A, Bradley B, Baker RL, Miller SD,
et al. Nanoparticles containing an insulin-ChgA hybrid peptide protect
from transfer of autoimmune diabetes by shifting the balance between
effector T cells and regulatory T cells. J Immunol. (2019) 203:48–57.
doi: 10.4049/jimmunol.1900127

93. Bai A, Lu N, Guo Y, Liu Z, Chen J, Peng Z. All-trans retinoic acid
down-regulates inflammatory responses by shifting the Treg/Th17 profile
in human ulcerative and murine colitis. J Leukoc Biol. (2009) 86:959–69.
doi: 10.1189/jlb.0109006

94. Benson MJ, Pino-Lagos K, Rosemblatt M, Noelle RJ. All-trans retinoic acid
mediates enhanced T reg cell growth, differentiation, and gut homing in
the face of high levels of co-stimulation. J Exp Med. (2007) 204:1765–74.
doi: 10.1084/jem.20070719

95. Hall JA, Grainger JR, Spencer SP, Belkaid Y. The role of retinoic
acid in tolerance and immunity. Immunity. (2011) 35:13–22.
doi: 10.1016/j.immuni.2011.07.002

96. Iwata M, Yokota A. Retinoic acid production by intestinal dendritic cells.
Vitam Horm. (2011) 86:127–52. doi: 10.1016/B978-0-12-386960-9.00006-X

97. Lu L, Ma J, Li Z, Lan Q, Chen M, Liu Y, et al. All-trans retinoic
acid promotes TGF-beta-induced Tregs via histone modification but not
DNA demethylation on Foxp3 gene locus. PLoS ONE. (2011) 6:e24590.
doi: 10.1371/journal.pone.0024590

98. Mucida D, Park Y, Kim G, Turovskaya O, Scott I, Kronenberg M, et al.
Reciprocal TH17 and regulatory T cell differentiation mediated by retinoic
acid. Science. (2007) 317:256–60. doi: 10.1126/science.1145697

99. Sakaguchi S, Miyara M, Costantino CM, Hafler DA. FOXP3+ regulatory T
cells in the human immune system. Nat Rev Immunol. (2010) 10:490–500.
doi: 10.1038/nri2785

100. Wing K, Sakaguchi S. Regulatory T cells exert checks and balances
on self tolerance and autoimmunity. Nat Immunol. (2010) 11:7–13.
doi: 10.1038/ni.1818

101. Jordan MS, Boesteanu A, Reed AJ, Petrone AL, Holenbeck AE, Lerman MA,
et al. Thymic selection of CD4+CD25+ regulatory T cells induced by an
agonist self-peptide. Nat Immunol. (2001) 2:301–6. doi: 10.1038/86302

102. Kawahata K, Misaki Y, Yamauchi M, Tsunekawa S, Setoguchi K, Miyazaki J,
et al. Generation of CD4(+)CD25(+) regulatory T cells from autoreactive

T cells simultaneously with their negative selection in the thymus and from
nonautoreactive T cells by endogenous TCR expression. J Immunol. (2002)
168:4399–405. doi: 10.4049/jimmunol.168.9.4399

103. Curotto de Lafaille MA, Lafaille JJ. Natural and adaptive
foxp3+ regulatory T cells: more of the same or a division of
labor? Immunity. (2009) 30:626–35. doi: 10.1016/j.immuni.2009.0
5.002

104. Coombes JL, Maloy KJ. Control of intestinal homeostasis by regulatory
T cells and dendritic cells. Semin Immunol. (2007) 19:116–26.
doi: 10.1016/j.smim.2007.01.001

105. Sun CM, Hall JA, Blank RB, Bouladoux N, Oukka M, Mora
JR, et al. Small intestine lamina propria dendritic cells
promote de novo generation of Foxp3 T reg cells via retinoic
acid. J Exp Med. (2007) 204:1775–85. doi: 10.1084/jem.2007
0602

106. Koprivica I, Gajic D, Saksida T, Cavalli E, Auci D, Despotovic S, et al. Orally
delivered all-trans-retinoic acid- and transforming growth factor-beta-
loaded microparticles ameliorate type 1 diabetes in mice. Eur J Pharmacol.

(2019) 864:172721. doi: 10.1016/j.ejphar.2019.172721
107. Atkinson MA, Leiter EH. The NODmouse model of type 1 diabetes: as good

as it gets? Nat Med. (1999) 5:601–4. doi: 10.1038/9442
108. Chen YG, Mathews CE, Driver JP. The role of NOD mice in type 1 diabetes

research: lessons from the past and recommendations for the future. Front
Endocrinol. (2018) 9:51. doi: 10.3389/fendo.2018.00051

109. Pearson JA, Wong FS, Wen L. The importance of the Non Obese Diabetic
(NOD) mouse model in autoimmune diabetes. J Autoimmun. (2016) 66:76–
88. doi: 10.1016/j.jaut.2015.08.019

110. Reed JC, Herold KC. Thinking bedside at the bench: the NOD
mouse model of T1DM. Nat Rev Endocrinol. (2015) 11:308–14.
doi: 10.1038/nrendo.2014.236

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 Phillips, Garciafigueroa, Engman, Liu, Wang, Lakomy, Meng,

Trucco and Giannoukakis. 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.

Frontiers in Immunology | www.frontiersin.org 15 March 2021 | Volume 12 | Article 58622050

https://doi.org/10.1093/intimm/dxt031
https://doi.org/10.1073/pnas.0802644105
https://doi.org/10.4049/jimmunol.1900127
https://doi.org/10.1189/jlb.0109006
https://doi.org/10.1084/jem.20070719
https://doi.org/10.1016/j.immuni.2011.07.002
https://doi.org/10.1016/B978-0-12-386960-9.00006-X
https://doi.org/10.1371/journal.pone.0024590
https://doi.org/10.1126/science.1145697
https://doi.org/10.1038/nri2785
https://doi.org/10.1038/ni.1818
https://doi.org/10.1038/86302
https://doi.org/10.4049/jimmunol.168.9.4399
https://doi.org/10.1016/j.immuni.2009.05.002
https://doi.org/10.1016/j.smim.2007.01.001
https://doi.org/10.1084/jem.20070602
https://doi.org/10.1016/j.ejphar.2019.172721
https://doi.org/10.1038/9442
https://doi.org/10.3389/fendo.2018.00051
https://doi.org/10.1016/j.jaut.2015.08.019
https://doi.org/10.1038/nrendo.2014.236
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Frontiers in Immunology | www.frontiersin.

Edited by:
Irina Caminschi,

Monash University, Australia

Reviewed by:
Diana Dudziak,

Universitatsklinikum Erlangen,
Germany

Tatyana Chtanova,
Garvan Institute of Medical Research,

Australia

*Correspondence:
Pierre-Louis Hervé
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Pre-Existing Humoral Immunity
Enhances Epicutaneously-
Administered Allergen Capture
by Skin DC and Their Migration
to Local Lymph Nodes
Pierre-Louis Hervé1*, Camille Plaquet1, Noémie Assoun1, Nathalie Oreal1,
Laetitia Gaulme1, Audrey Perrin1, Adeline Bouzereau1, Véronique Dhelft 1,
Jean-Louis Labernardière1, Lucie Mondoulet1 and Hugh A. Sampson2
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Due to its richness in antigen presenting cells, e.g., dendritic cells (DC), the skin has been
identified as a promising route for immunotherapy and vaccination. Several years ago, a
skin delivery system was developed based on epicutaneous patches allowing the
administration of antigen through intact skin. Using mouse models, we have shown
that epicutaneous allergen application leads to a rapid uptake and transport of allergen-
positive cells to skin-draining lymph nodes (LN). This occurred primarily in animals
previously sensitized to the same allergen. In that context, we sought to better
understand the role of the specific preexisting immunity in allergen capture by skin DC
and their subsequent migration to LN. Specifically, we investigated the role of humoral
immunity induced by sensitization and the involvement of IgG Fc receptors (FcgR).
Epicutaneous patches containing fluorescently-labeled ovalbumin (OVA) were applied
to naïve mice that had previously received either sera or purified IgG isolated from OVA-
sensitized mice. To investigate the involvement of FcgR, animals received 2.4G2 (anti-
FcgRII/RIII) blocking antibody, 24 hours before patch application. Mice that received sera
or purified IgG originating from OVA-sensitized mice showed an increase in the quantity of
OVA-positive DC in skin and LN. Moreover, the blockade of FcgR reduced the number of
OVA-positive DC in LN to a level similar to that observed in naïve animals. Overall, these
results demonstrate that preexisting specific-IgG antibodies are involved in allergen
capture by skin DC following EPIT through the involvement of antigen-specific IgG-FcgR.
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INTRODUCTION

The skin barrier is comprised of a dense network of antigen
presenting cells (APC), including dendritic cells (DC), such as
Langerhans cells (LC), that reside in the epidermal layer (1).
These DC provide immune-surveillance by “sensing” pathogens
passing into the stratum corneum and play a central role in
activating adaptive immunity. Due to this feature, skin has been
clearly identified as a promising route for vaccination and
immunotherapy. Several years ago a novel epicutaneous
delivery system was designed for epicutaneous immunotherapy
(EPIT) for the treatment of food allergy (2). This system utilized
a patch (Viaskin™) that forms an occlusive condensation
chamber where allergen is solubilized by skin humidity and
delivered across the stratum corneum to skin DC (2–6). Previous
studies demonstrated that allergens applied on intact skin via
epicutaneous patches efficiently promote down-modulation of
allergen-specific immune response in sensitized animal models
in association with the induction of Tregs (2, 5, 6). This
distinctive response could be related to the unique targeting of
LC, which are mainly oriented to promote tolerance (4, 7, 8). It
appeared that this tolerogenic immune-modulation could be
obtained only when the antigen was administered on intact,
uninflamed skin (9). Previous results also suggested that the
preexisting immunological status of patch-treated mice had a
significant impact on the antigen uptake by skin DC and their
migration to the draining lymph nodes (4). Indeed, the capture
of patch-administered ovalbumin (OVA) by skin DC was more
efficient and occurred more rapidly in OVA-sensitized mice than
in naïve animals. Remarkably, the migration of these OVA-
positive DC to lymph nodes was observed only in OVA-
sensitized mice. In that context, the aim of the present study
was to better understand the impact of preexisting specific
immunity on allergen capture by skin DC and their migration
to draining lymph nodes, with a focus on humoral immunity. To
that end, we first measured the expression of different antibody
Fc receptors on the surface of skin DCs. Then, using a passive
transfer model, we evaluated the capacity of the specific humoral
response induced in sensitized animals to promote allergen
capture by skin DC and their migration to draining lymph
nodes. Finally, using a blocking antibody, we further
investigated the specific role of IgG and IgG Fc receptors
(FcgR). Our results showed that the humoral response elicited
by OVA sensitization increased the capacity of skin DC to
capture epicutaneously-administered OVA, leading to the
migration of a higher number of OVA-positive DC to local
draining lymph nodes. Moreover, our results demonstrated that
IgG is the main class of antibody in mice involved in this effect.
MATERIALS AND METHODS

Animals and Ethics
BALB/c mice were purchased from Charles River (Lyon, France)
and housed under conventional conditions (DBV Technologies,
Montrouge, France, agreement number #A92-049-02).
Frontiers in Immunology | www.frontiersin.org 252
Experiments have been performed according to the European
Community rules of animal care, and with permission of the
French government (authorization #13305).

Sensitization of Mice
Mice were sensitized subcutaneously on days 0 and 7 with 10 mg
of OVA grade V (Sigma) and 1.6 mg aluminum hydroxide
(Sigma Aldrich) in 200 µl of PBS 1X. Two weeks after the end
of sensitization phase, blood samples were collected by
submandibular puncture into microtubes containing EDTA
(Greiner Bio-One) and centrifuged at 3000 x g for 10 minutes
to collect plasma. Plasma samples were then pooled. The quality
of the sensitization has been controlled for each individual
mouse and for each pool by measuring OVA-specific IgE, IgG1
and IgG2a using a quantitative ELISA as previously
described (2).

Purification of Antibodies and Passive
Transfer of Serum
IgG antibodies were purified from pooled sera using Nab Protein
G Spin Kit (Thermo Scientific) . The flow-through,
corresponding to IgG-depleted serum was collected separately.
This flow- through contained similar levels of IgE compared to
the pooled sera, but no detectable IgG. Purified IgG were dialyzed
against PBS 1X and concentrated to an appropriate volume using
Vivaspin column (Merck Millipore). Purified IgG or pooled sera
were sterile-filtered on a 0.22 µm filter and injected
intraperitoneally into recipient mice (500 µL per mice). For
each experiment, the quantities of OVA-specific IgG1 and IgE
to be injected were determined using a quantitative ELISA. Of
note, the injection of 500 µL of pooled sera (the maximum
intraperitoneal volume authorized by our ethical guidelines) led
to slightly lower titers of specific IgG1 in naïve recipient mice
than in sensitized donor mice (see Figure S1 for representative
data). Specific IgE and IgG2a titers remained low or just above
the level of detection in recipient mice (data not shown).

Preparation of OVA-AF488 Patches and
Application to Mice
Epicutaneous patches were loaded dropwise with 100 µg of
Alexa-Fluor®-488 (AF-488) conjugated ovalbumin (Life
Technologies). Patches were dried at 30°C for 1 hour in a
ventilated oven and stored at 4°C. Before patch application,
mice were anaesthetized with ketamine and xylazine (50 and
10 mg/kg, respectively) and hair on the back was removed using
electric clippers and depilatory cream (Reckitt Benckiser).
Patches containing OVA-AF-488 were applied the following
day and secured using an Urgoderm® bandage (Urgo
Laboratories). Patches were maintained for 6 or 48 hours based
on optimal timepoints previously defined (4).

Injection of IgG Receptor Blocking
Antibodies
Mice received 500 µg of anti-FcgRII/RIII (clone 2.4G2, Bio X
Cell) or rat IgG2b as isotype control (clone LTF-2, Bio X Cell) by
intraperitoneal injection. To avoid any non-specific anaphylactic
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reactions, all mice (including isotype control) received 200 µg of
the anti-histamine triprolidine hydrochloride (Sigma) by
intraperitoneal injection 30 minutes before injecting the
monoclonal antibodies. Mice received patches 24 hours later.

Collection of Brachial Lymph Nodes
(BLNs) for Flow Cytometric Analysis
BLNs were harvested in 2 mL of RPMI containing 0.26 U/mL
Liberase TL and 25 µg/mL DNase I (Sigma Aldrich). Each BLN
was flushed using a syringe and incubated for 20 min at 37°C.
The enzymatic reaction was then stopped with 250 µL of EDTA
(100 mM). Cells were homogenized with a 100 µm cell strainer in
magnetic-activated cell sorting (MACS) buffer (Miltenyi Biotec)
and counted.

Collection of Skin Samples for Flow
Cytometric Analysis
A skin sample corresponding to the patch application area was
harvested using an 8-mm disposal biopsy punch (KAI medical)
and transferred into 1 mL of Liberase TM (Roche) prepared in
basic medium (RPMI + PS + 55 µM BME + 20 mM HEPES),
then incubated 2 hours at 37°C. The enzymatic reaction was then
stopped with 75 µL of EDTA (100 mM). Cells were homogenized
using the Medimachine tissue homogenizer (BD Bioscience) for
8 min and counted using an automated cell counter (BioRad).

Flow Cytometry Analysis
Cell suspensions were incubated for 15 min at 4°C with Fc Block
(BD Biosciences) and then stained for 25 min at 4°C with the
following fluorochrome-conjugated antibodies: anti-CD11c-
APC-Cy7 (clone: HL3, BD Biosciences) or anti-CD11c-PE
(clone REA754, Miltenyi Biotec), anti-MHC-II-VioBlue (clone:
M5/114.15.2, Miltenyi Biotec), anti-CD11b-PerCP-Vio700
(clone: REA592, Miltenyi Biotec), anti-EpCAM-PE (clone:
caa7-9G8, Miltenyi Biotec) or anti-EpCAM-PE-Vio770 (clone
caa7-9G8, Miltenyi Biotec), anti-XCR1-APC-Vio700 (clone
REA707, Miltenyi Biotec), anti-PD-L2-PE (clone MIH37,
Miltenyi Biotec), CD86-APC (clone PO3.3, Miltenyi Biotec).
Dead cells were excluded using Zombie Aqua Fixable Viability
Kit (Biolegend). For the analysis of Fc receptor expression, cells
were permeabilized using an intracellular fixation &
permeabilization kit (eBioscience) and incubated for 25 min at
4°C with anti-CD16(FcgRIII)/CD32(FcgRII)-PE-Vio770 (instead
of Fc Block, clone: 93, Miltenyi Biotec), anti-FcϵRIa-APC (clone:
MAR-1, Miltenyi Biotec), anti-CD23-APC (clone: B3B4,
Miltenyi Biotec), anti-CD64-PE-Vio770 (clone: REA286,
Miltenyi Biotec). Cells were acquired on a MACSquant 10 or a
MACSquant 16 flow cytometer (Miltenyi Biotec) and data were
analyzed using FlowJo software using the gating strategies
described in Figures S2 and S3 (10).

Confocal Microscopy Analysis
Skin cell suspensions were obtained by Liberase digestion as
mentioned above. Cell suspensions were diluted in RPMI and
deposited in microplates containing poly-L-lysine-coated
coverslips (Corning). Cells were incubated overnight at 4°C
Frontiers in Immunology | www.frontiersin.org 353
and fixed with 4% paraformaldehyde. Cells were then
incubated with rat anti-mouse MHC-II (clone 2G9, BD
Bioscience) and rabbit anti-clathrin heavy chain (Abcam),
followed by AF647 goat anti-rabbit IgG (Invitrogen) and AF-
555 goat anti-rat IgG (Invitrogen). Finally, coverslips were
mounted on microscope slides using ProLong Gold with DAPI
(Life Technologies). Cells were visualized with a LMS 700
confocal microscope (Zeiss) and pictures were edited using
Zen software (Zeiss).

Statistical Data Analysis
Data are presented as median with interquartile ranges. The non-
parametric Mann-Whitney test was used to compare unpaired
values (GraphPad Prism®). Values of p<0.05 were considered
significant. The level of significance is indicated with asterisks:
*, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001 and n.s.,
non-significant.
RESULTS

Allergen Capture by Skin Dendritic Cells Is
Increased in Sensitized Mice, Likely
Through the Involvement of Fc Receptors
(FcR)
OVA-sensitized and naïve mice received epicutaneous patches
containing fluorescently labeled ovalbumin (OVA-AF488) for 6
hours. Skin cells were then collected and analyzed by flow
cytometry (Figure 1A). As observed in previous studies,
significant increases in the percentage of OVA-positive cDC1
and cDC2 were observed in OVA-sensitized mice compared to
naïve animals. There was no significant difference in the
percentage of OVA-positive LC observed in OVA-sensitized
mice compared to naïve animals. Additionally, a significant
increase of the OVA median of fluorescence (MFI) was
observed for OVA-positive LC and cDC1 isolated from
sensitized mice compared to naïve animals (Figure 1B). This
suggests that the net amount of OVA antigen captured by these
two subsets was greater in sensitized animals. The relative
expression of FcR was evaluated by Flow Cytometry in skin
DC isolated from naïve mice, naive mice that received an OVA-
AF488 patch, OVA-sensitized mice or OVA-sensitized mice that
received an OVA-AF488 patch (Figure 1C). The analysis was
performed on permeabilized cells to allow for the quantification
of FcRs that were internalized. In sensitized animals, a significant
decrease in the relative expression of FcgRII/RIII (in all DC
subsets), FcgRI (in cDC2), and FcϵRI (cDC1) was observed in
sensitized mice following patch application. In naïve animals, a
slight decrease in the relative expression of FcgRII/RIII was also
observed following patch application. However, this decrease was
less than that observed in sensitized animals. Note that a similar
trend was observed in non-permeabilized cells, although the
relative expression of FcϵRI, FcgRI and FcgRII/RIII were slightly
lower, likely due to the sole detection of surface receptors
(Figure S4). Graphs showing individual data points and error
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bars are available in Figure S5. From these results, we
hypothesized that FcR, and especially FcgRII/RIII may be
involved in the binding of immune complexes formed with
OVA and specific antibodies, that then blocked access to
immunolabeling antibodies by steric hindrance.

Specific Humoral Response Is Involved in
the Enhancement of Allergen Capture by
Skin DC, Leading to an Increase of the
Number of OVA-Positive DCs in Local
Lymph Nodes
Naïve mice received pooled sera originating from sensitized or
naïve mice by intraperitoneal injection (Figure 2A). Twenty-four
hours after the passive transfer, recipient mice received OVA-
AF488 patches. Following 6 hours of patch application, skin cells
were collected and analyzed by Flow Cytometry. A significant
increase in the percentages of OVA-positive LC, cDC1 and cDC2
Frontiers in Immunology | www.frontiersin.org 454
were observed in mice that received sera from OVA-sensitized
animals compared to mice that received sera from naïve animals
(Figure 2B). Additionally, an increase of OVAMFI was observed
for OVA-positive DCs in mice that received sera from OVA-
sensitized animals compared to mice that received sera from naïve
animals (significant for cDC1 and cDC2) (Figure 2C). Surprisingly,
no increase in the absolute number of OVA-positive DCs
was found in mice that received sera from OVA-sensitized
animals despite the increase in percentages of OVA-positive cells
seen (Figure 2D). This may reflect a reduction in the total number
of DCs in that group, which may result from an earlier migration to
local lymph nodes. Following 48 hours of patch application, cells
were isolated from BLN and analyzed by flow cytometry (Figure 3).
A significant increase in the numbers of OVA-positive migratory
LC, cDC1 and cDC2 was observed in mice that received sera from
OVA-sensitized animals compared to mice that received sera from
naïve animals. Overall, these results suggest that the humoral
A

B

C

FIGURE 1 | Allergen uptake by skin DC is enhanced in sensitized animals and involves Fc receptors. OVA-sensitized (Szd) or naïve (Nve) mice received a patch
containing OVA-AF488 on hair-free skin (depilated) on the back (in blue). As negative controls, mice received no patches (in white). Six hours after patch application,
a skin sample corresponding to the patch application area was collected and cells were analyzed by Flow Cytometry. (A) The percentage of OVA-positive cells was
measured among Langerhans cells, cDC1 and cDC2, as indicated. (B) The median of OVA fluorescence intensity (OVA MFI) was measured from OVA-positive DCs.
Data are median and interquartile ranges of individual values (N = 8 per group). Data are representative of several independent experiments. (C) The relative
expression of Fc receptors was evaluated by measuring MFI. Data are median of individual MFI (N = 8 per group). FcϵRI, FcϵRII and FcgRII/RIII expression data are
representatives of two independent experiments. The level of significance indicated for sensitized + patch mice was derived from the comparison to sensitized mice.
P values were determined using the Mann-Whitney test (*P < 0.05; **P < 0.01; ***P < 0.001; n.s., non-significant).
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component is the main factor responsible for the increase of
allergen capture observed in sensitized animals.

IgG Is Involved in the Increase of Allergen
Capture by Skin DC and Their Migration to
Local Lymph Nodes.
Figure 1 suggests that IgG receptors are mainly involved in
allergen capture by skin DC. To assess the role of OVA-specific
IgG in the increased number of OVA-positive migratory DC in
local lymph nodes, IgG antibodies were purified from a pool of
Frontiers in Immunology | www.frontiersin.org 555
sera originating from OVA-sensitized mice and injected into
naïve recipient mice. Twenty-four hours after passive transfer,
recipient mice received OVA-AF488 patches (Figure 4).
Following 48 hours of patch application, cells were isolated
from BLN and analyzed by Flow Cytometry. A significant
increase in the numbers of OVA-positive migratory LC, cDC1
and cDC2 were observed in mice that received purified IgG
compared to untreated mice. Conversely, mice that received IgG-
depleted sera originating from OVA-sensitized mice (flow
through of IgG purification step containing high amount of
A

B

D

C

FIGURE 2 | Allergen-specific humoral immunity increases the local uptake of allergen by skin DCs. (A) Mice received pooled sera obtained from OVA-sensitized
mice (in blue) or naive mice (in red), as indicated. The next day, recipient mice received a patch containing OVA-AF-488 on depilated areas of the back. As a negative
control for Flow Cytometric analysis, a group of naïve mice was kept untreated (in white). Six hours after patch application, a skin sample corresponding to the patch
application area was collected and cells were analyzed by Flow Cytometry. (B) The percentage of OVA positive cells was measured among Langerhans cells, cDC1
and cDC2, as indicated. (C) The median of OVA fluorescence intensity (OVA MFI) was measured from OVA-positive cells. (D) The absolute number of OVA-positive
DC was calculated based on the percentages of OVA-positive cells and the total number of cells in each DC subset. Data are median and interquartile ranges of
individual values (N = 8 per experimental group). Data are representative of several independent experiments. P values were determined using the Mann-Whitney test
(**P < 0.01; ***P < 0.001; n.s., non-significant).
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IgE) did not show any increase of OVA-positive migratory DCs
as compared to mice that received sera originating from naïve
mice (Figure S6). These results suggest that IgG is the main class
of immunoglobulin involved in the increase of OVA uptake by
skin DC and the greater number of OVA-positive migratory DCs
in lymph nodes following OVA-AF488 patch application.

Blockade of FcgRII/RIII Decreases the
Number of OVA-Positive DC at Skin and
BLN Levels
To further confirm the role of IgG and the involvement of FcgR,
OVA-sensitized or naïve mice received anti-FcgRII/RIII blocking
Frontiers in Immunology | www.frontiersin.org 656
antibody or a relevant isotype control. Twenty-four hours after
blocking antibody injection, mice received OVA-AF488 patches
(Figure 5A). Following 6 hours of patch application, skin cells were
collected and analyzed by Flow Cytometry (Figure 5B).
A significant decrease in the percentages of OVA-positive LC and
cDC1 were observed in sensitized mice that received blocking
antibody compared to mice that received isotype control.
Conversely, injection of the blocking antibody did not modify the
proportion of OVA-positive LC and cDC1 in naïve animals. Of
note, blocking antibody had no or even an inverse effect on cDC2,
especially in naïve animals. This suggests that another mechanism
may compensate for FcgR blockade in that subset, especially at the
FIGURE 3 | Allergen-specific humoral immunity promotes the increase of the number of OVA-positive migratory DCs in local lymph nodes. Mice were treated as
described in Figure 2. Forty-eight hours after patch application, brachial draining lymph nodes were collected, and cells were analyzed by Flow Cytometry. The
number of OVA positive cells was quantified among migratory Langerhans cells, cDC1 and cDC2, as indicated (pool of two independent experiments, N = 10 per
group for each of the two experiments). Data are median and interquartile ranges of individual values. P values were determined using the Mann-Whitney test
(****P < 0.0001).
FIGURE 4 | IgG increases the number of allergen-positive DC in local lymph nodes. Mice received purified IgG (in blue) obtained from OVA-sensitized mice. As
negative control, mice were kept untreated (in grey). The next day, recipient mice received a patch containing OVA-AF-488 on depilated areas of the back or
remained untreated as a negative control (in white). Forty-eight hours after patch application, brachial draining lymph nodes were collected, and cells were analyzed
by flow cytometry. The number of OVA positive cells was measured among migratory Langerhans cells, cDC1 and cDC2, as indicated (N = 10 per group, single
experiment). Data are median and interquartile ranges of individual values. P values were determined using the Mann-Whitney test (*P < 0.05; **P < 0.01;
n.s., non-significant).
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skin level. Following 48 hours of patch application, cells were
isolated from BLN and analyzed by Flow Cytometry (Figure 5C).
A significant decrease in the numbers of OVA-positive migratory
LC, cDC1 and cDC2 were observed in sensitized mice that received
the blocking antibody compared to mice that received an isotype
control. Again, the injection of blocking antibodies had no effect in
naïve animals. These data suggest that IgG, through the
involvement of FcgRII/RIII, is mainly involved in the increase of
OVA uptake observed in OVA-sensitized animals following the
epicutaneous application of OVA-AF488.
DISCUSSION

In the present work, we aimed to better understand the role of the
preexisting immunologic status in the capture of epicutaneously-
administered allergen by skin APC and the subsequent migration of
allergen-positive cells to local draining lymph nodes. This study was
based on previous observations, showing an increase in the number
Frontiers in Immunology | www.frontiersin.org 757
of OVA-positive DC in the draining lymph nodes of OVA-
sensitized mice compared to naïve mice, when OVA is
administered epicutaneously (4). Our data strongly suggest that
specific antibodies, especially IgG, are mainly involved in this effect
through the involvement of FcgR. Of note, although all our data
went in the same direction, some of our experiments have been
performed once and additional tests would be required to confirm
and elaborate on our findings. The increase in the number of OVA-
positive migratory DCs observed in the draining lymph nodes of
mice that received sera originating from sensitized mice is likely due
to an enhancement of migration efficacy but may also be reflective
of the higher proportion of OVA-positive DCs in the skin. Previous
data demonstrated that the interaction of FcgR with immune
complexes can stimulate the migration of DCs from peripheral
tissues to draining lymph nodes via an increase of CCR7 expression
(11). Therefore, in future investigations, it would be worthwhile
evaluating whether the passive transfer of sera and/or IgG isolated
from sensitized mice would modify the kinetics of skin DC
migration to local lymph nodes and modulate the expression of
A

B

C

FIGURE 5 | Allergen uptake by skin DC is enhanced in sensitized animals and involves Fc receptors. (A) OVA-sensitized (Szd) or naïve (Nve) mice received anti-
FcgRII/RIII antibodies (in green) or relevant isotype control (in grey). Twenty-four hours after blocking antibody injection, mice received a patch containing OVA-AF488
on depilated areas of the back (in blue). As a negative control a group of naive mice was kept untreated (in white). (B) Six hours after patch application, a skin
sample corresponding to the patch application area was collected and cells were analyzed by Flow Cytometry. The percentage of OVA positive cells was measured
among Langerhans cells, cDC1 and cDC2, as indicated. (C) Forty-eight hours after patch application, brachial draining lymph nodes were collected, and cells were
analyzed by Flow Cytometry. The number of OVA positive cells was measured among migratory Langerhans cells, cDC1 and cDC2, as indicated. Data are Median
and interquartile ranges of individual values (N = 8 per group, single experiment). P values were determined according to the Mann-Whitney test (*P < 0.05; **P <
0.01; ***P < 0.001; n.s., non-significant).
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CCR7. In this study, we chose to focus on the three main skin DC
subsets (LC, cDC1 and cDC2). However, it may be important to
look at other skin APC populations that have been described
previously (1, 12, 13).

In previous work, Campana et al. demonstrated that
epicutaneous allergen application using atopy patch tests was
able to boost an allergen-specific cellular response in allergic
patients. However, no effect was shown in non-allergic
individuals (14). Therefore, the authors suggested that allergen-
specific IgE could facilitate allergen uptake by skin DC in
humans as it has been previously shown with peripheral blood
DC (15). Our data agree with this hypothesis but rather suggest a
predominant role for IgG in mice, instead of IgE. This apparent
mismatch could be explained by the difference between the two
experimental systems that have been used (i.e., Human versus
mouse). Indeed, our results show that FcϵR are poorly expressed
by LC and moderately expressed by dermal DC in mice. This is
consistent with previous data suggesting that FcϵR is not
expressed in murine LC (16, 17). Overall, our data strongly
suggest that IgG antibodies induced by OVA-sensitization form
complexes with OVA administered epicutaneously that will be
more efficiently captured by FcgR-expressing DC than free OVA.
Additional experiments are warranted to confirm and illustrate
that assumption. Additionally, it would be interesting to evaluate
how these preclinical results are translated to the clinic, especially
in patients undergoing EPIT for whom a progressive increase of
allergen-specific IgG4 (human equivalent of mouse IgG1) has
been observed (18). Our previous data generated in sensitized
mice showed that the application of allergen-loaded patches on
intact skin leads to an increase of PD-L2 expression and a
concomitant decrease of CD86 expression in allergen-positive
skin DC (19). Interestingly, this tolerogenic profile is not
observed when patches are applied on naïve animals. In line
with these observations, our recent preliminary data showed that
injection of 2.4G2 blocking antibody prior to patch application
had no impact on the subsequent modulation of PD-L2 and
CD86 expression in OVA-positive DCs (Figure S7A). Of note, in
mouse, 2.4G2 blocking antibodies bind to both FcgRIIB, which is
an inhibitory receptor, and FcgRIII, which is an activating
receptor. Therefore, it would be interesting in future
experiments to explore the respective role of FcgRIIB and
FcgRIII, as well as the role of other FcRs such as FcgRI,
FcgRIV and FcϵRs, in the modulation of skin DC activation
between naïve and sensitized individuals. Interestingly, the
differential expression of CD86 and PD-L2 observed between
sensitized and naïve mice was not seen in OVA-negative DCs,
except for CD86 in LC and cDC2 (Figure S7B). Of note, the
relevance of the results obtained for cDC2 is unclear due to the
low proportion of OVA-negative cells measured in that subset.
For LCs, however, we cannot exclude an indirect impact of
keratinocytes that are known to express several FcgRs (20–23).
Future studies should explore the specific role of keratinocytes in
LC activation, and how they may be modulated by specific
humoral responses. In these future experiments, it would also
be relevant to include additional groups of control mice that
receive “blank” epicutaneous patches (containing excipient
Frontiers in Immunology | www.frontiersin.org 858
without OVA) to avoid any potential bias linked to patch
application and/or excipient (PBS). In addition, it would also
be worthwhile addressing whether antigen internalization
pathways in skin DCs are different between sensitized and
naïve mice and how FcRs may be involved in this
internalization. In previous flow cytometry studies performed
on permeabilized and non-permeabilized cells, we originally
showed that permeabilization leads to a loss of OVA-positive
DC subpopulations isolated from naïve mice, while it had no
impact on DCs isolated from sensitized animals (Figure S8).
Therefore, we hypothesized that antigen uptake by skin DCs in
sens i t i zed an ima l s fo l lowed a pathway invo lv ing
permeabilization-resistant vesicles. In a preliminary
experiment, we evaluated by confocal microscopy whether
clathrin vesicles were involved in OVA uptake by skin cells
(Figure S9). In sensitized animals, we clearly showed intra-
cytoplasmic vesicles containing OVA in MHC-II-high cells
that might correspond to DCs. By contrast, OVA-positive DCs
were very rare in the samples isolated from naïve animals.
Although these data confirmed that OVA antigen was
internalized by OVA-positive DCs following 6 hours of patch
application, we did not show any clear co-localization between
clathrin and OVA, suggesting that other pathways are involved.

Our previous data generated in murine and porcine models
demonstrated that epicutaneous patches can also be used as a
vaccine delivery platform, which is especially efficacious at
boosting specific pre-existing immunity (24–26). However,
several studies have highlighted the fact that pre-existing
immunity, especially antibodies directed against a specific
antigen, may interfere with the induction of immune response
to an homologous antigen administered as a vaccine (27–31).
Interestingly, this interference could be partially overcome by
using mucosal routes of immunization such as intranasal
administration (32–34). This antibody-mediated interference
could result from multiple mechanisms including local antigen
destruction by macrophages (35). Our results strongly suggest
that pre-existing antibodies did not interfere with the uptake of
an epicutaneously-delivered antigen by skin DC, suggesting that
the epicutaneous route, similar to the mucosal route of
immunization, may alleviate the loss of vaccine efficacy in
seropositive individuals. However, in view of these preliminary
results, further studies are needed to evaluate the benefit of the
epicutaneous route of immunization over the “classical”
parenteral route for boosting immune responses by bypassing
the interfering effect of preexisting antibodies. If confirmed, this
could give a solid advantage to epicutaneous delivery for
boosting vaccine responses, and also suggest a role for this
delivery route in priming of vaccine responses in seropositive
individuals, such as young infants who have maternal antibodies.
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Supplementary Figure 1 | Measurement of IgG1 titers from sensitized donor
mice and naïve recipient mice. Blood samples were collected from OVA-sensitized
mice and pooled (Szd, donor mice, in blue). This serum pool was injected to naïve
recipient mice (Sera Szd, Recipient mice, in blue). As negative controls, mice
received pooled sera from naïve mice (Sera Nve, Recipient mice, in red) or were kept
untreated (No transfer, in white). OVA-specific IgG1 titers were measured by
quantitative ELISA from the pool of sera collected in sensitized donor mice or from
blood samples collected in recipient mice, 24 hours after passive transfer. Data are
median and interquartile ranges of individual values (N = 6 per group or recipient
mice). P values were determined using the Mann-Whitney test (**, P<0.01).

Supplementary Figure 2 | Gating strategy used for the analysis of skin cells by
FACS. Skin samples were collected 6 hours after patch application and incubated 2
hours at 37°C in 1 mL of Liberase TM prepared in basic medium (RPMI + PS + 55
µM BME + 20 mM HEPES). Then 500 µl of basic medium containing 500 µg/mL of
DNase I and 15 mM of EDTA were added to stop the enzymatic reaction and skin
samples were homogenized using a Medimachine tissue homogenizer for 8 min.
Cells were filtered on 50 µm Filcon and labeled as follow: Cells were incubated
15 min at 4°C with 50 µl of FcBlock in microplates. Cells were washed with MACS
buffer and incubated 25 min at 4°C with 50 µl of anti-Epcam-PE-Vio770, anti-
CD11b-PerCP-Vio700, anti-MHCII-VioBlue and anti-XCR1-Vio770. Cells were then
washed with PBS and incubated 15 min at room temperature with Zombie aqua
viability marker. Cells were finally acquired on a MACSquant and gated as described
using FlowJo software.

Supplementary Figure 3 | Gating strategy used for the analysis of lymph node
cells by FACS. The two brachial lymph nodes of each mouse were harvested in 1
mL of FACS buffer in individual petri dishes. One mL of Liberase (0.52U/mL)/DNase I
(50µg/mL) in MACS buffer was added in each Petri Dish. Each LN was flushed with
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a 1 mL syringe, incubated for 20 min at 37°C, and then 250 µl of EDTA 100 mMwas
added to each Petri Dish to stop the reaction. LN cell suspensions were obtained by
dissociation and filtration on a cell strainer (100 µm). Cells were counted, labeled
and analyzed as follow: Cells were incubated 15 min at 4°C with 50 µl of FcBlock in
microplates. Cells were washed with MACS buffer and incubated 25min at 4°C with
50 µl of anti-Epcam-PE-Vio770, anti-CD11b-PerCP-Vio700, anti-MHCII-VioBlue,
anti-CD11c-PE and anti-XCR1-Vio770. Cells were then washed with PBS and
incubated 15 min at room temperature with Zombie aqua viability marker. Cells
were finally acquired on a MACSquant and gated as described using FlowJo
software.

Supplementary Figure 4 | Analysis of Fc receptor expression in non-
permeabilized skin DCs. Mice were treated as described in Figure 1. The relative
expression of Fc receptors was evaluated from non-permeabilized cells by
measuring MFI. Data are median of individual MFI (N = 8 per group). The level of
significance indicated for patched mice results from the comparison to non-patched
mice. P values were determined according to the Mann-Whitney test (*, P<0,05; **,
P<0.01; ***, P<0.001; n.s., non-significant).

Supplementary Figure 5 | Graphical representation of FcR expression data.
Mice were treated as described in Figure 1. The relative expression of Fc receptors
was evaluated from permeabilized and non-permeabilized cells by measuring MFI,
as indicated. Data are median and interquartile range of individual MFI (N = 8 per
group). P values were determined according to the Mann-Whitney test (*, P<0,05;
**, P<0.01; ***, P<0.001; n.s., non-significant).

Supplementary Figure 6 | Passive transfer of IgG-depleted sera does not
modify the number of allergen-positive DCs in local lymph nodes. Mice received
IgG-depleted sera (in green) originated from OVA-sensitized mice. As negative
control, mice received sera originated from naïve mice. The day after, recipient mice
received a patch containing OVA-AF488 on depilated back or remained untreated
as a negative control (in white). Forty-eight hours after patch application, brachial
draining lymph nodes were collected, and cells were analyzed by FACS. The
number of OVA positive cells was measured among migratory Langerhans cells,
cDC1 and cDC2, as indicated (N = 10 per group). Data are median and interquartile
ranges of individual values. P values were determined according to the Mann-
Whitney test (n.s., non-significant).

Supplementary Figure 7 | Involvement of FcgR has no impact on the tolerogenic
profile of skin DC induced by allergen uptake. Mice were treated as described in
Figure 4. Six hours after patch application, a skin sample corresponding to the
patch application area was collected and cells were analyzed by Flow Cytometry.
PD-L2 (top panels) and CD86 (bottom panels) expression was evaluated in OVA-
positive DCs (A) or OVA-negative DCs (B) by measuring the median of fluorescence
intensity (MFI). PD-L2-PE (clone MIH37, Miltenyi Biotec) and CD86-APC (clone
PO3.3, Miltenyi Biotec) were used for cell surface immunolabeling. Data are Median
and interquartile ranges of individual values (N = 8 per group, single experiment). P
values were determined according to the Mann-Whitney test (*, P<0.05; **, P<0.01;
***, P<0.001; n.s., non-significant).

Supplementary Figure 8 | Cell permeabilization leads to the loss of OVA by skin
DC isolated from naïve mice. Mice were treated as described in Figure 1. Six hours
after patch application, a skin sample corresponding to the patch application area
was collected and cells were analyzed by flow cytometry. The percentage of OVA-
positive Langerhans cells, cDC1 and cDC2 was measured from permeabilized or
non-permeabilized cells, as indicated. Data are median and interquartile ranges of
individual values (N = 9-10 per experimental group, single experiment). P values
were determined according to the Mann-Whitney test (****, P<0.0001).

Supplementary Figure 9 | Allergen delivery using epicutaneous patch leads to
clathrin-independent allergen uptake by skin DCs. OVA-sensitized or naïve mice
received a patch containing OVA-AF488 on depilated back. Six hours after patch
application, a skin sample corresponding to the patch application area was
collected and homogenized. Cells were deposited on a poly-L-lysine-coated
coverslip and labeled with rat anti-mouse MHC-II and rabbit anti-clathrin heavy
chain associated to relevant fluorochrome-conjugated secondary antibodies. Cells
were acquired on a LMS 700 confocal microscope. A representative photograph of
cells isolated from sensitized mice is shown.
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Tumors evade the immune system though a myriad of mechanisms. Using checkpoint

inhibitors to help reprime T cells to recognize tumor has had great success in

malignancies including melanoma, lung, and renal cell carcinoma. Many tumors including

prostate cancer are resistant to such treatment. However, Sipuleucel-T, a dendritic

cell (DC) based immunotherapy, improved overall survival (OS) in prostate cancer.

Despite this initial success, further DC vaccines have failed to progress and there

has been limited uptake of Sipuleucel-T in the clinic. We know in prostate cancer

(PCa) that both the adaptive and the innate arms of the immune system contribute

to the immunosuppressive environment. This is at least in part due to dysfunction of

DC that play a crucial role in the initiation of an immune response. We also know

that there is a paucity of DC in PCa, and that those there are immature, creating

a tolerogenic environment. These attributes make PCa a good candidate for a DC

based immunotherapy. Ultimately, the knowledge gained by much research into antigen

processing and presentation needs to translate from bench to bedside. In this review

we will analyze why newer vaccine strategies using monocyte derived DC (MoDC)

have failed to deliver clinical benefit, particularly in PCa, and highlight the emerging

antigen loading and presentation technologies such as nanoparticles, antibody-antigen

conjugates and virus co-delivery systems that can be used to improve efficacy. Lastly,

we will assess combination strategies that can help overcome the immunosuppressive

microenvironment of PCa.

Keywords: dendritic cell, vaccine, prostate cancer, tumor, immune system, immunotherapy

INTRODUCTION

Immune evasion has long been recognized as a problem in prostate cancer (PCa). To date
checkpoint inhibitors that aim to release the “brakes” on T cell expansion have proved
disappointing (1–3). Dendritic cells (DC) bridge the gap between the innate and adaptive immune
response, playing a crucial role in tipping the direction toward inflammation or tolerance.
Manipulating this balance through DC vaccine therapy has therapeutic potential. This is not a
novel concept (4); in 2010, Sipuleucel-T was the first DC therapy approved by the FDA for the
treatment of metastatic castrate resistant prostate cancer (mCRPCa) (5). Our understanding of DC
biology has vastly increased over the last decade, yet no further DC therapy has been FDA approved.
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FIGURE 1 | Current dendritic cell vaccination technologies.

In this review we will assess the strengths and weaknesses of prior
approaches and then look at the potential of new technologies
to drive improvements. Here we review how these technologies
apply to PCa and suggest combination therapies that might
overcome the immunosuppressive microenvironment leading to
better clinical outcomes.

DENDRITIC CELL VACCINATION IN PCA

In PCa DC are dysfunctional and key orchestrators of its
immunosuppressive microenvironment (6–11). Sipuleucel-T
demonstrates that taking antigen presenting cells (APC) from
PCa patients, pulsing them with tumor peptide and inducing
their maturation prior to returning them back to patients, primes
T cells that track to the tumor itself (12). In a pooled analysis of
two, phase III, randomized control trials (RCT) in minimally or
asymptomatic mCRPCa, Sipuleucel-T, improved overall survival
(OS) to 23months from 19months [Hazard Ratio (HR) 1.50, 95%
CI: 1.10–2.05, p = 0.01] (13). This OS benefit was corroborated
by a third trial where OS was similarly increased by 4.1 months
(5). Despite such promise the use of Sipuleucel-T in the clinic
remains low.

One reason is skepticism over the trial results. It has been
proposed that the control arm did worse than anticipated
and that the benefit seen was in fact due to the harm of

apheresis, where fewer PBMC were returned to patients in
the control arm than the treatment arm (14). This has not
been helped by a plethora of further DC-based therapy trials
performed with monocyte-derived DC (MoDC) that despite
showing immunological responses, have failed to show real
clinical benefit.

MoDC Vaccination
The common technical issue in any DC preparation is the
low prevalence of DC in the peripheral blood, ranging 0.1–
1% of peripheral blood mononuclear cells (PBMC) (15). Thus,
early DC preparations such as Sipuleucel-T use a density
gradient to prepare an APC enriched preparation (Figure 1).
“Second generation” DC vaccines use strategies that differentiate
monocytes into dendritic like cells called MoDC (Figure 1),
creating a more readily available source of APC as monocytes
make up ∼10% of PBMC compared to 1% for DC. MoDC
are prepared by separating CD14+ cells from PBMC either by
their ability to adhere to plastic overnight culture or by anti-
CD14microbeads andmagnetic separation. CD14+ cells are then
cultured with cytokines, typically GM-CSF and IL-4 for 4–5 days,
after which they display an immature DC like phenotype (16).
When cultured with tumor antigen in the form of peptide or
protein these cells cross-present and induce T cell proliferation
(16). In melanoma patients, whilst only a small proportion i.e.,
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TABLE 1 | Published DC vaccination trials in prostate cancer.

Cell Type and

Maturation

Antigen Trials Population Phase Pt # Intervention: Route ±

adjuvant

Outcome

Immature MoDC Peptide (HLA-A2)

PSMA-P1 and

PSMA-P2

Murphy et al. (18) CRPCa 1 51 Arm 1 + 2:

Peptide (n = 20)

Arm 3: DC (n = 12)

Arm 4 + 5: DC

Vaccine (n = 19)

Arm 1 + 4: PSMA-1

Arm 2 + 5: PSMA-2

I.V. Primary:

Safety: (hypotension 24/51, fatigue

3/51

Secondary:

Immunological: T cell proliferation in

response

to peptide (↑ in HLA-A2+ DC vac pts)

Clinical: Peptide (PR 2/19, SD 2/19)

DC (PR 0/12, SD 2/12)

DC Vaccine (PR 5/20, SD 3/20)

PSMA-P1 and

PSMA-P2

Murphy et al. (19) CRPCa II 33 I.V. Clinical: CR 2/25, PR 6/25, 1/25 SD

PSMA-P1 and

PSMA-P2

Murphy et al. (20) Recurrent CSPCa II 41 I.V. Clinical: CR 1/37, PR 10/37

PSMA-P1 and

P2 + KLH

Murphy et al. (21) CRPCA II 17 I.V. Safety: fever, fatigue, muscle cramps

Clinical: CR 1/17, PR 3/17

PSMA4−12 Knight et al. (22) CRPCa—HLA-A2

positive

I 12 Cells irradiated prior

to infusion

S.C. Safety: Fatigue 4/12, fever 4/12, pain

4/12

Immunological: ELISPOT 0/12

PSA146−154 Perambakam et al.

(23)

CSPCa I 28 Cohort 1: high risk

locally advanced

disease

Cohort 2: metastatic

disease

Arm A: Peptide +

GM-CSF (I.D.)

Arm B: MoDC

I.L. Immunological: DTH Arm A 9/14 Arm

B: 5/14

Protein

PSA Barrou et al. (24) bcrCSPCa II 26 Used GM-CSF and

IL-13 rather than

IL-14

I.V., S.C., I.D. Safety: 3/24 macular rash, 2/24 G2

increase in bilirubin, 1/24 asthenia,

1/24 halitosis

Clinical: Circulating tumor cells 6/6.

PSA response 0/24.

Immunological: ELISPOT response to

PSA 4/24 developed a response on

treatment

No antibody response.

(Continued)
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TABLE 1 | Continued

Cell Type and

Maturation

Antigen Trials Population Phase Pt # Intervention: Route ±

adjuvant

Outcome

Cell-lysate

LNCaP, DU145 Pandha et al. (25) CRPCa I/II 11 I.D. Primary:

Feasibility: Vaccine produced in 11/11

pts

Safety: nil significant local or systemic

toxicity

Secondary:

Clinical: PSA response 0/11, ↑PSADT

in 3/11

Radiological: CR 0/11, PR 0/11, SD

4/11

Immunological: DTH response 0/11,

ELISPOT response 6/11

mRNA

PSA Heiser et al. (26) mPrCa I 16 I.V., I.D. Feasibility: assigned cell dose given

12/13 patients

Safety: fever and flu-like sx 4/13,

injection site reaction 4/13

Immunological Response:

ELISPOT 9/9

Mature MoDC Peptide (HLA-A2)

TNF-α, PGE-2 PSCA14−22

PSA1141−150

PSA2146−154

PSA3 154−163

Thomas-Kaskel

et al. (27)

CRPCa

HLA-A2+

I/II 12 Arm 1: PSCA peptide

+ PSA peptides

Arm 2: cell

penetrating peptide

(CPP)-PSCA +

PSA peptides

S.C. Primary:

Feasibility: 10/12 pts received at least

3 vaccinations

Safety: no reported toxicity

Secondary:

Immunological: DTH to tumor peptide

5/10, Tetramer 1/10

Clinical: SD 4/10

PSA1141−150

PSA2146−154

PSA3 154−163

Hildenbrand et al.

(28)

CRPCa I 15 I.D. Primary:

Clinical Response: PR 1/12, SD 4/12

Biochemical Response: 1/12,

↑PSADT

Secondary:

QOL: no change

Immunological: DTH response: 9/12

Feasibility: 12/15 enrolled evaluable

Safety: fever 11/12, local erythema

11/12, 6/12 bone pain, 3/12 slight

articular pain, 1/12 insomnia

(Continued)
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TABLE 1 | Continued

Cell Type and

Maturation

Antigen Trials Population Phase Pt # Intervention: Route ±

adjuvant

Outcome

PSA146−154

PSMA4−12

PAP 299−307

Zhuang et al. (29) CRPCa I 16 S.C. Immunological: DTH response 4/12

Clinical: PR 3/16, 7/16 SD

Poly I:C PSMA154−163

Survivin 95−104

Xi et al. (30) Non-mCRPCa II 21 Arm 1: DC vaccine (n

= 11)

Arm 2: Docetaxel and

prednisone (n = 11)

S.C. Safety: local reaction 4/11,

Immunological: DTH response 11/11,

ELISPOT increased compared to

docetaxel arm (p = 0.048)

Clinical: DC arm vs. docetaxel

PR: 3/11 vs. 0/11, SD 6/11 vs. 5/11

Cytokine cocktail PSA3154−163

PSMA4−12

Prostein31−39

Survivin950104
Trp-p8 187−195

Fuessel et al. (31) CRPCa I 8 I.V., I.D. Safety: local reaction

Clinical: PSA response 1/8

Immunological: ELISPOT 4/8

PSCA14−22

PAP299−307

PSMA4−12

PSA 154−163

Waeckerle-Men

et al. (32)

mCRPCa I 6 I.D. Safety: local reaction 5/6

Clinical: ↑PSADT 3/6

Immunological: ELISPOT 3/6,

DTH 3/6

Protein

Cytokine cocktail Tn-MUC1 + KLH Scheid et al. (33)

NCT00852007

Non-mCRPCa I/II 17 Tn-MUC1+ I.N., I.D. Safety: local reaction 16/17, G1

fatigue 1/, G1 insomnia

Clinical Response: biochemical 0/16,

PSADT increased in 11/16.

Immunological: Intracellular response

in CD4+ CD8T cells in 2/16, CD4 in

1/16, CD8 in 2/16.

mRNA

Cytokine cocktail mRNA from

DU145, LNCaP,

PC3

Mu et al. (34) CRPCa I/II 20 Arm A: I.N. (n = 10)

Arm B: I.D. (n = 9)

I.N. or I.D. Safety: injection site reactions

Immune response: ELISPOT 10.19

Clinical: Reduced PSA slope 13/19

Cell lysate

Cytokine cocktail DU145

LNCaP

PC3

Reyes et al. (35) CRPCa I 20 S.C. Safety: 8/20 local erythema and pain,

1/20 hypertension

Feasibility: 14/20 completed study

protocol

QOL: no change

Immunological: ELISPOT 7/14, DTH

9/14.

Clinical: PSA response 6/14

(Continued)
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TABLE 1 | Continued

Cell Type and

Maturation

Antigen Trials Population Phase Pt # Intervention: Route ±

adjuvant

Outcome

Apoptotic cell line

TNF-α, PGE-2 LNCaP Frank et al. (36)

NCT00289341

bcrCSPCa or

CRPCa

1 24
Arm1 : Vaccine

weeks 1–7 (n = 12)

Arm 2: Placebo

weeks 1–7, vaccine

weeks 8–14 (n = 12)

S.C Safety: injection site reactions in the

first 7 weeks, 11/12 in arm 1 vs. 2/12

arm 2

Immunological: DTH response 16/24,

T cell proliferation response

Clinical: ↑PSADT prevaccine vs. post

vaccine (P = 0.003)

Transfected DC

PSMA protein Sonpavde et al.

(37)

mCRPCa I 18 MoDC transfected

with adenoviral vector

Ad5f35 encoding

inducible human

CD40 injected I.D.

then given rimiducid

IV 24 h later to induce

CD40 expression

on DC

I.D. Safety: 18/18 local reaction, fatigue

6/18, myalgias 5/18, anemia 4/18,

diarrhea 4/18, respiratory tract

infection 4/18, hypocalcaemia 4/18,

arthralgia 4/18

Clinical: PSA response 1/18,

Radiological: 2/18

Enriched DC

prep

Protein

PA2024 (GM-CSF

and PAP)

Burch et al. (38) CRPCa I 13 Two infusions of DC

with PAP alone and

then three infusions

of PA2024

I.V. Safety: G1-2 fever 5/13, G1-2

myalgia 5/13, G1-2 fatigue 6/13, G3

fatigue 1/13, local reactions 4/13

Immunological: T cell proliferation 9/9,

Clinical: PSA response 3/12

PA2024 (GM-CSF

and PAP)

Small et al. (39) CRPCa I/II 31 Arm 1: Sipuleucel-T

Arm 2: Sipuleucel-T

as well KLH loaded

DC (n = 5)

I.V. Safety: febrile reactions 15/102, G3

febrile reactions 2/102, myalgias

2/31, fatigue 1/31, urinary symptoms

5/31

Immunological: T cell proliferation

10/26, 16/31 Antibody response

16/31

Clinical: PSA response 3/31

Mouse PAP Fong et al. (40, 41) PrCa I 21 Arm 1: I.V. (n = 9)

Arm 2: I.D. (n = 6)

Arm 3: I.L. (n = 6)

I.V., I.L., I.D. Safety: Transfusion reactions in 2/18

I.V. injections

Immunological: T cell proliferation

against mPAP 21/21 pts. Ag specific

IFN-γ response 0/9 I.V., 4/6 I.D.,

3/6 I.L.

(Continued)
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TABLE 1 | Continued

Cell Type and

Maturation

Antigen Trials Population Phase Pt # Intervention: Route ±

adjuvant

Outcome

PA2024 (GM-CSF

and PAP)

Fong et al. (12)

NCT00715104

Localized PrCa II 42 Three doses

Neoadjuvant treated

prior to planned RP

Arm 1: 4th injection

12 weeks post RP

Arm 2: NO boost

Safety: fatigue, oral paresthesia

Immunological: 57% pts had a 3-fold

increase in tumor interface T cells

PA2024 (GM-CSF

and PAP)

Higano et al. (13) Asymptomatic

CRPCA

III 147 Arm 1: Placebo

Arm 2: Sipuleucel-T

I.V. Clinical: OS 19 vs. 23.2 months (HR

1.5, CI 1.1–2.05, p = 0.011) TTP 10

vs. 11 months (HR 1.26 0.95–1.58, p

= 0.111)

PA2024 (GM-CSF

and PAP)

Kantoff et al. (5) Asymptomatic

CRPCA

III 512 Arm 1: Sipuleucel-T

Arm 2: Placebo

I.V. Clinical: OS 25.8 vs. 21.7 months (HR

0.78 CI 0.61–0.98, p = 0.03)

PA2024 (GM-CSF

and PAP)

Beer et al. (42) bcrCSPCa III 176 Pts with biochemical

recurrence after RP

were given 3–4

months of ADT and

then randomized to:

Arm 1: Sipuleucel-T

Arm 2: Placebo

I.V. Primary:

Biochemical Failure PSA > 3.0: 18

vs. 15.4 months HR 0.93, p = 0.73)

Secondary:

PSADT: ↑PSADT 48% (p = 0.038)

OS

DC Peptide (HLA-A2)

CD1c PSA174−183

PSMA711−719

PAP299−311

Control peptides:

FMP GILGFVFTL

KLH

Prue et al. (43) Asymptomatic

mCRPCa

(HLA-A2)

I 14 All 3 injections of

CD1c:

Arm 1: I.D. 1 × 106

Arm 2: I.D.

1–5 × 106

Arm 3: I.V. 1 × 106

Arm 4: I.V. 1–5 × 106

I.V. or I.D. Primary:

Safety: fever and pain

Feasibility: 12/12 underwent

leukapheresis and vaccination, 11/12

received 2nd vaccination

Secondary:

Immunological: DTH response 0/12,

ELISPOT response 0/12, Pentamer

positive CD8+ T cells 0/12

Clinical: PSA response 0/12

(Continued)
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TABLE 1 | Continued

Cell Type and

Maturation

Antigen Trials Population Phase Pt # Intervention: Route ±

adjuvant

Outcome

CD1c

pDC (protamine

and mRNA)

NY-ESO-1157−165

NY-ESO-1

(peptivator)

MAGE-C2336−34

MUC1 (peptivator)

KLH (control)

Westdorp et al.

(44)

NCT02692976

Chemo naive

CRPCa (HLA-A2)

II 21 Arm 1: mDC

vaccination

Arm 2: pDC

vaccination

Arm 3: mDC and

pDC vaccinations

I.N. Safety: anemia 15/21, flu like

symptoms 10/21, fatigue 8/21

Immune Response: Dextramer

positive T cells to

NY-ESO-1 5/21, MAGE-C2 4/21,

MUC-1 2/21

Antigen Specific CD8+ T cells in DTH

Response: 15/21 pts—no difference

between arms

Clinical Response: PSA response

2/21, Radiological 1/21

Combination therapy

Mature MoDC

(poly I:C)

Cell lysate (LNCaP) Podrazil et al. (45) CRPCa I/II 25 7 days of metronomic

cyclophosphamide

then 2 doses of

vaccine and then 3

weekly docetaxel and

vaccine

S.C. with

Imiquimod

Safety: fatigue 17/350

Immunological: Intracellular cytokine

response to PSA 11/23, MAGE-A1

6/23, MAGE-A2 3/23

Antibody Response: PSA 6/23, Mage

A3 8/23

Clinical: PSA response 9/23

Mature MoDC

(cytokine cocktail)

mRNA

PAP and PSA

Kongsted et al.

(46)

NCT01446731

CRPCa II 43 Arm 1: Docetaxel 75

mg/m2 every 3

weeks

Arm 2: Docetaxel 75

mg/m2 every 3

weeks DCvac twice

every 3 weeks for

cycles 1–4 then once

cycles 5–10

I.D. Primary:

Development of measurable

peripheral immune Response:

ELISPOT: 9/18, DTH: 3/18

Secondary:

Safety and Toxicity: local reactions

and rash, Discontinuation of

Treatment: 21.1 vs. 57%

PSA Response: 58 vs. 38%, p = 0.21

PFS: 5.5 vs. 5.7 months (p = 0.62)

DSS: 21.9 vs. 25.1 months (p = 0.60)

DC enriched PA2024 (GM-CSF

and PAP)

Twardowski et al.

(47)

mCRPCa II 51 Arm A: sipuleucel-T

alone (n = 24)

Arm B: RT to single

metastatic site

followed by

sipuleucel-T (n = 25)

I.V. Primary:

Safety: G2 fatigue 1/24 vs. 3/25

Secondary:

ELISPOT IFNy ↑in Arm A compared to

B (p = 0.028).

PFS 2.46 vs. 3.65 months (p = 0.06)

DC enriched PA2024 (GM-CSF

and PAP)

Antonarkis et al.

(48)

NCT01431391

bcrCSPCa II Arm A: Sipuleucel-T

followed by ADT 2

weeks after

Arm B: ADT for 12

weeks

then Sipuleucel-T

I.V. Primary:

ELISPOT—approx. 2-fold higher for

Arm A than Arm B (p = 0.001)

Secondary:

Time to PSA progression 21.8 vs.

22.6 (p = 0.357)

(Continued)
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TABLE 1 | Continued

Cell Type and

Maturation

Antigen Trials Population Phase Pt # Intervention: Route ±

adjuvant

Outcome

DC enriched PA2024 (GM-CSF

and PAP)

Scholz et al. (49) mCRPCa

NCT01832870

I 9 Ipilimumab and

Sipuleucel-T

I.V. Safety: well tolerated only 1 G1 rash

Immunological: increase in humeral

immunity against PA2024 and PAP

Poly I:C Cell lysate (LNCaP) Fucikova et al. (50)

EudraCT 2009-

017259-91

bcrCSPCa I/II 27 1 week of

metronomic

cyclophosphamide

then DC vaccine

every 2–6 weeks for

approx. up to all

manufactured doses

on average 12

S.C. with

Imiquimod

Immunological: IFN-γ specific T cells

to PSA 12/27, MAGE 6/27

Antibody Response to: PSA 9/27,

MAGE 9/27

Clinical: increase in PSADT 22/25

DC enriched PA2024 (GM-CSF

and PAP)

Small et al. (51)

NCT01487863

mCRPCA II 69 Arm A: concurrent

Sipuleucel-T and

abiraterone

Arm B: Sipuleucel-T

for 10 weeks

then abiraterone

I.V. No difference in immune response

DC enriched PA2024 (GM-CSF

and PAP)

Rini et al. (52)

NCT00027599

bcrCSPCa I 22 Sipuleucel-T and

bevacizumab

I.V. Clinical: ↑PSADT 6.9 vs. 12.7 months

post treatment (p = 0.01)

DC enriched PA2024 (GM-CSF

and PAP)

Jha et al. (53) mCRPCa II 46 Arm A: Sipuleucel-T

+ indoximod

Arm B: Sipuleucel-T

I.V. Clinical: PSA progression no diff PFS

10.3 vs. 4.1 months (p = 0.011)

Cytokine cocktail (TNF-α, IL-1β, IL-6, PGE2), mCRPCa, metastatic castrate resistant prostate cancer; bcrCSPCa, biochemical recurrence of castrate sensitive prostate cancer; DTH, delayed hypersensitivity, antigen specific response

reported; PSADT, PSA doubling time; I.V., intravenous; I.N., intranodal; I.D., intradermal; S.C., subcutaneous.
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4% of I.D., injected DC, migrate to local lymph nodes but
those that do activate CD8+ T cells in a melanoma model,
thus overcoming microenvironment of melanoma (17). There
have been several clinic trials in PCa with MoDC (Table 1).
They vary in their mode of antigen delivery (protein, peptide,
apoptotic tumor cells, cell lysate from tumor cell lines or
mRNA) (Table 1, Figure 1), whether the MoDC are immature or
mature and if matured what activation agent was used (Table 1,
Figure 1). All these nuances have a profound impact on efficacy
and applicability thus it is worth exploring these differences in
more detail.

Mature vs. Immature DC
Firstly, early trials used immature MoDC and as one would
expect, immature MoDC have reduced expression of activation
markers, reduced ability to stimulate T cells (54, 55) and reduced
ability to migrate (55). A meta-analysis that extracted individual
patient data from 10 clinical trials of DC vaccines in PCa
confirmed that immature MoDC preparations had less clinical
benefit thanmatureMoDC (56). Inmelanoma patients immature
and mature MoDC preps were compared head-to-head, again
immature MoDC were less effective (57).

Different maturation agents have been used (Table 1,
Figure 1) and at least in vitro they activate different gene
expression profiles in the MoDC which in turn causes differing
T cell responses (58). Broadly, maturation agents haven been
chosen that are GMP grade, induce activation markers and
produce MoDC that stimulate T cells toward a type 1 helper
T cell response. Human cytokine cocktail, consisting of TNF-
α, IL-1β, IL-6, PGE2, has been most frequently used in MoDC
trials (Table 1). This mix produces matureMoDCwith a superior
ability to stimulate T cells than immature MoDC (59) and
improved migratory capacity to mobilize DC to lymph nodes
where they can prime T cells (60). However, there is data
that these MoDC preferentially recruit T-regs, thus, potentially
dampening any immune response initiated (61, 62).

Polyinosinic-polycytidylic acid [poly(I:C)] is a synthetic
analog of dsRNA and is a clinical grade TLR3 agonist that
matures DC (63). These DC, unlike those produced by the
cytokine cocktail, produced high levels IL-12 (64) which directs
a Th1 type T cell response. In vitro experiments suggest better
antigen specific T cell proliferation and less T reg development
(60, 62). In clinical trials Poly I:C matured MoDC vaccines are
reportedly well-tolerated producing immunological and clinical
responses (50). However, there are no clinical trials that compare
Poly (I:C) matured MoDC with cytokine cocktail matured
MoDC directly.

A third combination of CD40L with IFN-γ has shown
promise, similarly increasing IL-12 cytokine production (65).
Whilst this combination has not been used in PCa, CD40L
has been used in other cancer vaccines. In resected metastatic
colorectal cancer, a small, randomized phase I DC vaccine
trial randomized tumor lysate pulsed MoDC cultured with
or without recombinant CD40L. CD40L induced CD86 and
CD83 expression on DC but in this small study of only 26
patients, CD40L did not improve anti-tumor specific T cell
proliferation, IFNγ ELISPOT response, DTH response or relapse

free survival (66). Similarly, in melanoma patients where CD40L
was compared to cytokine cocktail, no difference was found in
immunological response (67).

There are numerous reasons why we do not see clinical
effect of different DC maturation strategies despite promising
preclinical data. One is that small gains in maturation state
in vitromaybe overpowered by the immune environment in vivo.
One strategy that aims to control this is the use of viral vectors
to genetically modify DC. In PCa Sonpavde et al. (37) showed
feasibility, safety, and the development of a peripheral immune
response when DC were transfected with inducible human CD40
(37). In this trial an adenovirus vector was used to transfect
DC with human CD40 that had its cytoplasmic domain fused
to ligand-binding domains and a membrane-targeting sequence
to allow CD40 to be regulated by lipid-permeable dimerizing
drugs, in this case rimiducid (68). This allows control over the
timing of CD40 expression. DC vaccine was given and 24 h after
injection, when DC have migrated to the lymph node and are in
close contact with T cells, rimiducid is given to activate CD40. In
this phase 1 study, 86% of patients had stable disease, with just
10% with a partial response (37). In PCa PSA kinetics reported as
PSA doubling time (PSADT) are an indicator of prognosis with a
shorter PSADT indicating a worse prognosis (69). In this study,
53% of patients had an increase in their PSADT, a surrogate
marker for improved clinical outcome. This proof of concept
shows that we can co-ordinate both timing and activation state
of DCs to improve clinical outcomes.

Form of Antigen
Another variable amongst the different DC vaccination strategy
is the type and form of antigen loaded onto DC.

Peptide or Protein
The most common source of antigen is protein. Early DC
vaccines use short peptide sequences unique to tumor associated
antigens that are known to bind to specific HLA subtypes,
mainly HLA-A2. Short peptides are easy to make and are quickly
presented on MHC class I by DC when added to culture media.
However, they have several disadvantages. They must be suitable
for that patient’s HLA subtype or else, as they will not be
presented, and immune responses will be limited (18). Whilst
several vaccines have been trialed selecting patients of HLA-
A2 subtype this excludes at least half of eligible patients and
represents a higher percentage of the Caucasian population than
other ethnics backgrounds (70). Additionally, short peptides that
target a CD8+ T cell response won’t harness CD4+ T cell help
limiting T cell expansion, cytotoxicity, and memory (71). MHC
Class II molecules are more variable than MHC class I and thus
designing short peptides to target them as well as MHC class I to
cover large proportions of the populations becomes complicated
and difficult to standardize.

The limitations of peptide loading can be overcome by
administering whole protein for DC to uptake and process.
Recombinant protein is easy to obtain and can be added directly
to culture media. The advantage of administering whole protein
is that after DC processing, multiple peptides are available
that bind both MHC class I and II and multiple HLA types.
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The disadvantages are that these proteins may not cover the
potentially more immunogenic mutations found in the tumor
and reagents to monitor peptide specific responses may not
be available. Also, by focusing on one to four proteins, this
leaves open the possibility of immune escape as tumors down
regulate expression of these proteins. In the case of PCa, most
proteins used in clinical trial including PSA, PSMA, and PAP
are overexpressed self-antigen and thus have issue with self-
tolerance.

Tumor Cells
Cell lysate has the benefit of presenting a multitude of tumor
protein both known and unknown, as well as mutated protein
found in the tumor. These mutated proteins give rise to neo-
antigens that overcome the problem of self-tolerance and thus
are more immunogenic. A common way to produce cell lysate
is to freeze/thaw cells for several cycles producing necrotic cell
death. This process leaves cell membrane fragments, RNA and
DNA in the lysate which provide danger signals promoting DC
maturation (72). Once produced cell lysate is added to culture
media at ratios of 5:1 (45) and up to 1:1. This requires access
to a large amount of tumor material, which, particularly in the
setting of CRPCa, is difficult. This has led to the use of allogeneic
cell lines as surrogate tumor tissue in four clinical trials in PCa
(25, 35, 45, 50) (Table 1). Two of these trials combine treatment
with metronomic cyclophosphamide for 7 days prior to DC
vaccination (45, 50). These trials show that the use of tumor lysate
is safe and produces a tumor-specific immunological response as
well as increasing PSADT (36, 50).

Allogeneic apoptotic tumor cells (36) have similar capacity
as cell lysate to mature DC and prime T cells to produce an
antigen specific immune response (73). Apoptotic tumor cells
are effectively phagocytosed by immature DC (74–76) and their
tumor antigens are preferentially cross-presented to CD8+ T
cells. A melanoma mouse models suggest that apoptotic tumor
cells induces more IL-12 secretion by DC than cell lysate (73).
In patients with CLL in vivo studies support this finding show
that apoptotic tumor cell loaded MoDC produce better T cell
proliferation, higher frequency of IFNγ producing T cells via
ELISPOT and by PCR less mRNA for the Th2 cytokines IL-4 and
IL-10 than cell lysate and mRNA pulsed MoDC (77).

Other forms of presenting tumor antigen to DC include
producing hybrids of DC and tumor cells fused using
polyethylene glycol (PEG). These made in vitro using PCa cell
lines ONYCAP23, P4E6, and LNCaP and MoDC, can produce
a tumor cell-specific immune response (78). Conceptually, by
fusing the cells, endogenous tumor antigens have better access
to MHC class I molecules. Several early phase I/II clinical
trials in melanoma, glioma, renal cell carcinoma, breast cancer
demonstrate that this is feasible, safe, and produces clinical
responses (79).

Exomes provide an acellular source of tumor antigen. Exomes
are nano-sized particles originating from multivesicular bodies.
They can be isolated from the blood and urine of PCa patients
(80) providing a source of current antigenic material that is often
difficult to obtain in mCRPCa and facilitating a mechanism for
a personalized vaccine. Exomes have long been known to have

immunosuppressive properties (81), suppressing T cell and NK
cell function in the tumor microenvironment. In direct contrast
to this, when exosomes activate DC which activate tumor specific
T cells as effectively as cell lysate (81, 82). This creates a promising
pathway for future autologous prostate cancer tumor loaded
DC vaccines.

Messenger RNA
Finally, mRNA provides another source of antigen (74), which
DC can take up and translate into protein for presentation on
MHC class I. mRNA has the advantage that it can be prepared in
sufficient quantity from a small tumor sample and thus it also
allows for the ability to produce personalized vaccines. There
are four ways of administering mRNA to the DC (a) passive,
(b) liposome mediated, (c) electroporation, and (d) viral vector
mediated. By far the most common way is electroporation. This
has been done in a phase II trial in PCa that compares mRNA
loaded MoDC in combination with docetaxel to docetaxel alone
(46) (Table 1). Whilst it was deemed to be safe with the only
toxicity identified as related to vaccine local reactions and rash,
there was a much higher discontinuation of treatment in the
vaccine arm-−57 vs. 21%. The vaccine arm required much more
frequent visits, however, as reasons for discontinuation where not
reported, additionally toxicity cannot be excluded.

Route of Administration
MoDC vaccines have been administered in multiple different
routes including intravenous (I.V.), intranodal (I.N.),
intralymphatic (I.L), intradermal (I.D.), and subcutaneous
(S.C). In a meta-analysis that pooled individual data from 84
patients, routes that allow migration to local lymph nodes i.e.,
I.D./I.L./I.N./S.C lead to better clinical response compared to the
I.V. route (OR 3.2, 95% CI 1.1–9.0) (56). Fong et al. (41) showed
similar findings using density enriched DC with a better cytokine
profile seen with I.D. and I.L. route compared to I.V. with a trend
to more transfusion reactions in the I.V. group.

Despite the variability in preparation as a whole these trials
(Table 1) show that MoDC vaccinations in PCa are safe, produce
a cellular immune response and a clinical response with a fall in
PSA seen in up 27% (9/33) (18, 50, 83). However, it is important
to note that an immunological response does not necessarily
correlate with outcome (45, 46, 50) and often peripheral immune
responses when detected are not sustained (46). Thus, the
outcomes measured may not be clinically significant. Surrogate
endpoints of reduction in PSA and difference in PFSmay also not
correlated with OS, as seen with Sipuleucel-T (5). Thus, despite a
multitude of early trials we really need a Phase III trial of MoDC
that looks at OS to determine clinical significance. The results of
NCT02111577, a double blinded Phase III trial of MoDC loaded
with apoptotic LNCaP cells added to standard chemotherapy for
men with mCRPCa which has completed recruitment with 1,182
patients, should provide us with some clearer answers.

However, even without the results of this trial there are a
number of reasons why MoDC preparations may not be the
optimal approach. Monocytes are known to be dysfunctional in
advanced cancer including in PCa. Most preclinical information
on MoDC has been collected using healthy donor PBMC.
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However, when we compare MoDC prepared from healthy
donors to those from patients with advanced cancer, patient
MoDC are less efficient at phagocytosis, produce less IL-12 and
express lower levels of the activation marker CD80 (84). In study
of 24 patients with localized PCa, MoDC failed to upregulate
CD80, CD83, and CCR7 after maturation with human cytokine
cocktail, although for most patients, but not all, this was restored
after surgery (85). In contrast two studies of only five patients
each did show that MoDC from PCa patients were as good as
healthy donors (32, 86).

The biggest issue with MoDC is that even from healthy donor
PBMC, they do not perform as well as blood-derived DC; they do
not stimulate T cells as well (54, 87), migrate as well (88) or have
as much clinical efficacy (56). Thus, despite ease of production,
MoDC vaccinations are unlikely to improve on the effectiveness
of Sipuleucel-T.

Blood Derived DC Vaccines
Advances in efficiency of isolation protocols allow the use
of blood DC as an alternative to MoDC or DC enriched
preparations (Figure 1). Prue et al. (43) in a phase I trial
showed that it was feasible to isolate CD1c+ DC from CRPCa
patients via magnetic separation and vaccination, was well-
tolerated with fever and pain the most common toxicity (43).
More recently, in a phase II RCT Westdorp compared the
efficacy of matured myeloid (m)DC vs. plasmacytoid (p)DC vs.
combination of mDC and pDC (44). Again, this showed that
blood derived DC were safe and induced an immune response,
with a trend to a better response with mDC alone. These
technical advances in isolating DC as a pure population and,
as demonstrated by Westdorp et al. (44) isolating specific DC
subsets and utilize the underlying specialization of human DC
to take up antigen allows us to direct the immune response in a
particular direction.

Targeting DC Subsets
Blood DC can initially be divided into two main populations:
pDC and mDC. Human pDC are identified by their surface
expression of CD304+. They are characterized by their ability
to produce large amounts of Type 1 interferon in response
to foreign nucleic acids i.e., in response to viral infections
(89). In humans, they orchestrate antigen specific CD4+ T cell
responses as well as cross present antigen to create CD8+ T
cell responses (90, 91). mDC, divided based on phenotype and
function into five subsets, the main being cDC1 and cDC2 (92).
cDC1, characterized by CD141 expression, have the ability to
cross present exogenous antigen to prime CD8+ T cell response,
direct a type 1 helper T cell responses and through the production
of IL-12, and direct an NK response (93). cDC2, are characterized
by CD1c+ expression, have a more diverse function and are
able to simulate Th1, Th2, Th17, and CD8+ T cell responses
(93). As suggested by Westdorp et al. (44) the mix of DC we
use for a vaccine will affect efficacy (44). Whether we use a
mixed preparation of mononuclear cells, DC, T cells, B cells,
and NK cells such as in Sipuleucel-T (94), MoDC or a pure
DC subset will change the direction of the T cell response.
Traditionally we have looked at mDC particularly cDC1, as

key to orchestrating a cytotoxic immune response. They are
most adept at priming CD8+ T cells because they have adapted
their intracellular machinery to be extremely efficient at cross
presentation of antigen (95). Whilst they have been the focus of
much vaccine development, as we learn more about the need for
T helper support to create effective CD8+ T cell response (96, 97)
an approach that utilizes both cDC1 to activate CD8+ T cells
and cDC2 to activate CD4+ T cells would give a more robust
anti-tumor immune response (98). A novel way of targeting
these naturally occurring DC is to target DC in situ. Emerging
technologies such as antibody-antigen conjugates and virus co-
delivery systems not only provide a DC therapy that improve
delivery they also improve efficacy.

IN SITU DC TARGETING

Antibody Directed Antigen-Uptake
One way to target DC is to couple antigen to antibodies that
bind endocytic cell surface molecules unique to DC. Preclinical
data in mouse models show that delivering antigen in this way
increases the efficiency of antigen presentation. Coupling OVA
to the rat anti-mouse DEC-205 antibody (clone: NLDC-145) lead
to a >100-fold increase in efficiency of DC antigen presented to
mouse CD4+ and CD8+ T cells (99). Thus, targeting antigen
directly to DC with antibody increases antigen presentation
and in both in vivo mouse models and in vitro human models
this leads to improved T cell response (100–102). However, in
the absence of a maturation signal to the DC or indeed as a
consequence of the function of the molecule targeted, this T
cell response did not persist and in fact peripheral tolerance
was induced (99). In contrast, in the presence of adjuvant
such as anti-CD40 a strong memory response is formed after
injection with OVA conjugated DEC-205, with CTL responses
detectable up to 90 days after a single immunization (100).
This need for a second “danger” signal to direct the immune
system to form an inflammatory rather than tolerogenic response
to the targeted antigen is not unique to DEC-205 antibodies
but common to many surface antibody targets studied to date
(99, 100, 103, 104). However, the selection of adjuvant in a
clinical setting will need careful consideration to minimize
side effects.

Despite the need for adjuvant, the safety and ease of delivery
of in vivo DC targeting has been demonstrated in a phase I
clinical trial of CDX-1401, a fully human anti-DEC-205 (CD205)
mAb (3G9) genetically fused to the full-lengthNY-ESO-1 protein.
The vaccine was used in combination with resiquimod (TLR7/8
agonists) and poly-(I:C) as adjuvants. It was well-tolerated in
the 45 patients who entered the study and, induced a cellular
immune response in 56% and humoral immune response in 79%
of cases. Thirteen patients developed stable disease and 2 a partial
response (105). This demonstrates that using antibody to target
antigen to DC is safe and feasible and can induce an immune
response in humans.

While safety has been demonstrated, reports on trials in
ovarian cancer and acute myeloid leukemia (AML) are awaited.
There remains the question of choice of molecule to target
as targeting DEC-205 which naturally trends toward tolerance
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may be superceeded. Clec9a (CD370) is another endocytic
surface marker with a much narrower expression profile. Whilst
DEC-205 is highly expressed on cDC1 it is also expressed on
monocytes, B lymphocytes and low levels on T cells and NK cells.
In contrast, Clec-9A expression is limited to cDC1, which is the
DC subset known for their ability to cross present antigen and
elicit a CD8+ cytotoxic T cell response, ideal for a tumor vaccine.
The other interesting ability of Clec9a is its ability to drive a
memory immune response without adjuvant, however, in mice
tumor models, adjuvant is still required (106). Whilst this looks
like a promising target, it has been demonstrated that the cDC1
population, which is targeted by Clec9a is reduced in PCa (107)
and is less responsive to activation with poly (I:C). This suggests
underlying functional impairment and testing these treatments
in a PCa tumor model is awaited.

Antibody-directed antigen uptake demonstrates that DC can
be loaded “in vivo” (105), is safe and produces an immune
response. However, antibodies are limited by the amount of
antigen that they can deliver through coupling protein to
antibody before the latter’s ability to bind and be endocytosed is
impaired. This has led to the development of co-delivery systems.

Co-delivery Systems
Co-delivery systems have two advantages, they allow the
co-administration of adjuvant with antigen and can deliver
multiple antigens. Some co-delivery systems are easy to adapt
to different antigen make ups thus allowing personalized
vaccine with “neoantigens’ matched to each patient. There
are two main vehicles studied: modified viral vectors
and nanoparticles. Viral vectors include the filamentous
bacteriophage antigen display system and modified adenovirus.
The filamentous bacteriophage system is based on a non-
pathogenic prokaryotic virus which can be engineered to express
exogenous peptides as fusions to viral capsid proteins (108, 109).
The bacteriophage is the adjuvant and in a mouse model it
has been manipulated to express both mouse DEC-205 and
OVA. In this system it produces an enhanced T cell response
compared to injection with OVA: DEC-205 antibody conjugate
(108). Similarly, a model where attenuated adenovirus was
manipulated to express OVA and anti-mouse DEC-205 (110),
produced a memory CD8T cell response. Whilst this shows
promise in pre-clinical models, translation to humans is yet
to come.

Nanoparticles
Nanoparticles perhaps are closer to translation, in particular
Poly(DL-lactide-co-glycolide (PLGA), a biodegradable slow-
release polymer that is FDA approved to encapsulate drugs,
can be adapted to encapsulate antigen and adjuvant (111).
Due to their size nanoparticles readily taken up by DC (112)
and in vitro studies show human DC take up peptide more
efficiently if it is delivered inside a PLGA nanoparticle rather
than soluble form (113). Nanoparticles not only direct peptide
to the DC but also protect peptide from degradation, thus
increasing the length of time to which DC are exposed to
peptide. PLGA delivery of peptide induced T cells with a much
greater CTL response than peptide loaded DC both in vitro

(113) and in vivo (113, 114). Nanoparticle delivery has been
tested in a mouse models of prostate cancer with the mouse
prostate tumor antigen, six-transmembrane epithelial antigen
of the prostate (mSTEAP). In this model, a single dose of
mSTEAP on PLGA nanoparticles was compared to mSTEAP
peptide plus adjuvant. The nanoparticle boundmSTEAP reduced
both growth of TRAMP-C2 tumor cells in C57BL/6 mice and
increased OS of the mice compared to peptide combined with
adjuvant (114). Thus, in a PCa model, nanoparticles were more
effective than a peptide vaccine. It is important to note though
that comparison to DC vaccination strategies, antibody directed
antigen uptake or other novel vaccination strategies remains to
be assessed.

Nanoparticles have been used as a co-delivery system for
antibody directed antigen uptake. Nanoparticles coated in anti-
DEC-205, anti-CD40, and anti-CD11c antibodies to deliver
antigen and adjuvant direct to DC all lead to increased CD8
and CD4T cell proliferation and cytotoxicity in vitro and in vivo
above non-targeted nanoparticles. CD40 targeted nanoparticles
improved antigen specific T cell proliferation in the draining
LN above other target receptors, and also cytotoxicity against
target cells (115). In a mouse tumor model, CD40 nanoparticles
containing OVA improved OS of B16-OVA inoculated mice
compared to isotype control (116).

Whilst these emerging technology show promise in improving
deliverability and efficacy of a DC based vaccine, they are yet to
be translated into clinical trials in prostate cancer.

Overcoming Tumor Escape
If we are to successfully translate in situ targeting of DC, clinical
benefit will not occur without understanding what drives the
immunosuppressive microenvironment of PCa.

Improving Antigen Processing Within Tumor Cells
PCa evades detection of the immune system by failing to display
tumor peptide in MHC class I complexes on their cell surface.
This is crucial to consider in the setting of DC vaccine as
cytotoxic T cells primed by a DC vaccine will not be able to
kill tumor cells without the presence of MHC Class I complex
on tumor cells. In primary castrate sensitive prostate cancer
(CSPCa) MHC class I was downregulated in 74% (311/419)
and β2M 25% (117). In another study of 58 primary CSPC,
defects in MHC class I were less common with loss of staining
only in 5% of cases but heterogenous staining in 62% (117).
This study also looked at the components of the antigen
processing machinery within the tumor cells and demonstrated
that loss or downregulation was frequent (118). Thus, treatment
strategies that increase MHC Class I expression on tumor cells
are candidates for combination therapies that may improve
efficacy of DC vaccines. Histone deacetylase inhibitors have been
assessed to reverse histone acetylation of the TAP1 promotor and,
Trichostatin A, has been shown to upregulated MHC-class 1 and
β2-microglobulin in LNCaP cells. Traditional anti-PCa therapies
such as docetaxel and radiation also increase all components
of antigen-processing machinery in the PC cell line, LNCaP
(119, 120) and therefore are beneficial combination strategies for
DC vaccines. A phase II trial that combined MoDC vaccine with
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docetaxel showed a trend toward improvement in disease specific
survival (DSS) (46), and results of the first phase III trial, NCT
NCT02111577 that combines docetaxel and DC vaccine therapy
are eagerly awaited.

Improving T Cell Function
A robust T cell response is essential for any effective DC
vaccine. Thus, it is essential to understand any underlying
dysfunction of the T cell repertoire in PCa. We know there
are a paucity of T cells (121) in PCa and those present
are less proliferative (122), more immunosuppressive (123)
with a high proportion of T-regs (122, 123). Data from
the NCT00715014 trial of neoadjuvant Sipuleucel-T shows
that DC vaccination does lead to increased recruitment of
T cells including CD4+, CD8+, and T-regs into the tumor
(12). Comparing pre vaccination biopsies to post vaccination
resection specimens, T cells had increased TCR sequence
diversity in the resected prostate suggesting that Sipuleucel-T
recruits T cells to the prostate (124) rather than reactivating
those already in situ. Gene expression profiling showed an
increase in Th1 associated genes and upregulation of immune
checkpoint inhibitors including CTLA-4 and TIGIT (125). This
raises the question of how long does the immune response
last and whether combining with check point inhibitors will
improve outcomes.

While monotherapy with both ipilimumab (anti-CTLA4)
and PD-1 inhibitors have proved disappointing (2, 3, 126),
recent long term follow of ipilimumab shows that despite
low response rates those that do respond have enduring
responses (127). The key will be to improve response rates
and early data suggests that adding DC vaccination to
immunotherapy may do just that. In a small study of nine
men with mCRPCa treated with Sipuleucel-T and escalating
doses of ipilimumab showed that IgG and IgM levels against
PA2024 and PAP increased significantly after ipilipumab
(49). A subsequent trial to look at immediate vs. delayed
CTLA4 blockade (NCT01804465) has recruited and is in the
follow up stage. PD-1 inhibitors have less severe immune
toxicity than anti-CTLA4 antibodies, and thus are a more
tolerable combination strategy. Pembrolizumab has been used
in combination with a DNA vaccine in PCa and it was found
that concurrent rather than sequential treatment improved PSA
response (128). We look to the results of NCT03024216 to
determine whether atezolizumab (anti-PD-L1) improves the
efficacy of Sipuleucel-T.

Another strategy is to focus on depleting T-regs. In mouse
models of PCa low dose cyclophosphamide caused transient
depletion of T-regs and increased DC maturation markers and
augmented anti-tumor immune response (129). In humans,
metronomic oral cyclophosphamide was used in combination
with a MoDC vaccine (50), and also prior to MoDC vaccine
used in combination with docetaxel chemotherapy (45). In
both instances it was well-tolerated. Another mechanism
to reduce T-regs is to use IDO inhibitors to block the
production of IDO-expressing DCs that drive T cells to T-
regs and activate existing T regs. Indoximod, an IDO inhibitor
administered after Sipuelucel-T therapy was found to be

well-tolerated and improved PFS from 4.1 to 10.3 (p =

0.011) (53).

Over-coming Myeloid Derived Suppressor Cells
Myeloid cells play a large role in creating the tumor
microenvironment of PCa. The presence of M2 macrophages
in the tumor microenvironment is an indicator of poor
prognosis (130–133). PCa cells recruit monocytes and
polarize them to an M2 macrophage phenotype which then
helps increase PCa cells migratory capacity, proliferation,
survival and invasion (130, 134, 135) creating a symbiotic
relationship. Interestingly, a reduction in MDSC predicts
response (46) to mRNA loaded MoDC vaccination and
tumor cell vaccine in combination with ipilimumab (136).
In mice models of lung cancer MDSC reduce the activity of
NK cells and T cells, thus, they will dampen any immune
response developed by a DC vaccine. Novel combination
strategies that further reduce MDSC may improve vaccination
responses. Interestingly in a breast cancer tumor model
docetaxel repolarized MDSC toward an M1-like phenotype
further supporting the use of docetaxel as a combination for
vaccination (137).

Timing and Interactions of Other Therapies
It has long been proposed that the best time to treat with a
DC vaccine is when tumor burden is low either at diagnosis or
remission. This hypothesis is supported by trials that low burden
of disease predicts for good response (138). Another issue is the
effect of treatment on the immune system’s ability to create an
immune response. In the instance of PCa, androgen deprivation
therapy (ADT) is given throughout the entire treatment course.
ADT enhances T cell responses. In a mouse model, after
androgen withdrawal the biggest difference in CD4+ T cells
was in IFNγ signaling pathway and CD4T helper differentiation
(139). In patients in CSPCa this was also the case (140).
However, we also know that these responses diminish with time,
perhaps due to a disproportionate increase in T-regs (141).
In a mouse model depleting T-regs with a CTLA-4 depleting
antibody significantly improved OS when combined with ADT
(142). The phase II STAND study assesses this in patients and
showed that better immune responses were stimulated when
a DC vaccine was given before initiation of ADT rather than
after (48). Thus, the best timing for a DC vaccine maybe at
biochemical recurrence when tumor burden is low and ADT has
not been given.

CONCLUSION

DC vaccination strategies have been shown to be safe and
improve OS. Yet they are still rarely used in clinical practice.
Our understanding of antigen loading DC, antigen presentation,
induction of T cell responses, extrinsic driving of cytotoxic
responses provides multiple opportunities to improve vaccine
strategy design. Here we show that emerging technologies
present options for targeting DC in situ thus improving
deliverability. Secondly, novel combination strategies prove
promising to help improve on duration of T cell response.
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That DC vaccines reach their potential in stimulating effective
clinical responses relies on assessing what we have learned,
how we adapt trials and looking for long term, durable (or
sustainable) outcomes.
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Dendritic cells (DCs) are key initiators of the adaptive immunity, and upon recognition of
pathogens are able to skew T cell differentiation to elicit appropriate responses. DCs
possess this extraordinary capacity to discern external signals using receptors that
recognize pathogen-associated molecular patterns. These can be glycan-binding
receptors that recognize carbohydrate structures on pathogens or pathogen-
associated patterns that additionally bind receptors, such as Toll-like receptors (TLRs).
This study explores the early signaling events in DCs upon binding of a2-3 sialic acid (a2-
3sia) that are recognized by Immune inhibitory Sialic acid binding immunoglobulin type
lectins. a2-3sias are commonly found on bacteria, e.g. Group B Streptococcus, but can
also be expressed by tumor cells. We investigated whether a2-3sia conjugated to a
dendrimeric core alters DC signaling properties. Through phosphoproteomic analysis, we
found differential signaling profiles in DCs after a2-3sia binding alone or in combination
with LPS/TLR4 co-stimulation. a2-3sia was able to modulate the TLR4 signaling cascade,
resulting in 109 altered phosphoproteins. These phosphoproteins were annotated to
seven biological processes, including the regulation of the IL-12 cytokine pathway.
Secretion of IL-10, the inhibitory regulator of IL-12 production, by DCs was found
upregulated after overnight stimulation with the a2-3sia dendrimer. Analysis of kinase
activity revealed altered signatures in the JAK-STAT signaling pathway. PhosphoSTAT3
(Ser727) and phosphoSTAT5A (Ser780), involved in the regulation of the IL-12 pathway,
were both downregulated. Flow cytometric quantification indeed revealed de-
phosphorylation over time upon stimulation with a2-3sia, but no a2-6sia. Inhibition of
both STAT3 and -5A in moDCs resulted in a similar cytokine secretion profile as a-3sia
triggered DCs. Conclusively, this study revealed a specific alteration of the JAK-STAT
pathway in DCs upon simultaneous a2-3sia and LPS stimulation, altering the IL10:IL-12
cytokine secretion profile associated with reduction of inflammation. Targeted control of
org April 2021 | Volume 12 | Article 673454180
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the STAT phosphorylation status is therefore an interesting lead for the abrogation of
immune escape that bacteria or tumors impose on the host.
Keywords: dendritic cell, sialic acid, a2-3sia, STAT3, STAT5, Phosphoproteomics, Siglec, tolerance
INTRODUCTION

Dendritic cells (DCs) are antigen presenting cells that continuously
sense the intrinsic host environment. DCs possess the extraordinary
capacity to recognize internal and external danger signals and
respond appropriately using pattern recognition receptors (PPRs)
(1). Upon encounter of pathogen-associated molecular patterns
(PAMPs) or danger-associated molecular patterns (DAMPs), DCs
can leave the periphery and migrate to the lymphoid tissues to
activate an appropriate adaptive immune response (2). In contrast,
recognition of self-associated molecular patterns (SAMPs), such as
self-antigens, leads to the induction of a tolerogenic response (3).

Glycans form cellular immune recognition elements and are
considered key modulators of the immunological outcome (4, 5).
Glycosylation is a common post-translational modification in
eukaryotes, and glycan patterns can be recognized as PAMPs or
SAMPs by DC PRRs, such as C-type lectin receptors (CLRs) and
Sialic acid binding immunoglobulin type lectins (Siglecs) (6).
SAMP-associated glycan patterns predominantly refer to sialic
acids (3). This negatively charged monosaccharide decorates the
terminal positions of larger polysaccharide molecules on cell
surfaces. Positioned at the outer rim of the glycocalyx in an a2-3-,
a2-6-, or a2-8-linkage, sialic acids portray a dominant role in cell-
cell interactions andmaintenance of intrinsic homeostasis (7). Due
to its presence on all cells, the inherent sialic acid signature is an
effective marker to promote tolerance upon encounter of self-
antigens (3). Synthetic antigens modified with a sialic acid can
alter the immunogenicity of the antigen by imposing a regulatory
programonDCs.TheDCcan subsequently skew the differentiation
of naïve T cells to regulatory T cells via e.g. an altered cytokine
secretion profile, and reduce inflammatory T effector cell responses
(8). The impact of sialic acids on altering T cell differentiation is
therefore highly appealing as a target in DC-based immunotherapeutic
strategies (9, 10).

Furthermore, sialic acids are increasingly acknowledged for
their role in the immune regulation of cancer. During cancer
progression, tumor cells often highly increase their sialic
acid expression to create an immunosuppressive tumor
microenvironment (11). Tumor hypersialylation furthermore
alters myeloid cells and hamper immunotherapy efficacy, as the
T cell and NK cell responses are dampened by the tolerogenic
immune signals emanating from the tumor cell surfaces (11).
Novel approaches to combat quenching of immune cell activity
using targeted delivery of sialyltransferase inhibitors are currently
being explored to improve immunotherapeutic strategies (12, 13).

Sialic acids are also taken advantage of by pathogens to benefit
their own survival. Bacteria obtain sialic acids by de novo
synthesis or from an environmental source (14). By doing so
pathogens can hide and escape from immune surveillance. Group
B Streptococcus (GBS) uses sialic acids to mimic the host cell
org 281
surface. The capsular polysaccharides of all serotypes are
decorated with terminal a2-3-linked sialic acids, causing
suppression of the host immune response, promoting bacterial
survival (15, 16). This exploitation of sialic acid by GBS eventually
results in the devastatingly high incidence of sepsis and
meningitis in infants (16).

To gain insight into the self and foreign discrimination by DCs,
and the in vivo induction of an immune suppressive T cell response
(8), we explored human DC immune signaling upon sialic acid
binding. We conjugated a2-3-linked sialic acids to a dendrimeric
core for multivalent ligand presentation. By proteomic and
phosphoproteomic analysis we studied the induced signaling
pathways. With concomitant TLR4 stimulation to trigger DC
maturation and cytokine secretion, we mimicked bacterial
pathogen recognition by DCs. We report specific signaling
profiles upon stimulation with a2-3 sialic acid in presence of LPS,
affecting kinases within the MAPK/ERK and JAK-STAT pathway
and subsequent anti-inflammatory cytokine responses. These
results demonstrate the dynamic signaling networks and specific
pathways underlying DC immune suppressive signaling upon
recognition of sialic acid linkages.

Targeted control of STAT phosphorylation provides an
interesting lead for the revocation of tolerance in bacterial and
tumoral immune surveillance escape. Continued investigations
on the DC signaling cascade from the JAK-STAT pathway to the
control of the IL-12 transcripts and the ensuing suppression of
effector T cells could be an appropriate continuation of this
study. Moreover, this study also provided insight in the
alterations in the MAPK signaling pathways and other kinome
signatures, which were not pursued here. Further efforts to
analyze these pathways and profiles will yield information on
the role of DCs in the polarization of naïve T cells towards
effector or regulatory T cells. The upstream signaling from the
a2-3sia binding Siglec towards the immunosuppressive DC
phenotype has important practical implications for the use of
the sialic acid-Siglec axis as a therapeutic strategy in
immunotherapy. The homology of the Siglec receptors and
their affinity towards multiple sialic acids complicates their
therapeutic application. Moreover, it must also be taken into
account that the use of Siglec receptor-specific antibodies as
blocking agent may also trigger Siglec-dependent signaling
pathways. Nonetheless, these challenges are manageable with
the rapid developments currently in the field of Siglec research.
MATERIALS AND METHODS

Synthesis of the Glycodendrimers
Three glycodendrimers were synthesized for this study, the
control, a2-3 sialic acids and a2-6 sialic acids. To generate 2.0
April 2021 | Volume 12 | Article 673454
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PAMAM dendrimers with a cystamine core (Sigma-Aldrich) the
glycans 3’-Sialyl-N-acetyllactosamine (Dextra Laboratories; a2-
3sia dendrimer) and 6’-Sialyl-N-acetyllactosamine (Dextra
Laboratories; a2-6sia dendrimer), and D-(+)-galactose (Sigma-
Aldrich; control dendrimer), were conjugated via reductive
animation using the free reducing ends. Approximately 32
equivalents of the glycan were added per dendrimer in
dimethylsulphoxide (DMSO, Sigma-Aldrich) and acetic acid
(8:2 ratio, Sigma-Aldrich). To the cocktail 160 equivalents of
2-Methylpyridine borane complex (Sigma-Aldrich) was added
up to a desired total volume of 200 µL, and incubated at 65°C for
2 hours with repeated vortexing. The reaction products
were purified over disposable PD10 desalting columns (GE
Healthcare) using 50 mM NH4HCO3 pH 4.4, and submitted to
multiple cycles of lyophilization and redisolving in H2O.
The products were validated using LC-MS and plant
lectin binding.

Primary Cell Isolation and Culture
Monocytes were obtained from buffy coats obtained from
healthy donors (Sanquin Amsterdam, reference: S03.0023-XT)
using Ficoll (Stemcell Technologies) and Percoll (Sigma-Aldrich)
gradient centrifugation. The monocytes were cultured for four
days in RPMI 1640 (Invitrogen), supplemented with 10% FCS
(Biowittaker), 1.000U/mLpenicillin (Lonza), 1U/mLstreptomycin
(Lonza), 262.5 U/mL IL-4 (Biosource) and 112.5 U/mL GM-CSF
(Biosource) to obtain immature monocyte-derived DCs (moDCs).
ExpressionofCD1aandCD14(bothBioLegend)wasmonitoredvia
flow cytometric analysis as markers of moDC differentiation, and
CD83 and CD86 (both Becton Dickinson) as markers
of maturation.
Cytokine Analysis
1 µM dendrimer was added to approximately 50·103 day 4
moDCs, with or without 10 ng/mL LPS derived from E. coli
0111:B4 (Sigma-Aldrich). For the inhibition studies, 0.25 µM of
the STAT5 inhibitor CAS 285986-31-4 (Calbiochem) or the
STAT3 inhibitor JSI-124 (Sigma Aldrich) were used. After
overnight stimulation, the supernatants were harvested and the
cytokines IL-10 and IL-12p70 (both Biosource) were measured
by sandwich ELISA according to the manufacturer’s protocol.
Briefly, NUNC MaxiSorp plates were coated with the capture
antibody in 0.05 M NaHCO3 buffer overnight at 4°C. The plates
were washed and blocked using PBS + 1% BSA (EMDMillipore).
The supernatants were incubated on the coated plates for 2 hours
at room temperature, washed, and binding of the cytokine was
detected with a peroxidease-conjugated detection antibody.
Binding was visualized with 3,3’,5,5’-tetramethylbenzidine
(Sigma-Aldrich) and quantified on the iMarkTM Microplate
Absorbance Reader (Bio-RAD) at 450 nm.
Primary Cell Stimulation, Lysis and Protein
Extraction
Approximately 2.5·107 day 4 moDCs were stimulated at 37°C
with 1 µM of the dendrimer with or without LPS (Sigma-
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Aldrich). After 30 minutes, the cells were immediately cooled
to 4°C by placement on ice and washed using pre-cooled 4°C
PBS. Lysis buffer (20 mM HEPES pH 8.0, 9 M CH4N2O, 1 mM
Na3VO4, 2.5 mMNa4P2O7, and 1 mMNa2C3H7PO6) was freshly
prepared and added to the cells. After vortexing the cells were
snap frozen in liquid nitrogen. The protein concentration was
measured by BCA assay (Thermo Fisher Scientific) according to
manufacturer’s protocol. 45 mM DDT was added to 10 mg
protein, incubated for 30 minutes at 55°C, followed by reduction
of the lysate. Subsequent addition of 110 mM iodoacetamide
solution alkylated the protein lysate. The urea concentration was
then diluted to 2 M with 20 mM HEPES buffer pH 8.0 for
digestion with sequencing grade modified trypsin (enzyme:
protein 1:100 w/w). The tryptic lysate digests were acidified
with 1% TFA and checked for the pH (<3). The tryptic
peptides were then captured through solid-phase extraction
with the OASIS HLB-based cartridges (Waters Corporation).
After washing with 0.1% TFA, the peptides were eluted with 0.1%
TFA and 80% acetonitrile.

TiOx Phosphopeptide Enrichment
Titanium dioxide (TiOx) chromatography was applied to
capture the phosphopeptides. 500 µg desalted tryptic digests
were diluted 1:1 with lactic acid solution (0.3 g/mL lactic acid,
0.07% TFA/53% acetonitrile). 200 µL pipette tips were fitted with
a 16G-needle punch of a C8 disk EMPORE, on which 2.5 mg
TiO2 was added. The TiOx bed was preconditioned with 0.1%
TFA and 80% acetonitrile before equilibration with 0.3 g/mL
lactic acid in 0.07% TFA/54% acetonitrile, allowing capture of
phosphorylated serine and threonine peptides of the tryptic
digest. After sequential washing of the bedding with lactic acid,
and 0.1% TFA + 80% acetonitrile, the phosphopeptides were
eluted with 0.5% and 5% (v/v) piperidine in 20% (v/v)
phosphoric acid to quench the basic solution. Pipette tips (200
µL) were again fitted with a 16G-needle punch of an EMPORE
disk of poly(StyreneDivinylBenzene) material, preconditioned
with 0.1% TFA and 80% acetonitrile, and equilibrated with 0.1%
TFA. After loading the enriched phosphopeptide mixture, the
bedding was washed with 0.1% TFA. Through centrifugal
filtration, the phosphopeptides were desalted in 0.1% TFA and
80% acetonitrile and lyophilized.

NanoLC-MS/MS Acquisition and Data
Processing
The peptides were redissolved in loading solvent (0.5% TFA/4%
acetonitrile) prior to separation on an Ultimate 3000 nanoLC
(Dionex LC-Packings) equipped with a 20 cm x 75 µmID fused
silica column, custom packed with 3 µm 120 Å ReproSil Pur C18
aqua (Dr Maisch GMBH) on-line coupled to a MS/MS platform
(QExactive, ThermoFisher). The MS/MS spectra were matched
to the Uniprot human reference proteome FASTA file (release
February 2013, 70136 entries) in MaxQuant v1.4.1.2.
The measured phosphopeptides intensities were normalized
to the median intensity of all identified peptides (‘normalized
intensity’ from the MaxQuant Evidence table) and quantified
by their extracted ion chromatograms (‘Intensity’ in MaxQuant).
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The fold change was calculated in R, as well as the p values
from the replicates using a limma test (17), which were
considered significantly altered at p < 0.05. Phosphopeptide
quantification by the OncoProteomics Laboratory, VUmc has
been previously described thoroughly (18, 19). The significant
peptides were functionally correlated using the online STRING
tool v11.0 (https://string-db.org/), and mapped in Cytoscape
v3.5.1 (https://cytoscape.org/) (20, 21). Gene Ontology (GO)
term enrichment analysis was performed with the Cytoscape
plugin ClueGO v2.5.5 (http://apps.cytoscape.org/apps/cluego)
(21). The significantly altered phosphoproteins were integrated
and visualized in pathways using Pathview under default
settings (https://pathview.uncc.edu/) (22). Phosphoproteomic
alterations were analyzed and visualized using Integrative
Inferred Kinase Activity (InKA) analysis v1.2.2 (https://
inkascore.org/) and PTMsigDB analysis v2.0 (https://github.
com/broadinstitute/ssGSEA2.0) (23, 24).

Flowcytometric Quantification of
Phosphoproteins
Approximately 5·104 day 4 moDCs were stimulated at 37°C
with 1 µM the dendrimer with or without LPS (Sigma-Aldrich).
After the indicated time points, cells were immediately cooled to
4°C by placement on ice and washed using pre-cooled 4°C PBS.
The cells were gently fixed in PBS + 4% PFA, for 15 minutes
at room temperature, followed by washing in PBS.
Permeabilization of the cells was performed by adding 90%
pre-cooled 4°C methanol for 30 minutes. After washing,
STAT3 (1:1000, clone 124H6, Cell Signaling), STAT5A (1:500,
clone 4H1, Cell Signalling), pSTAT3 (1:1000, clone E121-31,
Abcam), or pSTAT5A (1:500, ab30649, Abcam) antibodies
were added and incubated for 60 minutes at room
temperature. After extensive washing, the secondary antibodies
Alexa-488 goat anti-mouse IgG2a and Alexa-647 donkey
anti-rabbit IgG (both 1:1000, from Invitrogen) were added
for 30 minutes before flow cytometric analysis by CyAn™

ADP (Beckman Coulter), and analyzed using FlowJo v10.

Statistics
The plotted data is represented as mean ± SD of at least three
healthy donors or independent experiments. The statistical
analyses were performed in GraphPad Prism v7.04.
Independent samples were evaluated by the Students t-test,
groups with a non-normal distribution were compared by the
Kruskal-Wallis test, with the overall statistical significance set at
P < 0.05.
RESULTS AND DISCUSSION

Quantitative Analysis of the DC
Phosphoproteome After a2-3 Sialic Acid
Stimulation
To obtain a global overview of the a2-3 sialic acid-induced signaling
in DCs, we performed LC-MS/MS-based phosphoproteomic
analysis of human DCs stimulated with sialic acid-coated
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dendrimers. From peripheral blood of three human donors, we
isolated themonocytes and differentiated these tomonocyte-derived
DCs (moDCs) using an IL-4/GM-CSF cocktail for four days of
culture. We introduced a2-3-linked sialic acids (a2-3sia) to a
dendrimer through reductive animation (25). The small second
generation dendrimeric core was selected as carrier system, as the
spherical platform allows compact packing of the glycans and
multivalent presentation on the polymeric arms. We selected 3’-
sialyl-N-acetyllactosamine for coupling, as the saccharide ring is
opened at the carbon atom during conjugation (Figure 1A). By
using this trisaccharide, the a2-3sia–galactose linkage is maintained,
mimicking the sialic acid decorated bacterial capsule of GBS (26).
We also conjugated a galactose in a similar fashion, which served as
a C6H12O5 (open galactose)-dendrimer control. The dendrimers
were validated using plant lectins (Sl. Figure 1) and incubated after
overnight with moDCs to study alterations in cytokine secretion
profiles. IL-12 secreted by DCs is a key inducer of the pro-
inflammatory immune response, while IL-10 regulates IL-12
production and plays a significant role the induction of regulatory
T cells (27). The antagonistic relation of the two cytokines is
therefore an effective indicator of the DC immune status. We
determined the optimal dendrimer concentration at 1 µM (data
not shown) measured an increased IL-10:IL-12 secretion profile
when the a2-3sia dendrimer was given to DCs in the presence of
LPS, which was not observed with the control dendrimer (Figure
1B). No cytokines were measured in the medium controls, without
the TLR4 stimulus.

To decipher the signaling events occurring upon a2-3 sialic
acid recognition by dendritic cells, we added 1 µM of the
glycodendrimer to approximately 2.5·107 moDCs with or
without LPS for 30 minutes at 37°C (Figure 1C). To maintain
the phosphorylation signatures, the cells were immediately
chilled, lysed in a buffer with protease and phosphatase
inhibitors, and snap-frozen in liquid nitrogen until the solid-
phase extraction of the peptides before titanium dioxide (TiOx)
chromatography and nanoLC-MS/MS quantification. A total of
9,566 phosphopeptides and 12,851 proteins were quantified with
a false discovery rate of < 1% (Figure 1D). The majority of the
phosphopeptides found were phosphorylated at the serine, while
only approximately 10% was phosphorylated at the threonine
(Figure 1E). TiOx chromatography also captured the much less
prevalent phosphorylated tyrosine residues, resulting in a total
presence of <1%. The amount of (phospho)peptides and sites
identified was not altered upon stimulation with either of
the glycodendrimers.

Alterations in the moDC
Phosphoproteome After a2-3 Sialic Acid
Binding
To reveal the most significantly altered phosphoproteins, we
used a pairwise comparison for each donor. Furthermore, the
sialic acid stimulated conditions were compared to the ctrl-
dendrimer stimulations (Ctrl vs a2-3sia; Ctrl+LPS vs a2-3sia
+LPS). A total of 68 significantly altered phosphorylation sites
were found upon a2-3 sialic acid triggering, while, compared to
the control dendrimer, simultaneous a2-3sia and LPS
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stimulation resulted in 109 altered phosphosites (Figures 2A–C
and Sl. Tables 1, 2). Only 4 altered phosphorylation sites were
shared between the conditions (AHNAK Thr4100, Ser5749,
Ser5393 and STK10 Ser448). The presence of LPS resulted in a
different signaling profile, indicating modulation of the TLR4
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signaling pathway by a2-3sia. The additional 41 altered
phosphorylation sites found in the simultaneous a2-3sia and
LPS-stimulated condition could therefore be involved in
crosstalk between the a2-3sia dendrimers binding receptors
and TLR4 signaling. The 86% decrease in phosphorylated
April 2021 | Volume 12 | Article 673454
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FIGURE 1 | Experimental setup and quality control of the phosphoproteomics. (A) A schematic model of the two glycodendrimers synthesized, the control and a2-
3 sialic acid dendrimer. Through reductive animation an excess of the glycans is introduced and conjugated to the dendrimer, by opening the saccharide ring at the
reducing end. **p < 0.01 (B) After overnight stimulation of the moDCs with the dendrimers, IL-10 and IL-12 were quantified in the supernatant through an ELISA
assay. Only in the conditions with LPS stimulation cytokines were measured. Stimulation with LPS plus the a2-3 sialic acid dendrimer resulted in a significant
decrease of IL-10. One donor is depicted as a representative of 8 individuals, ND, Not Determined; range IL-10 319-6072 pg/mL; IL-12 48-1175 pg/mL. (C) Day 4
human moDCs from three independent donors were stimulated with the control or the a2-3 sialic acid dendrimers with or without LPS stimulation for 30 minutes at
37°C. The cells were immediately cooled to 4°C to maintain the phosphoprotein signature, and lysed. The lysate was digested with trypsin, and subsequently
prepped and subjected for peptide isolation. Using TiOx chromatography, the lysate was enriched for phospho-serine and –threonine, before label-free
phosphoproteomic analysis using LC-MS/MS. (D) 9,566 phosphopeptides and 12,851 proteins were quantified with a false discovery rate of < 1% (n=3).
(E) Approximately 90% of the phosphopeptides identified were phosphorylated at the serine, 10% at the threonine, and <1% at the tyrosine (n=3).
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proteins in the LPS stimulated condition is furthermore notable,
while 84% of the phosphoproteins in the a2-3sia-dendrimer-
only condition had a higher phosphorylation status (Figure 2C
and Sl. Tables 1, 2). To determine whether the identified
phosphoproteins are functionally cooperative after a2-3sia
stimulation, sequential STRING and cytoscape analysis was
employed on the significantly altered phosphoproteins (28).
Due to the relatively low number of phosphoproteins, we
excluded a cutoff in fold change and explored all 109
significantly altered phosphorylation sites. This resulted in a
network of 58 significant phosphoproteins functionally
interconnected after a2-3sia stimulation in presence of LPS
(Figure 2D and Sl. Table 2). Only 7 of these phosphoproteins
in the network were increased in phosphorylation. Remarkable
were SRRM2 with the highest increase (9.19-fold) in
phosphorylation, and HNRNPA2B1 with the strongest
decrease in phosphorylation of 10.2-fold. SRMM2 is involved
in pre-mRNA splicing, and HNRNPA2B1 is associated with
packaging of pre-mRNAs into exosomes (28, 29). The two
proteins are known to interact, suggesting a role for sialic acids
in the processing of pre-mRNA (30). Furthermore, two STAT
proteins had a lower phosphorylation status (4.08-fold decrease
for STAT3, and 2.53-fold decrease for STAT5A). Both proteins
have dual roles as signal transducers and transcription factors,
and are key regulators of DC activity and DC skewing of specific
T cell responses (31, 32). Notable is the phosphoprotein JUN
with the most interactions with 9 other linked nodes. The 1.75-
fold de-phosphosphorylated protein JUN is a transcription factor
and interconnects with other DNA/RNA binding proteins,
indicating activation of genetic reprogramming after a2-3sia
stimulation. Analysis of altered phosphoproteins in the a2-3sia
only conditions showed a small cluster of 13 interconnected
nodes, and separate connections between 13 phosphoproteins
(Sl. Figure 2). Notable is the connectivity between the SRRM2
protein with ACIN1. The mRNA splicing involved protein was
upregulated in phosphorylation upon a2-3sia, while the presence
of LPS downregulated phosphorylation on this protein.
Furthermore, the phosphorylation of the transcriptional
repressor BCLAF1 was remarkable. Stimulation with a2-3sia
increased phosphorylation 2-folds at Ser285, while a2-3sia and
LPS co-stimulation resulted in 2-fold downregulation at the same
site (Sl. Tables 1, 2). In conclusion, upon a2-3sia stimulation
phosphorylation was enhanced upon a2-3sia stimulation, while
simultaneous a2-3sia and LPS stimulation resulted in less
phosphorylation, indicating that recognition of a2-3 sialic acid
by DC alters TLR 4 triggering and DC signaling. Differential
signaling is therefore identified after a2-3sia stimulation in
presence or absence of LPS, which leads, amongst others, to an
altered cytokine secretion profile.

To further investigate the specificity of the a2-3-linked sialic
acid altered phosphorylation, we additionally synthesized
dendrimers with a2-6-linked sialic acids (a2-6sia, Sl. Figure
1). Although both structures contain a terminal sialic acid, the
linkage to the underlying galactose is structurally different. The
a2-6sia binding to moDCs was studied in presence of LPS, as
more biological processes were affected, similarly to the a2-3sia
Frontiers in Immunology | www.frontiersin.org 685
binding with LPS (Figure 2E and Sl Figure 3A). Only 8 of the 72
significantly altered phosphoproteins were shared between the
two glycans in presence of LPS and phosphorylated at the at
the same phosphorylation site (Figures 2E, F and Table 1). The
directionality of the protein phosphorylation status additionally
overlapped, except for RGS14 phosphorylation (-2.06 with a2-
3sia; 2.27 with a2-6sia). Other studies have found a relationship
between this G protein-coupled receptor and TLR4 signaling,
where stimulation of DCs with LPS markedly decreased RGS14
phosphorylation, which negatively impacted DC IL-12
production (33, 34). To reveal whether the 8 overlapping
phosphoproteins were correlated in function, we performed
STRING analysis. However, no interactions were found (data
not shown). Therefore, we concluded that the stimulation with
a2-3sia leads to a very distinct signaling profile compared to a2-
6sia in presence of LPS. The distinction between the two patterns
might be explained by might be explained by the presence of
multiple Siglec receptors and their individual binding
preferences for specific sialic acid linkages (35). Siglec-7, and
-9 are expressed by moDCs and bind a2-3sia, while a2-6sia is
recognized by more Siglecs (36). Siglec-10 binds a2-6sia and is
also able to recognize a2-3sia to a lesser extent (36). Nonetheless,
the Siglec-10 receptor is expressed on moDCs only at very low
levels compared to Siglec-7 and -9 (36). This would indicate
binding of the a2-3sia dendrimer to both Siglec-7 and -9, while
the a2-6sia dendrimer likely triggers other Siglec receptors. The
observed signaling patterns are therefore the result of the
collective Siglec receptors expressed by moDCs that recognize
the particular sialic acid. Further elucidation of the Siglec-specific
pathways upon a2-3sia and LPS co-stimulation would therefore
be an intriguing area for future investigations. Analysis of altered
biological processes after a2-3 sialic acid and LPS encounter.

Despite the large amount of functionally connected nodes, the
biological processes affected were difficult to predict. Therefore,
we applied gene ontology analysis using the Cytoscape plug-in
tool ClueGO to classify in which biological processes the 109
phosphoproteins play a role (37). We continued only with the
a2-3sia plus LPS stimulated condition, as the higher number of
significantly altered proteins generated a more interconnected
GO network compared to the a2-3sia only, a2-6sia only, or a2-
6sia with LPS stimulations (Sl. Figure 2B, 3). The proteins were
annotated to 36 different GO terms and organized in groups.
Seven groups were found, including regulation of proliferation,
growth hormone response, RNA regulation, growth factor
response, organelle and podosome assembly, and SMAD
protein signaling (Figures 3A, B). The proteins involved with
each GO term and groups can be found in Sl. Table 5. A smaller
cluster was found involving the regulation of IL-12 (Figure 3A),
which could result in the alterations on the IL-10:IL-12 axis
(Figure 1B). STAT3 was annotated to each of the GO terms
within the IL-12 group. Pathview analysis of the JAK-STAT
signaling pathway revealed that other proteins in this specific
pathway were affected by a2-3sia and LPS stimulation, including
the STAT proteins themselves, SOS, mTOR, CBP, and PIAS
(Figure 3C) (38). Furthermore, HNRNPA2B1 within the purple
IL-12 regulatory group (Figure 3A and Sl. Table 5) has been
April 2021 | Volume 12 | Article 673454
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associated with the JAK-STAT signaling pathway in T cells,
where stimulation with IL-12 resulted in decreased expression of
HNRNPA2B1 through STAT signaling (39). The JAK-STAT
Frontiers in Immunology | www.frontiersin.org 786
signaling pathway is therefore an interesting lead to study the
mechanism behind the downregulation of IL-12 secretion in DCs
upon encounter of a2-3sia and LPS.
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FIGURE 2 | Alterations in the phosphoproteomic landscape after sialic acid stimulation. (A) A total of 68 phosphorylation sites were significantly altered by a2-3sia
stimulation, while 109 were altered by a2-3sia and LPS. Only 4 phosphorylation sites were identical between the two conditions. (B) The Volcano plot demonstrates
the directionality of the phosphorylation status on proteins after stimulation with the a2-3sia dendrimer. The data above de red dotted line represent all the
significantly altered phosphoproteins in three donors. The –Log10 of the average p values, calculated with a limma test, is presented against the Log2 in fold change.
(C) The Volcano plot demonstrates modified phosphoprotein expression after stimulation with the a2-3 sialic acid dendrimer. The data above de red dotted line
represent all the significantly altered phosphoproteins in three donors. The –Log10 of the average p values, calculated with a limma test, is presented against the
Log2 in fold change. (D) STRING analysis reveals a network of 88 phosphoprotein significantly affected by a2-3 sialic acid binding in the presence of LPS. (E)
Phosphoproteomic analysis after a2-6sia stimulation in presence of LPS revealed 72 significantly altered phosphoproteins, of which 8 overlapped with a2-3sia
stimulation with LPS. (F) The Volcano plot demonstrates the directionality of phosphorylation status on proteins after stimulation with the a2-6sia dendrimer and
LPS. The data above de red dotted line represent all the significantly altered phosphoproteins in three donors. The –Log10 of the average p values, calculated with a
limma test, is presented against the Log2 fold change.
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Altered Kinase Signatures After a2-3 Sialic
Acid Binding in the Presence of LPS
Kinases are essential to signal transduction. Their phosphorylation
activity on proteins directs the protein function and localization
(40). Integrative Inferred Kinase Activity (INKA) analysis was
applied on the phosphoproteomic data to assess the kinase activity
after moDC binding to a2-3sia in presence of LPS. This method
integrates four phosphoproteomic analyses of one sample to a
scoring system, allowing ranking of the kinase activity and
visualization of the kinase-substrate networks (23). Multiple
kinases were affected by a2-3sia and LPS stimulation (Figure
4A and Sl. Figure 4). Particularly the scoring of kinases ERK and
AKT1 was lower after stimulation, while an overall decreased
trend was seen with the affected kinase signature. Additionally, we
performed a phosphoproteomic analysis to validate kinase
signature found with the INKA scoring. This allowed evaluation
of the kinase signatures after a2-3sia and LPS stimulation through
Gene Set Enrichment Analysis using a post-translational
modification database (PTMsigDB) with site-specific signature
information of perturbations, kinase activities and signaling
pathways (Figure 4B and Sl. Figure 5) (24). The red signature
scores indicate a significant positive correlation between the
signature and data set, while an anti-correlation is reflected by
the blue negative scores. The arrows indicate a shared affected
signature with the INKA scoring. A significant positive correlation
was found of the signature involving U0126, a highly selective
inhibitor of the MEK kinase, implying inhibition of the MAPK/
ERK signaling pathway after a2-3sia binding to DCs in presence
of LPS (41, 42). Furthermore, a negative correlation of the thymic
stromal lymphopoietin (TSLP) signature was found. Activation of
DCs by TSLP has been linked to the initiation of TH2 responses,
and to promote triggering of the JAK-STAT pathway (43, 44). A
negative correlation was additionally observed with the Leptin and
Insulin pathways, although it was not found by INKA scoring.
Interestingly, both signatures are involved in promoting DC
maturation and migration (45, 46). The negative correlation
would therefore indicate that the maturation process of DCs are
negatively affected by a2-3sia stimulation. The phosphoproteomic
analysis therefore indicates that DC triggering with a2-3sia and
LPS is negatively correlated to DC maturation and the induction
of inflammatory T cell responses. The kinases that emerged from
Frontiers in Immunology | www.frontiersin.org 887
the INKA and PTMsigDB analyses were mapped to the
chemokine signaling pathway (Figure 4C). The kinase activity
within the pathway is associated with various processes, such as
genetic reprogramming and regulation of the actin cytoskeleton.
DC binding of a2-3sia in presence of LPS was able to affect this
signaling pathway through several kinases. Furthermore, kinase
activity within the MAPK signaling pathway was additionally
affected, which could lead to altered dendritic cell proliferation
and differentiation (Sl. Figure 6). These results therefore imply
that a2-3sia binding to moDCs enables a kinase activity pattern
through similar pathways as DC triggering with chemokines.
Alterations in the MAPK/ERK, and JAK-STAT signaling
pathway could therefore contribute to skewing of the DC
toward a tolerogenic immune status, by means of the altered IL-
10:IL-12 secretion axis.

JAK-STAT Signaling Pathway Is Affected
After a2-3 Sialic Acid Binding in the
Presence of LPS
Stimulation with a2-3sia in presence of LPS altered multiple
proteins within the JAK-STAT signaling pathway (Figure 3C).
The STAT proteins have been described as important regulators
of DC activity and are involved in DC-mediated T cell skewing
(31, 32). In the phosphoproteomic quantification, both the
phosphorylation of STAT3 and STAT5A was significantly
downregulated (Figures 5A, B). The STAT3 phosphorylation
on serine-727 was 4.08-fold lower. Hypersialylation of cancer
cells and secretion of sialic acids in the tumor microenvironment
is a common step in cancer cell progression to facilitate immune
escape. In NSCLC, a2-3 sialylation was elevated in total serum
and phosphorylation of STAT3 Ser727 (and Tyr705) was also
reduced in moDCs upon stimulation with sera of multiple non-
small cell lung cancer (NSCLC) patients (47), validating the
decrease in STAT3 phosphorylation measured here (48).

Phosphorylation of STAT5A on the Ser780 residue was 2.5-
fold lower after 30 minutes of a2-3sia stimulation in the presence
of LPS (Figure 5B). In contrast to STAT3, an immune
suppressive role for STAT5A in dendritic cell signaling has not
been described yet. Nevertheless, a critical role is reserved for
STAT5 in DCs in the skewing of TH2, but not TH1-type immune
responses (32). Phosphorylation of the Ser780 residue is
TABLE 1 | The 8 shared phosphoproteins in the a2-3sia and a2-6sia stimulation with LPS.

Protein Name UniProt ID PhosphoSite a2-3sia a2-6sia

Fold Change P value Fold Change P value

RGS14 O43566 Ser288 -2.06 0.0087 2.27 0.0146
EEF1D P29692 Ser133 3.03 0.0330 4.34 0.0180
SH3KBP1 Q96B97 Ser587 2.51 0.0119 2.68 0.0493
EPS15 P42566 Ser796 -2.23 0.0302 -2.44 0.0231
SERBP1 Q8NC51 Ser203 -2.12 0.0182 -2.68 0.0048
CD200R1 Q8TD46 Ser297 -5.65 0.0005 -2.58 0.0447
PXN P49023 Ser126 3.25 0.0179 3.04 0.0390
DDB2 Q92466 Ser24 -2.72 0.0078 -3.09 0.0133
April
 2021 | Volume 12 | Article
The overlapping proteins are presented with their protein ID and phosphorylation status upon stimulation. Apart from RGS14, the phosphorylation was similarly affected by the different
stimulation conditions. No functional connectivity between these proteins was found.
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FIGURE 3 | Significantly altered phosphoproteins are involved in multiple biological processes. (A) GO term enrichment analysis through ClueGO of the a2-3sia
altered proteins in presence of LPS mapped to multiple networks. The node color groups multiple GO terms. The node size represents the number of genes
annotated to each term, and de edges between the nodes indicate an overlap in proteins. The differentially affected proteins are clustered into multiple networks and
processes. (B) GO analysis results are classified in functionally grouped network of terms/pathways and color coded to the GO groups. The bars represent the %
genes per term, followed by the absolute number of proteins annotated to the term and with what significance (*p < 0.05, **p < 0.01). Terms with multiple
occurrences in functional groups are marked with “_1” in the name. The differentially affected proteins are categorized into 7 groups total. (C) Visualization of the
significantly altered proteins of a2-3sia stimulated moDCs in presence of LPS within the JAK-STAT signaling pathway.
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necessary for translocation of the protein to the nucleus to affect
genetic reprogramming of DCs during maturation (49). Analysis
of the phosphorylation status through flow cytometric
measurement showed only little de-phosphorylation of both
the STAT proteins over time compared to control (Figures
5C, D and Sl. Figure 7A). While both the STAT protein
Frontiers in Immunology | www.frontiersin.org 1089
quantities remained relatively similar over time, only a small
decrease in fluorescent signal was seen at 30 minutes.
Quantification of four donors however, demonstrated
decreased phosphorylation of STAT3 at 30 minutes, while the
phosphorylation status of STAT5A is variable over time between
donors. De-phosphorylation was at its lowest already at 20
A

A

C

B

FIGURE 4 | Kinase activity in a2-3sia and LPS stimulation conditions. (A) INKA analysis of a2-3sia stimulated moDCs compared to control stimulation all in
presence of LPS shows decreased scoring of kinases ERK, AKT1, PKCB, GSK3, PKCD, PAK1, PKA, GSK3, GRK, IkB, and RAF1. (B) PTMsigDB signature scoring
after stimulation with a2-3sia and LPS is divided into three categories (perturbations, kinases and signatures of molecular pathways). Particularly the red and blue
signatures are significantly altered after the stimulation. The signatures appointed by the arrows were also affected in the INKA analysis. (C) The affected kinase
signatures were involved in the chemokine signaling pathway, indicated by the blue colored kinases.
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minutes for two donors, while the other two donors exhibited the
decrease at 30 minutes. Overnight moDCs co-stimulation with
LPS and either STAT inhibitor demonstrated an increase of IL-
10 secretion (Sl. Figure 7B). Nonetheless, inhibition of both
STAT proteins minimally affected IL-12 secretion (data not
shown), resulting in an unaltered IL10:IL-12 ratio compared to
a2-3sia stimulation (Figure 5E).

a2-3sia stimulation was able to affect the JAK-STAT signaling
within LPS-treated DCs by lowering the phosphorylation status
of STAT3 and STAT5A after approximately 30 minutes. STAT3
in DCs has already been proposed as a potential therapeutic
target for induction of tolerance (50). Inhibition of this protein
attenuates immune responses through IL-10 biased skewing of
the IL-10:IL-12 axis and thus less effector T cell development. It
is therefore tempting to speculate that moDC binding to a2-3sia
also results the increase of IL-10 secretion through de-
phosphorylation of STAT3 Ser727. Continued investigation of
the DC STAT3 phosphorylation and the effect on the cytokine
Frontiers in Immunology | www.frontiersin.org 1190
secretion profiles would therefore be highly relevant for insight
regarding the induction of DC-mediated immune suppression.
For STAT5 the therapeutic outcome is less straightforward. De-
phosphorylation of STAT5A after a2-3sia and LPS stimulation
suggests decreased nuclear translocation and inhibition of its
transcriptional function. Translocation studies could elucidate
STAT5A activity and localization within DCs after a2-3sia
engagement. Furthermore, the transcriptional role of STAT5 in
naïve T cell skewing is highly relevant for the suppression of the
effector T cell response induced by a2-3sia and LPS-treated
moDCs. Analysis of the TH1/TH2 skewing after blocking of both
STAT proteins in DCs could additionally establish the validity of
the JAK-STAT signaling by a2-3sia and LPS stimulation. The
importance of the JAK-STAT signaling in the induction of
tolerance could furthermore be elucidated via co-stimulation
with the a2-3sia dendrimer and other TLR stimuli, such as
DAMPs. Triggering of JAK-STAT signaling would indicate a
central role of this pathway after a2-3sia recognition. Lastly,
A B C

E D

FIGURE 5 | STAT5A phosphorylation is decreased after a2-3 sialic acid binding. (A) The phosphoproteomic results (Log10 normalized intensity) of STAT3
phosphorylation after stimulation with the glycodendrimers with or without LPS stimulation. A significant decrease was seen after stimulation with a2-3sia in presence
of LPS. **p < 0.01, n=3. (B) The phosphoproteomic results (Log10 normalized counts) of STAT5A phosphorylation after stimulation with the glycodendrimers with or
without LPS stimulation. A significant decrease was seen after stimulation with a2-3sia stimulation in presence of LPS. *p < 0.05, n=3. (C) Flow cytometric
quantification of (phosphorylated) STAT3 proteins. A trend towards decreased STAT3 phosphorylation is seen over time. (D) Flow cytometric quantification of
(phosphorylated) STAT5A proteins of four different individuals. A trend towards decreased STAT5A phosphorylation is seen over time. (E) The IL10:IL-12 ratio after
overnight stimulation with either of the STAT inhibitors resulted in a similar level as the a2-3sia dendrimer stimulation. Dual stimulation with the inhibitor and
dendrimer demonstrated similar results. Range IL-10 22-1061 pg/mL; IL-12 7-1921 pg/mL.
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underlying glycan moieties to the sialic acid can contribute to
alterations in Siglec recognition and the induced signaling (51).
Larger sialic acid-harboring saccharides that are present in situ
are therefore very appealing for further exploration. The use of
these glycans could additionally contribute to defining the
upstream proteins and receptor of the JAK-STAT pathway to
provide insight of the induction of tolerance via the sialic acid-
Siglec axis in situ such as in the case of tumor immune
evasion (52).
CONCLUSION

DCs possess the extraordinary capacity to elicit an appropriate
tailored immune response after recognizing internal or external
danger signals. This study set out to explore the early events of
dendritic cell immune signaling induced upon a2-3 sialic acid
dendrimer binding in presence of LPS. Through analysis of
phosphoproteomic and kinase activity we found that a2-3
sialic acid modulates LPS stimulation of DCs. The differences
in the phosphoproteome induced were not observed in LPS alone
nor a2-3sia alone, implying specific modulation of the TLR4
signaling pathway by a2-3sia. Gene ontology revealed that some
of these altered proteins were involved in the regulation of IL-12.
The IL-10:IL-12 ratio was indeed increased upon a2-3sia
stimulation, implying a significant role for the annotated
phosphoproteins. Kinome analysis demonstrated a negative
correlation with the TSLP signature, which promotes triggering
of the JAK-STAT signaling pathway and initiation of TH2
responses. The analysis of the DC kinase activity therefore
indicates that a2-3sia and LPS triggering results in a kinome
that negatively correlates to the induction of inflammatory
T cell responses. We additionally identified a decreased
phosphorylation of the STAT3 and STAT5A proteins, and the
HNRNPA2B1 protein within 30 minutes after addition of a2-
3sia to LPS matured DC, again indicating the involvement of the
JAK-STAT pathways. Especially the critical role of DC STAT5 in
the naïve T cell skewing away from TH1-type immune responses
is highly relevant in the a2-3sia-mediated DC suppression of the
T effector response. The decrease in STAT phosphorylation was
furthermore a2-3sia-specific and could not be observed upon
a2-6sia binding.
Frontiers in Immunology | www.frontiersin.org 1291
DATA AVAILABILITY STATEMENT

All relevant data is contained within the article: The original
contributions presented in the study are included in the
supplementary files. The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifier PXD024443
(http://proteomecentral.proteomexchange.org/cgi/GetDataset).
AUTHOR CONTRIBUTIONS

R-JL and AH were involved in all experiments and wrote the
manuscript. The dendrimers were synthesized by R-JL and HK.
Under the supervision of CJ, R-JL and RG-H executed the
phosphoproteomic enrichment and isolation, SP executed
the LC-Ms/Ms measurements, and TP and AAH performed the
statistical analyses. ER and AZ aided R-JL in the visualization of
the data, all supervised by SV and YK. All authors contributed to
the article and approved the submitted version.
FUNDING

This work was funded by the NWO gravitation program 2013
granted to the Institute for Chemical Immunology (ICI-
024.002.009) and the LSH-TKI project DC4Balance
(LSHM18056-SGF). Cancer Center Amsterdam is acknowledged
for support of the proteomics infrastructure.
ACKNOWLEDGMENTS

The authors would like to thank the Biochemistry
GlycO2Peptide Unit and the Microscopy and Cytometry Core
Facility for their support.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
673454/full#supplementary-material
REFERENCES

1. Novak N, Gros E, Bieber T, Allam J-P. Human Skin and Oral Mucosal
Dendritic Cells as “Good Guys” and “Bad Guys” in Allergic Immune
Responses. Clin Exp Immunol (2010) 161(1):28–33. doi: 10.1111/j.1365-
2249.2010.04162.x

2. Tang D, Kang R, Coyne CB, Zeh HJ, Lotze MT. Pamps and DAMPs: Signal 0s
That Spur Autophagy and Immunity. Immunol Rev (2012) 249(1):158–75.
doi: 10.1111/j.1600-065X.2012.01146.x

3. Varki A. Letter to the Glyco-Forum: Since There are PAMPs and DAMPs,
There Must be SAMPs? Glycan “Self-Associated Molecular Patterns”
Dampen Innate Immunity, But Pathogens can Mimic Them. Glycobiology
(2011) 21(9):1121–4. doi: 10.1093/glycob/cwr087
4. Pereira MS, Alves I, Vicente M, Campar A, Silva MC, Padrão NA, et al.
Glycans as Key Checkpoints of T Cell Activity and Function. Front Immunol
Front Media SA (2018). doi: 10.3389/fimmu.2018.02754

5. Johannssen T, Lepenies B. Glycan-Based Cell Targeting To Modulate
Immune Responses. Trends Biotechnol Elsevier Ltd (2017) 334–46.
doi: 10.1016/j.tibtech.2016.10.002

6. Macauley MS, Crocker PR, Paulson JC. Siglec-Mediated Regulation of
Immune Cell Function in Disease. Nat Rev Immunol (2014) 14(10):653–66.
doi: 10.1038/nri3737

7. Varki A. Sialic Acids in Human Health and Disease. Trends Mol Med (2008)
14(8):351–60. doi: 10.1016/j.molmed.2008.06.002

8. Perdicchio M, Ilarregui JM, Verstege MI, Cornelissen LAM, Schetters STT,
Engels S, et al. Sialic Acid-Modified Antigens Impose Tolerance Via
April 2021 | Volume 12 | Article 673454

http://proteomecentral.proteomexchange.org/cgi/GetDataset
https://www.frontiersin.org/articles/10.3389/fimmu.2021.673454/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.673454/full#supplementary-material
https://doi.org/10.1111/j.1365-2249.2010.04162.x
https://doi.org/10.1111/j.1365-2249.2010.04162.x
https://doi.org/10.1111/j.1600-065X.2012.01146.x
https://doi.org/10.1093/glycob/cwr087
https://doi.org/10.3389/fimmu.2018.02754
https://doi.org/10.1016/j.tibtech.2016.10.002
https://doi.org/10.1038/nri3737
https://doi.org/10.1016/j.molmed.2008.06.002
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Li et al. a2-3sia Induced Signaling in DCs
Inhibition of T-Cell Proliferation and De Novo Induction of Regulatory T
Cells. Proc Natl Acad Sci USA (2016) 113(12):3329–34. doi: 10.1073/
pnas.1507706113

9. Bandala-Sanchez E, Zhang Y, Reinwald S, Dromey JA, Lee B-H, Qian J, et al.
Cell Regulation Mediated by Interaction of Soluble CD52 With the Inhibitory
Receptor Siglec-10. Nat Immunol (2013) 14(7):741–8. doi: 10.1038/ni.2610

10. O’Reilly MK, Paulson JC. Siglecs as Targets for Therapy in Immune-Cell-
Mediated Disease. Trends Pharmacol Sci (2009) 30(5):240–8. doi: 10.1016/
j.tips.2009.02.005

11. Rodrigues E, Macauley MS. Hypersialylation in Cancer: Modulation of
Inflammation and Therapeutic Opportunities. Cancers (Basel) (2018) 10(6).
doi: 10.3390/cancers10060207

12. Büll C, Boltje TJ, van Dinther EAW, Peters T, de Graaf AMA, Leusen JHW,
et al. Targeted Delivery of a Sialic Acid-Blocking Glycomimetic to Cancer
Cells Inhibits Metastatic Spread. ACS Nano (2015) 9(1):733–45. doi: 10.1021/
nn5061964

13. Xiao H, Woods EC, Vukojicic P, Bertozzi CR. Precision Glycocalyx Editing as
Strategy for Cancer Immunotherapy. PNAS (2016) 113(37):10304–9.
doi: 10.1073/pnas.1608069113

14. Severi E, Hood DW, Thomas GH. Sialic Acid Utilization by Bacterial
Pathogens. Microbiology (2007) 153(9):2817–22. doi: 10.1099/mic.0.2007/
009480-0

15. Chang Y-C, Olson J, Beasley FC, Tung C, Zhang J, Crocker PR, et al. Group B
Streptococcus Engages an Inhibitory Siglec Through Sialic Acid Mimicry to
Blunt Innate Immune and Inflammatory Responses In Vivo. PloS Pathog
(2014) 10(1):e1003846. doi: 10.1371/journal.ppat.1003846

16. Uchiyama S, Sun J, Fukahori K, Ando N, Wu M, Schwarz F, et al. Dual
Actions of Group B Streptococcus Capsular Sialic Acid Provide Resistance to
Platelet-Mediated Antimicrobial Killing. Proc Natl Acad Sci USA (2019) 116
(15):7465–70. doi: 10.1073/pnas.1815572116

17. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. Limma Powers
Differential Expression Analyses for RNA-sequencing and Microarray
Studies. Nucleic Acids Res (2015) 43(47):e47. doi: 10.1093/nar/gkv007

18. Piersma SR, Knol JC, de Reus I, Labots M, Sampadi BK, Pham TV, et al.
Feasibility of Label-Free Phosphoproteomics and Application to Base-Line
Signaling of Colorectal Cancer Cell Lines. J Proteomics (2015) 127:247–58.
doi: 10.1016/J.JPROT.2015.03.019

19. van der Mijn JC, Labots M, Piersma SR, Pham TV, Knol JC, Broxterman HJ,
et al. Evaluation of Different Phospho-Tyrosine Antibodies for Label-Free
Phosphoproteomics. J Proteomics (2015) 127(Pt B):259–63. doi: 10.1016/
j.jprot.2015.04.006

20. Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al.
String V11: Protein-Protein Association Networks With Increased Coverage,
Supporting Functional Discovery in Genome-Wide Experimental Datasets.
Nucleic Acids Res (2019) 47(D1):D607–13. doi: 10.1093/nar/gky1131

21. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al.
Cytoscape: A Software Environment for Integrated Models of Biomolecular
Interaction Networks. Genome Res (2003) 13(11):2498–504. doi: 10.1101/
gr.1239303

22. LuoW, Brouwer C. Pathview: An R/Bioconductor Package for Pathway-Based
Data Integration and Visualization. Bioinformatics (2013) 29(14):1830–1.
doi: 10.1093/bioinformatics/btt285

23. Beekhof R, Alphen C, Henneman AA, Knol JC, Pham TV, Rolfs F, et al. INKA,
an Integrative Data Analysis Pipeline for Phosphoproteomic Inference of
Active Kinases. Mol Syst Biol (2019) 15(5). doi: 10.15252/msb.20198981

24. Krug K, Mertins P, Zhang B, Hornbeck P, Raju R, Ahmad R, et al. A Curated
Resource for Phosphosite-Specific Signature Analysis. Mol Cell Proteomics
(2019) 18(3):576–93. doi: 10.1074/mcp.TIR118.000943
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Dendritic cells (DCs) are paramount in initiating and guiding immunity towards a state of
activation or tolerance. This bidirectional capacity of DCs sets them at the center stage for
treatment of cancer and autoimmune or allergic conditions. Accordingly, many clinical
studies use ex vivo DC vaccination as a strategy to boost anti-tumor immunity or to
suppress immunity by including vitamin D3, NF-kB inhibitors or retinoic acid to create
tolerogenic DCs. As harvesting DCs from patients and differentiating these cells in vitro
is a costly and cumbersome process, in vivo targeting of DCs has huge potential as
nanoparticulate platforms equipped with activating or tolerogenic adjuvants can modulate
DCs in their natural environment. There is a rapid expansion of the choices of
nanoparticles and activation- or tolerance-promoting adjuvants for a therapeutic
vaccine platform. In this review we highlight the most recent nanomedical approaches
aimed at inducing immune activation or tolerance via targeting DCs, together with novel
fundamental insights into the mechanisms inherent to fostering anti-tumor or
tolerogenic immunity.

Keywords: dendritic cell (DC), nanoparticle, liposomes, tolerance, activation, antigen, targeting, adjuvant
INTRODUCTION

The incidence and prevalence of cancer as well as several auto-immune, inflammatory and allergic
conditions is on the rise (1, 2). While multiple treatment strategies exist for these conditions, the
majority of them have side effects or other drawbacks. Chemotherapy is toxic to all dividing cells in
the body, causing strong systemic side effects. Allergies are mostly treated by symptomatic drugs
such as antihistamines and local and systemic corticosteroids. For some allergies, a disease-
modifying treatment, allergen immunotherapy (AIT), is available but is not used very broadly
(3). Although AIT is quite effective, it requires monthly injections or daily sublingual administration
of allergen extract for at least 3-5 years. Moreover, it carries the risk for anaphylactic reactions. For
autoimmune diseases so-called Disease Modifying Anti-Rheumatic Drugs (DMARDS) are often
prescribed (4, 5). These therapies suppress a wider set of immune cells than the pathogenic players,
increasing the risk for infections. Furthermore, treatment has to be continued throughout life,
org May 2021 | Volume 12 | Article 674048194
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yielding no perspective of a cure (6). There has been tremendous
progress in our understanding and harnessing of the immune
system to treat these diseases. Immunotherapy is already used in
the clinic to treat cancer and inflammatory diseases, but the
reprogramming of the immune system to attack and eliminate
the tumor or suppress inflammatory responses is also
very attractive.

Dendritic cells (DCs) are key in initiating a proper anti-tumor
response, as well as dampening adaptive immunity when
tolerance to innocuous antigens or auto-antigens is needed (7,
8). DCs initiate an anti-tumor cascade by the uptake of particles
derived from tumor cells and cross-presenting the tumor
antigens on MHC-I for efficient activation of CD8+ T cell
responses (9). Initiation of TH1 type CD4+ T cell responses via
DC-derived cytokines such as IL-12 is a crucial component in the
anti-tumor response, reinforcing the expansion of CD8+ T cells
and licensing CTLs for (tumor) killing (10).

To foster central tolerance in cooperation with thymic
epithelial cells, DCs contribute to the deletion of effector T
cells in the thymus (11). Lack of co-stimulation by DCs in the
periphery leads to anergy or apoptosis of effector T cells. A long
reigning dogma proposed that DCs rather passively mediate
tolerance via an immature or semi-mature state. Opposing this
dogma, recent insights challenge the notion that immature DCs
effectively promote steady-state tolerance in vivo, suggesting that
both immunogenic and tolerogenic migratory DCs are ‘mature’
or activated, and clearly distinguishable by differential expression
of quantitative and qualitative markers (12). Supporting this
statement, DCs are known to actively induce tolerance via co-
inhibitory signaling and tolerogenic cytokine production. Active
engagement of co-inhibitory signals, such as programmed cell
death-1 (PD-1), cytotoxic T-lymphocyte-associated antigen 4
(CTLA-4), and others by their respective receptors on DCs
leads not only to anergy and effector T cell deletion, but also to
the development of regulatory T cells (Tregs) and reverse
signaling in DCs that reinforces their tolerogenic capacity (13).
Similarly, distinct surface molecules, immunoregulatory
enzymes and cytokines, such as indoleamine-2,3-dioxygenase
(IDO), IL-10 and TGF-b produced by DCs can dampen effector
T cells, and potently induce several subtypes of Tregs (14). With
these strategies at hand tolerogenic DCs can contribute both to
deletion of autoreactive T cells in autoimmunity and deletion of
TH2 cells supporting allergic inflammation (15, 16). Moreover,
DCs facilitate the development of regulatory B cells which
produce more IL-10 for ameliorating autoimmune conditions
as well as IgG4, essential for dampening pro-allergic responses
(16–18). The versatile skills of DCs coordinating both tolerogenic
and inflammatory immune responses make them an excellent
target for novel therapies against cancer, autoimmune disease
and allergies.

Unsurprisingly, DC-based therapies are now in clinical trial
phases for the treatment of various forms of cancer and
autoimmune disease (8, 15). A popular DC-based approach is
ex vivo DC vaccination, a therapy in which patient monocytes or
CD34+ progenitors are cultured together with DC activating
adjuvants, or DC dampening anti-inflammatory adjuvants, and
Frontiers in Immunology | www.frontiersin.org 295
disease relevant antigen, for subsequent reinfusion in the patient
(8, 15). Unfortunately, even though these therapies appear to be
safe and well-tolerated, much needs to be done to increase
therapeutic efficacy. One putative explanation for this
observation is that ex vivo cultured DCs are largely monocyte-
derived that differ from the naturally occurring DCs in vivo (19).
In addition, ex vivo DC therapy is costly and cumbersome, as
cells have to be processed in a controlled, sterile lab environment.

A radically different, promising approach is the targeting
of DCs in vivo, via a therapeutic vaccination-like strategy
(Figure 1). This approach has the advantage of bypassing
costly ex vivo isolation and preparation of DCs and potentially
provides opportunities of tissue-site targeting of multiple DC
subsets in their natural environment (8). Furthermore, in vivo
targeting platforms can be made available to a broad range of
patients, as they are not donor dependent.

One type of treatment focusses on the targeting of DCs via
antibody-antigen or glycan-antigen conjugates for routing to
various surface receptors predominantly expressed on these
antigen presenting cells (APCs), as recently reviewed in the
context of cancer or immune tolerance elsewhere (20, 21).

A second strategy employs nanoparticles as vehicles for
loading disease relevant antigen, adjuvant and targeting
molecules to reach DCs in vivo (Figure 1). Nanoparticle
platforms provide the pharmacological advantages of
sequestering potentially toxic contents from undesired targets,
and release of contents in a controlled fashion to increase
bioavailability of compounds (22, 23). Besides these general
advantages, a large body of literature states that various
nanoparticles have bona fide adjuvant effects as they
preferentially are engulfed by APCs (22). Although a wide
variety of different nanoparticles for various purposes have
been developed, we mainly focus on liposomes, nanoparticles
composed of a lipid bilayer. Liposomes are not only already FDA
approved, but are also highly flexible in that several of their
characteristics, such as lipid composition, size, shape, electrical
charge and rigidity can be modified (24). Furthermore, due to
their chemical structure consisting of a lipophilic bi-layer and a
hydrophilic core, liposomes also provide an ideal platform for
uniting all desired components of an immune modulatory
vaccine (disease relevant antigens, DC-targeting moieties and
adjuvants) in one spatial compartment.
DC SUBSETS FOR ANTI-CANCER AND
TOLEROGENIC IMMUNOMODULATION

For in vivo targeting of DCs one needs to consider that in-situ
DCs are comprised of a heterogenous mix of subpopulations,
with indications of functional differences between the subsets. In
humans, current nomenclature describes three major subtypes of
DCs based on surface markers: conventional type 1 DCs (cDC1s
or CD141+ DCs), conventional type 2 DCs (cDC2s or CD1c+DCs)
and plasmacytoid DCs (pDCs) (25). One feature supporting an
intrinsic inclination of these subsets to respond in a pro-or anti-
inflammatory fashion to different pathogens is their differential
May 2021 | Volume 12 | Article 674048
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expression of various pattern recognition receptors (PRRs) (26).
cDC1s highly express toll-like receptors (TLRs) 3, 9 and 10 enabling
recognition of intracellular dsRNA or DNA leading to production
of type-I interferons and IL-12 (27). cDC2s express the full range of
TLR1-9 and a wide range of C-type lectins (CLRs) equipping them
with a broad toolkit to respond to various pathogens. pDCs highly
express TLRs 7 and 9, leading to a swift type I and III interferon
response via IRF7 and an efficient anti-viral reaction. cDC1s are
classically described to be more apt at cross-presenting antigen to
CD8+ T cells, yet can also potently silence these cells for tolerance,
and cDC2s seem to effectively advance CD4+ T cell proliferation
(26). Also, under inflammatory conditions monocytes can
differentiate into monocyte-derived DCs (moDCs) (28). Recent
research further subdivides and expands on the current
populations of DCs, for example the cDC2-A (DC2), cDC2-B
(DC3), and Axl+DCs (27, 29). It is however beyond the scope of
this review to go into detail about all the classes and subdivision
within the DCs, and we will therefore mainly discuss cDC1, cDC2
and moDC.

Arguably, cDC1s are an important subset in antitumor
immunity, as they are very proficient in antigen uptake and
cross-presentation to CD8+ T cells, which leads to the induction
of cytotoxic effector T cells and a TH1 response (30). cDC2s,
although possibly less apt at cross-presentation and priming of
CD8+ T cells, are excellent inducers of CD4+ T cells (31). A recent
paper by Bosteels et al. showed that inflammatory cDC2s share
important characteristics with cDC1s, including potent induction
of CD4+ and CD8+ T cell-immunity to viral infections (32).
MoDCs are capable in sampling the environment, but are less
efficient in migrating to the lymph nodes for activation of CD8+ T
Frontiers in Immunology | www.frontiersin.org 396
cells (31, 33). However, under the right conditions moDCs can
activate the antitumor immunity via CD8+ T cells (34). Therefore,
although moDCs lack clear de novo anti-tumor activity, they are
also important to consider in anti-tumor therapies.

It is less clear whether any of the circulating DC subsets have a
clear-cut tolerogenic function. cDC2s have been described to
produce less TNF-a, IL-6, and IL-12 compared to other subsets,
together with more IL-10 (35). However, as discussed above, they
are also considered potent activators of CD4+ T cell responses.
Both mature and immature cDC1s have recently been described
as more apt at producing IDO compared to cDC2s (36, 37).
However, as stated before, cDC1s are also regarded as important
in activating T cells against tumors via cross-presentation.

For emphasizing the role of DC subsets in tolerogenic
immune modulation it may be more straightforward to look at
DC behavior in steady-state tissue. In peripheral tissue, DCs
constantly encounter harmless antigens to which an adaptive
response has to be dampened (38). Thus, the tissue niche in
which DCs reside is an important environmental determinant
that shapes the phenotype of DCs further. The skin, for example,
harbors epidermal Langerhans cells (LCs), and several dermal
DC subsets (DDCs) that seed the skin from cDC2 blood DC
progenitors (39). We demonstrated that in contrast to DDCs
residing in the deeper dermis layer of skin, epidermal LCs have
intrinsically low expression of TLR2, 4 and 5, and accomplish
unresponsiveness to innocuous bacteria by limited uptake and
presentation of bacterial antigens (38, 40). Similarly, it has been
established that under non-inflammatory conditions, CD103+
DC of the gut promote tolerance to harmless commensal
bacteria (41, 42). Thus, for the induction of immune tolerance
FIGURE 1 | Concept of in vivo treatment of DCs with immunogenic (red) or tolerogenic (blue) nanoparticle platforms resulting in pro-inflammatory DCs that prime for
TH1 or Tcyt polarization against cancer (left) or Tregs for the dampening of allergic and auto-immune conditions (right).
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in skin or gut, it may be of therapeutic benefit to target LCs or
CD103+ DCs.

It must be emphasized that a clear-cut distinction in pro- or
anti-inflammatory specialization of DC subsets in general is
difficult. Function of DCs is controlled mainly by stimuli and
environmental context, and we can harness this to induce
activating or tolerogenic immune responses (17). Therefore,
when DCs are targeted with vaccines for either immunity or
tolerance, it may be important to filter out beneficial subsets, but
it is equally important to provide the right combination of
triggers for DCs in order to shape a T cell activating or
tolerizing phenotype (43–45).
DESIGN OF A DC-MODULATING
LIPOSOMAL VACCINE AGAINST CANCER,
AUTO-IMMUNITY OR ALLERGIES

For successful DC-based immune modulation with in vivo
liposome-based vaccines, there are four key components to be
considered: a) physicochemical properties of the liposomes,
b) disease-specific antigens, c) DC targeting moieties, d) potent
adjuvants, with functional properties to induce either immunity
or tolerance (Figure 2).

Physicochemical properties of nanoparticles are not only
important for the stability of the vaccine formulation, but there
are also indications in literature that this versatility in design
provides DC-modulating and ultimately, general immune
modulating opportunities (22).

Disease relevant antigens should be considered in a nano-
vaccine platform in order to reprogram antigen-specific adaptive
cells against cancer, autoimmunity or allergies, focusing
Frontiers in Immunology | www.frontiersin.org 497
therapies towards modulation of pathogenic immune
responses, while leaving the rest of the immune system intact.

Although having the correct antigen is essential in achieving
the desired antigen-specific immune response, the quality and
magnitude of the immune response also depends on antigen
dose. Thus, it is imperative to get sufficient levels of antigens to
DCs (46, 47). Targeting nanoparticles to specific surface
receptors also induces receptor-specific immune-modulatory
effects. Hence, targeting the antigen-carrying nanoparticles to
DCs is beneficial for improving specificity of immunotherapy,
but also for obtaining durable immune responses via receptor-
induced immune modulation.

For DC-specific targeting, various surface receptors can be
considered. DCs sense pathogen-associated molecular patterns
(PAMPs) or danger associated molecular patterns (DAMPS), the
‘flavor’ of a pathogen or the ‘flavor’ of inflammation, via PRRs
including TLRs, CLRs, NOD-like receptors, Siglecs, and others.
The sensing determines the type of polarizing signal expressed by
migrant DCs in the lymph node, which may consist of cytokines,
membrane-bound or small molecules. In turn, the polarizing
signal determines T cell polarization and subset differentiation
(48, 49). When triggered, these receptors not only induce or alter
various types of (immune) signaling, but in case of CLRs also
enhance internalization and (cross-) presentation of the bound
molecule (50).

Finally, beyond intrinsic functions of DC subsets and the
antigen DCs encounter, the niche, or microenvironment in
which this encounter happens seems to be a strong overriding
factor for the final outcome of immune modulation (51). Potent
adjuvants are therefore needed, that can either revert immune
suppression of DCs in the tumor microenvironment or suppress
activated DCs in pathogenic inflammation. Loading such potent
adjuvants in liposomes may avoid systemic side effects and in
FIGURE 2 | Putative DC-activating cationic (left) or DC tolerizing anionic (right) liposome platforms incorporating disease-specific RNA, DNA, peptide or protein
antigens, DC targeting molecules for activation or tolerance, and adjuvants for shaping pro-or anti-inflammatory DCs. aGC, a-galactosylceramide; TLR, toll-like
receptor; IgG, Immunoglobulin G; DC-SIGN, Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin; atRA, all-trans retinoic acid; VD3, vitamin
D3; IDO, indoleamine-2,3-dioxygenase.
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conjunction with targeting, focus therapies to the specific disease
niche. In the next sections, we will discuss these four key
elements of DC-liposome vaccines in context of cancer,
allergies and autoimmune disease (Figure 2).
IMMUNE MODULATING PROPERTIES OF
EMPTY LIPOSOMES

Lipid Composition, Charge, and Rigidity
Various lipids of neutral, positive (cationic) or negative (anionic)
electrical charges can be assembled into liposomes with
consequences for how they interact with APCs. Positively
charged formulations containing lipids, such as 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP), or 3ß-[N-(N’,N’-
dimethylaminoethane)-carbamoyl]cholesterol (DC-Chol) have
been associated with DC-activating effects. Here, both the net
positive electric charge, supporting a favorable interaction with
the negatively charged cell membrane, as well as APC interaction
with the lipid head groups appear to be important factors for
inducing DC activation (52). Several mouse and in vitro human
studies found an upregulating effect on DC maturation markers
and on production of pro-inflammatory cytokines by cationic
liposomes (53–55). Due to this assumed adjuvant quality,
cationic liposomes are popular candidates for the development
of new tumor targeting particulate therapies. Moreover, cationic
liposomes appear to be toxic to cells, although a disadvantage
when targeting DCs, toxicity is a feature which could be exploited
for enhanced tumor cell lysis, thereby also enhancing
immunogenicity of cancerous cells (56). Intriguingly, DC-Chol
and DOTAP liposomes were found superior in stimulating
cross-presentation of OVA to OT-I transgenic CD8+ T cells
compared to anionic formulations containing Egg L-a-
phosphatidylcholine (EggPC) (57). The authors of that study
propose an alkalizing effect of the positively charged
formulations on BMDC lysosomes, which leaves OVA more
intact for cross-presentation (57). If confirmed by further
studies, this would yield another argument for the use of
cationic liposomes in anti-tumor targeting. Interestingly,
several studies in the context of allergy also employ cationic
liposomes, since these formulations proved to be superior in
preventing mast cell degranulation and lead to a more efficient
reduction in airway eosinophilia and OVA-IgE in allergic mouse
models compared to neutrally charged formulations or empty
antigen (58, 59).

In the tolerogenic field, liposomes containing the negatively
charged lipid, phosphatidylserine (PS) gained considerable
attention (22, 60, 61). The most prominent theory for a
tolerogenic adjuvant effect of PS containing particles puts forth
the notion that such particles resemble apoptotic bodies, thereby
silencing DC maturation upon their encounter. Utilizing PS
liposomes added to mouse DCs in vitro, Shi and colleagues
demonstrated that the DCs were resistant to maturation,
produced less pro-inflammatory cytokines, acquired the
capacity to suppress CD4+ T cell proliferation, as well as to
induce PD-1 surface expression on T cells (61). Similar effects
Frontiers in Immunology | www.frontiersin.org 598
were confirmed in a human in vitro study, in the context of Type-
I diabetes, where patient DCs pulsed with PS-liposomes retained
a tolerogenic profile, and suppressed autologous T cell
proliferation (62). Interestingly, in a recent study by Benne and
colleagues it was not PS containing liposomes, but liposomes
incorporating the anionic lipid 1,2-distearoyl-sn-glycero-3-
phosphoglycerol (DSPG) that induced antigen specific Foxp3+
T cells upon in vivo injection in mice (55), the mechanisms of
which are yet elusive.

A characteristic that is often altered when changing lipid
composition of a formulation is rigidity (22). APCs envelope
rigid particles easier than flexible ones leading to more efficient
uptake (63–65). In line with these observations Benne et al.
confirmed enhanced uptake of more rigid variants of the DSPG
containing tolerogenic liposomes mentioned above, where
injection of more rigid formulations in mice also correlated
with stronger Treg responses (66). Similarly, more solid gel-
phase pegylated 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC-PEG) or 1,2-dio- leoyl-sn-glycero-3-phosphocholine
(DOPC-PEG) liposomes were taken up better by bone
marrow-derived DCs (MDCs) and activated these cells more
than their fluid-phase counterparts. Of note, this study used
Cholera toxin antigen loaded formulations, and empty
formulations did not have an adjuvant effect on BMDCs (67).

Liposome Size and Shape
Multiple studies emphasize the effect of particle size on uptake
mechanisms by APCs, which in turn may influence how
liposomal cargo is processed and presented to T cells (22, 68,
69). Similar to how viruses enter cells, particles smaller than
100nm are taken up efficiently by clathrin mediated endocytosis,
whereas particles larger than 200nm are phagocytosed or
internalized by macropinocytosis (68). This may influence
intracellular routing of the liposomal cargo. Cargo escaping the
lysosomal route can be more available for cross-presentation on
MHC-I, a desirable outcome for DC-mediated cancer therapies
but also for tolerizing CD8+ memory T cells employing
liposomes with self-antigen (70). Cargo following phagocytosis
and the endo-lysosomal route will be preferentially processed
towards MHC-II presentation, priming for interaction with CD4+
T cells. Moreover, some studies suggest that particle size has a
specific influence on T cell polarization. Nanobeads smaller than
100nm were shown to elicit stronger IFN-g responses in mice
leading to superior TH1 immunity compared to beads larger than
100nm (71). As already mentioned small particles may be taken
up by DCs similarly to viruses mimicking anti-viral immunity
(71). Biodegradable polymer particles in a size range of 1-5µm,
on the other hand, were shown to adhere to the DC membrane
and offload their cargo there, leading to a TH2 response (72, 73).
However, conclusions about liposomes seem to point in the
opposite direction: liposomes smaller than 200nm were reported
to induce TH2 immunity whereas larger ones primed towards
TH1 (74, 75). These observed differences may be explained by
uptake and intracellular processing differences between solid
particles (such as nanobeads and various polymers) and semi-
solid or fluid liposomes. In contrast to solid particles which are
taken up by active processes, liposomes can also fuse with the cell
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membrane and offload cargo directly into the cytoplasm (76).
This difference in interaction with DCs can lead to different
intracellular processing and presentation of cargo to T cells.

In addition to differences in cellular uptake and processing,
size of particles influences bioavailability and biodistribution
upon in vivo injection. Only particles smaller than 200nm
seem to drain to lymph nodes where they can be directly
processed by lymph node resident DCs for early T cell
activation (22). Larger particles, in contrast, remain at the
injection site until phagocytosed by DCs that can migrate to
the lymph node, possibly leading to a less vigorous T
cell response.

Although less studied, particle shape seems to have an
immune modulating effect on APCs as well, where rod-shaped
structures (nanorods) were reported as more pro-inflammatory
compared to spherical particles (22, 77). However, this feature is
less relevant for liposomes as they do not belong to the group of
solid nanoparticles.

Despite demonstrated evidence on adjuvant characteristics of
certain nanoparticles, a large body of evidence with human cells
is lacking. Often several characteristics of a particle are altered at
once, making it difficult to discern which characteristic is
responsible for observed differences in immunogenicity (22).
As visible from the studies discussed in this section, there is also a
great need for standardization of different particles or liposomal
formulations in order to facilitate a valid comparison between
studies. Finally, the therapeutic content loaded in a particle, such
as tolerogenic or immune activating adjuvants together with any
targeting molecules, may overrule the immune modulatory effect
of empty particles (78).
BATTLING CANCER WITH DC TARGETED
LIPOSOME VACCINES

Role of Cancer Antigens
Tumors display a wide variety of (abnormally expressed) tumor-
associated antigens (TAA), and TAAs such as MART-1, MUC1,
WT1, gp100 and the MAGE-A antigens, have been tested in
various vaccines in clinical trials (79–82). Using TAA-loaded
nanoparticles in different clinical trials have, so far, resulted in
mixed responses (83, 84). Since TAA are expressed on both
healthy and transformed cells, it is possible that T cells specific
for these antigens are deleted during the negative selection in the
thymus, which therefore leads to the observed suboptimal anti-
tumor responses in many TAA (85, 86). The potential off-target
effects induced by targeting TAA make tumor-specific antigens
(TSA) an interesting alternative. These antigens are not
expressed on healthy cells, and therefore also have limited
tolerance related complications.

TSA include mutated neoantigens, but also antigens from
endogenous origin. In particular, because ~12% of human
cancers are caused by viruses, the foreign (viral) antigens
expressed on the transformed cells are highly immunogenic
(87, 88). The VGX-3100 vaccine, targeting the HPV proteins
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E6 and E7, the main oncoviral antigens of the cancer caused by
the virus, is based on a DNA vaccine of the mentioned antigen,
and is currently tested in a phase III clinical trial (NCT03185013)
(89). Parallel to this non-liposomal vaccine liposomal
(archaesomes) delivery systems for DNA encoding the HPV
antigens are being tested, and show the induction of a potent
anti-tumor immune response in an in vivo cancer model (90).
Another class of TSA arise from non-synonymous DNA
mutations, and are therefore called neoantigens (91). These
antigens are highly immunogenic and therefore highly sought
after targets for therapeutic vaccines (92). Since the neoantigens
are personal to the patient, they will need to be identified per
patient through genomic comparison of tumor and normal tissue
(93). Recent personalized clinical trials with vaccines targeting
neoantigens feature high immune activation and overall
promising results (94, 95). Nanoparticles are already used to
deliver the neoantigens (e.g. RNA, DNA or peptides) to DCs
in vitro, in vivo and in clinical trials (85, 96, 97). Especially for
(m)RNA vaccines, nanoparticles such as liposomes are greatly
beneficial since they protect the payload against degradation
(98). Accordingly, a recent phase I clinical trial with patient
personalized tumor mRNA-loaded nanoparticles showed
high tolerability, and the interim results from another recent
phase I clinical trial showed encouraging clinical responses
(NCT03897881) (99). Exploiting the same pharmacological
advantage, the recently successful mRNA based SARS-CoV-2
vaccines have a nanoparticle delivery system (100, 101).

Targeting DCs In Vivo for
Immune Activation
PRRs researched for targeting of DCs in context of cancer
therapy include CLRs, the Siglec receptor Siglec-1, and Fc
receptors (FcR). CLRs recognize carbohydrate ligands, which
makes them important sensors of differently glycosylated
PAMPS (102). Some of these receptors are expressed on a
broad class of APCs, whereas others are DC or even DC-subset
specific. Thus, targeting of these receptors by adding glycan
moieties or CLR antibodies to liposomes can be used for reaching
APCs with a varying spectrum of cell specificity. DC-SIGN is a
CLR expressed on different subsets of APCs, including moDCs,
CD14+ dermal DCs, subsets of macrophages and DCs at
mucosal sites (103). Targeting liposomes to DC-SIGN via its
natural glycan ligand Lewis Y showed increased CD8+ T cell
responses in vitro and ex-vivo (104). Also, targeting the DC-
SIGN receptor with antibodies conjugated to nanostructures,
leads to increased immune responses (105). Unfortunately, a
clinical trial with a DC-SIGN targeting nanoparticle vaccine
Lipovaxin-MM has not resulted in immunogenic anti-tumor
responses (106). The vaccine’s antigens (e.g. gp100 and
MART-1) were derived from plasma membrane vesicles from a
human melanoma cell line, and modified with a liposomal
mixture, also containing IFN-g. A DC-SIGN targeting antibody
was also incorporated in the membrane, allowing for targeting to
various APCs. While the vaccine was well tolerated, significant
immunogenicity of the vaccine was not detected. Similarly to
DC-SIGN, the mannose receptor (MR) is also expressed on
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various APCs, such as macrophages and moDCs. Targeting of
MR has already been evaluated in a clinical trial, proving that the
administration of the MR-targeting vaccine together with local
application of TLR agonists, induces significant humoral and
cellular immune responses (107). When mannosylated
nanoparticles were used to target the MR, it led to high
effector T cell responses and reduced tumor growth in vivo
(108). Immunization of mice with liposomes made of mannose-
mimicking ligands loaded with DNA encoding for MART-1
allowed for efficient transfection of CD11c+ DCs, inducing long
lasting melanoma specific prophylactic CTL responses (109).
Therapeutic vaccination with these liposomes resulted in delayed
tumor growth in mice. In contrast to the previously discussed
CLRS, DEC-205 appears more DC-specific with expression
demonstrated on cDC1s, cDC2s and moDCs. When DCs were
targeted with PLGA nanoparticles coupled to monoclonal anti-
DEC205 antibodies, the treatment lead to enhanced
internalization, cross-presentation and CD8+ T cell activation
(110). Similar results were observed by another group, showing
that targeting of nanoparticles to DEC-205, CD40 or CD11c
improved priming of cytotoxic CD8+ T cells over untargeted
nanoparticles (111). Targeting CLEC9A, a CLR with
advantageously restricted expression on cDC1 DCs, also
elicited anti-tumor responses in multiple studies, coherent with
the potent (cross-)presenting function of these DCs (112, 113).
In an additional study, targeting PLGA nanoparticles loaded
with the TAA Trp2 and gp100 to CLEC9A expressing DCs via
antibodies resulted in strong therapeutic anti-tumor responses in
vivo, but also induced in vitro expansion of NKT and CD8+ T
cells specific for melanoma in PBMCs from both healthy donors
and melanoma patients (114).

Other groups of receptors that have been used for targeting
APC in the context of cancer are Siglecs and FcR. While most
Siglecs confer tolerogenic responses, the Siglec-1 (or CD169)
receptor, expressed on splenic macrophages is of special interest
for anti-tumor responses. These cells transferred antigen to
cross-presenting cDC1s when targeted with liposomes coated
with the Siglec-1 ligand GM3, conferring beneficial anti-tumor
CD8+ T cell responses (115). FcR, which bind to the constant
domains of antibodies can be targeted by coating liposomes with
antibodies. Indeed, IgG coated liposomes bearing the OVA
antigen prevented development of OVA-expressing lymphoma,
in contrast to the liposomes without IgG coating (116). Also,
specifically the Fc fragment of an antibody can be used on the
outside of a nanoparticle for targeting purposes, which induced
increased cellular and humoral immune responses in mice when
a cancer peptide was included in the nanoparticle (117).

Targeting one receptor may in several cases induce either
immunity or tolerance, depending on the vaccine formulation
and microenvironment. For instance, targeting DC-SIGN can
display TH2 polarizing effects, combined with inhibition of TH1/
TH17, when targeted with natural ligands (118). Accordingly,
depending on the adjuvants used, DEC-205 targeting is used for
both tolerogenic and immunogenic purposes (119). Therefore,
when targeting DCs via specific receptors, it is not only
important to target the appropriate receptor, but also to
Frontiers in Immunology | www.frontiersin.org 7100
provide efficient co-stimulatory adjuvants to properly skew the
immune response (51).

Vaccine Adjuvants for Immune Activation
TLRs are a well-known class of PRRs, and some of these are
targeted for induction of antitumor responses (120). Molecules
targeting TLR4 are LPS structures derived from bacteria, but
as adjuvant the less toxic variant of LPS, monophosphoryl
lipid A (MPLA) is used. The incorporation of MPLA in PLGA
nanoparticles increases TH1 and pro-inflammatory responses in
comparison to the non-encapsulated administration of MPLA
(121). Agonists for TLR7/8 are viral ssRNA and synthetic
compounds like R848. Triggering TLR7 for cancer therapy
with Imiquimod has already been approved by the FDA, and
clinical trials with the TLR7/8 stimulating adjuvant R848 have
been conducted (120, 122). The prophylactic and therapeutic
effect of OVA mRNA-loaded nanoparticles as vaccine against
OVA expressing lymphoma in an in vivo mouse model is
increased when R848 is added, and results in increased TAA
presentation and antigen specific CD8+ T cell populations (123).
The TLR9 stimulating ligand CpG has also been evaluated in
clinical trials, with positive outcomes (124). When CpG is
incorporated into a nanoparticle, its efficacy in terms of
(delayed) tumor growth was superior in comparison to the
soluble form of CpG, again highlighting the potential of
nanoparticles for antigen and adjuvant delivery (125). TLR3,
recognizing dsRNA, is another PRR receptor that is targeted for
pro-inflammatory responses (126). The synthetic analogue of
TLR3, Poly (I:C), is being evaluated as adjuvant in (pre-) clinical
trials, and elicits favorable effects (94). Thereby, encapsulation of
the TLR3 adjuvant in a nanoparticle further potentiates the
inflammatory immune responses (127). Especially when Poly
(I:C) is combined with the TLR9 stimulant CpG in a
nanoparticle, it induces protective and therapeutic immune
responses in in vivo models (128, 129). Other combinations of
TLR ligands in nanoparticles are also used, with established
synergistic effects (120, 130). Hence, it is becoming clear that
incorporating multiple TLR stimuli in liposomes will be a
promising adjuvant strategy for immunogenic vaccines.

An adjuvant that works directly via presentation on DCs is a-
galactosylceramide (aGC), a potent immune activating
glycolipid which when presented on DCs, initially activates
iNKTs (131). In turn, these iNKTs activate other NK-, CD8+-T,
B-cells and DCs, via increased cytokine production (132). Since
aGC is a glycolipid, it also allows for easy incorporation in- for
example- liposomal nanoparticles. Incorporated in liposomes,
aGC leads to the increase in CD8+ T cell responses in vitro
(104). Accordingly, aGC incorporated in liposomes is able to
reduce the outgrowth of lung melanoma metastasis in vivo (133).

Another way to increase vaccine efficiency is by increasing the
numbers, and immunological state, of immune cells in the site of
vaccination. The adjuvant (MF59) used in the seasonal influenza
vaccine, based on an oil-in-water nano-emulsion, increases the
number of APCs and creates an immunogenic microenvironment
(134). Enhancement of APC numbers also improves trafficking of
antigens to the draining lymph nodes via leukocytes, favoring a
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stronger immunogenic response. Oil-in-water nano-emulsions are
able to encapsulate both antigens and antibodies, for specific
targeting to for instance the CLEC9A receptor, thereby becoming
self-adjuvating delivery systems for DC vaccination (135).
FOSTERING IMMUNE TOLERANCE WITH
DC-TARGETED LIPOSOME VACCINES

Role of Disease Specific Antigens in
Immune Tolerance
Repeated exposure to antigen has shown tolerance inducing
effects. AIT exploits this very concept with curative success
demonstrated for various pollen and venom allergies (3).
However, treatment efficacy for other allergies, such as food
allergies, could be increased, together with reduction of risk of
anaphylaxis by incorporating allergens in nanoparticles. A
clinical study with subcutaneous injection of liposomes
incorporating house-dust mite extract was already carried out
as early as 2002 (136). Unfortunately, this study did not compare
treatment with soluble allergen and no clear line of clinical studies
followed. Even though the validity of allergic mouse models is
somewhat questionable, several recent studies demonstrate
therapeutic proof-of concept. In a mouse model of pollen
allergy to the weedy plant Chenopodium album, subcutaneous
injection of allergen incorporating protamine-DNA liposomes
shifted a predominant TH2 response to the allergen in a TH1
direction, with decrease of IgE, increase in IgG2a and IFN-g
production specific to allergen (137). Chaisri et al. tested effects of
intranasal vaccination with liposomes incorporating Derp1 and
Derp2 separately, or in combination (138). Interestingly, even
though all formulations reduced TH2 immune reactions, only the
liposomes incorporating single allergens lead to expression of
tolerogenic cytokine genes TGF-b, IL-35 and IL-10 in mouse lung
cells. In an OVA mouse model of allergy, sublingual treatment
with OVA incorporating liposomes preceding allergen challenge
was superior to treatment with free OVA (59). Unfortunately,
none of the above studies examined airway hyperresponsiveness
as a read-out, which could make the conclusions about treatment
efficacy stronger.

In contrast to allergies where the antigen is known and clearly
defined, autoimmune conditions pose the difficult challenge of
unknown causative auto-antigens or foreign antigens that may
trigger disease. In rheumatoid arthritis (RA), anti-citrulline
antibodies (ACPA) appear in blood before disease onset and
can be very specifically linked to RA pathogenesis (139). This
knowledge stimulated a quest for putative, citrullinated antigens
on cartilaginous surfaces capable of stimulating auto-reactive T
cells. Indeed, using a panel of HLA-DRB1*04:01 tetramers, James
and colleagues confirmed an increased presence of citrullinated
antigen specific T cells in peripheral blood of RA patients
compared to healthy subjects (140). Of note, Benham and
colleagues performed immunotherapy using ex vivo RA
patient-derived moDCs with an NF-kB inhibitor and a mix of
citrullinated antigens (141). This (uncontrolled) treatment
strategy proved safe and showed some signs of efficacy such as
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a decrease in effector T cells and improvement in clinical RA
scores. As early as 2009, the same research group established that
citrullinated antigens loaded in EggPC liposomes can efficiently
be used to induce antigen-specific Foxp3+ Tregs in mice, an
effect that was specifically mediated by DCs (142).

Targeting DCs In Vivo for Tolerogenic
Immune Modulation
Several CLRs and Siglecs are under scrutiny for targeting, as an
attempt to specify tolerogenic in vivo DC therapies. For an
extensive review on this subject we refer the reader to a very
recent piece published by our colleagues (21). The CLR DEC-205
is highly expressed on the cross-presenting cDC1 DC subset (as
well as on cDC2s and moDCs) and is therefore a widely studied
receptor for nanoparticle DC targeting, for example via
antibodies (143). Targeting the DEC-205 receptor via
antibodies without providing maturation stimuli can lead to
specific induction of T-cell anergy as well as increased T cells
suppression (119). OVA-loaded PLGA nanoparticles that were
conjugated with antibodies to DEC-205 induced IL-10
production in DCs and subsequently T cells, of which the
levels were dependent on the amount of antibodies on the
nanoparticles (144). However, the TH1 priming of DCs
targeted with these nanoparticles was not impeded.

The F4/80 receptor, expressed on macrophages and DCs,
shows promise in inducing tolerance in a nonobese diabetic
mouse model. The progression of diabetes in the in vivo model
was prevented by vaccinating mice with liposomes coated with
anti-F4/80 antibodies and a disease specific short peptide joined
with a TLR-2 ligand (145).

Modification of antigens with the carbohydrate ligands (sialic
acid) of Siglecs expressed by DCs results in the induction of
antigen specific Tregs and alleviation of allergic symptoms in
mice (146, 147). Other studies focus on nanoparticles targeting
Siglecs to induce tolerance in B-cells or other immune cells, but
to date, no studies have been reported using nanoparticles that
target to Siglecs on DCs (148, 149).

Similarly to allergies, there is pre-clinical precedent for the use
of nanoparticles for developing new treatment modalities against
RA and other autoimmune diseases. However, studies with a
targeting component towards DCs are not abundant in literature,
highlighting a knowledge gap that needs to be addressed.

Vaccine Adjuvants for Immune Tolerance
In order to prevent adverse reactions to allergens or a worsening
of autoimmunity it is highly likely that co-delivery of tolerance
inducing compounds together with disease relevant antigen will
be a necessary element of successful in vivo targeting therapies.
Indeed, multiple studies observed immunogenic reactions to
nanoparticles delivering antigen only (69, 150–152). This may
also apply to AIT utilizing nanocarriers. For example, in a mouse
study of cockroach allergy, only allergen encapsulated in
liposomes together with a tolerogenic adjuvant induced
increased transcription of IL-10, TGF-b and IL-35 as well as
IDO1 (153).

The choice of adjuvants with the strongest immune
dampening effect may be critical for successful DC-mediated
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tolerance in vivo. The vitamins D and A have been extensively
studied in the tolerogenic context. 1,25alfa-dehydroxycalciferol,
or vitamin D3 (VD3) appears to be the most potent
immunosuppressant of all forms of vitamin D (154, 155). Both
mouse and human studies have demonstrated that VD3 priming
of immature and mature DCs results in a tolerogenic phenotype
with induction of co-inhibitory receptors, reduced IL-12
production and induced IL-10 secretion (156–160). The
tolerogenic effects of VD3 have also been shown in several
skin-derived DC subsets where priming of in vitro cultured
LCs, CD1a+ DDCs or skin-derived DCs with VD3 resulted in
the outgrowth of distinct Treg phenotypes (161, 162). Most
importantly, VD3-raised DCs show tolerogenic stability in face
of repeated rechallenge with pro-inflammatory stimuli, making
VD3 a robust DC-tolerizing candidate in an already inflamed
environment (163). In line with that, several recent studies in
mice demonstrated that nanoparticles loaded with VD3 and
OVA induced tolerogenic DCs with in vitro and in vivo
suppressive capacity of OVA-specific T cells (164, 165).
Additionally, subcutaneous injection of VD3-loaded particles
resulted in effective targeting of PD-L1 high draining lymph
node DCs, resulting in amelioration of a RA disease model (165).

In contrast to the well-established tolerogenic role of VD3,
there is still considerable debate on whether the active form of
Vitamin A, all-trans retinoic acid (atRA) has pro- or anti-
inflammatory effects (166). Similarly to murine mucosal
CD103+ DCs (167), human moDCs raised with atRA, induce
the development of IL-10 producing Tr1 in co-culture (41).
Building on the anti-inflammatory potential of atRA, the
compound was recently incorporated in PLGA particles
together with atherosclerosis autoantigen and improved
atherosclerotic lesions in vivo (168). In a further recent study,
atRA was encapsulated together with another anti-inflammatory
adjuvant, triptolide, in galactose-containing nanoparticles (78).
In vivo effects in mice consisted of reduced infiltration of these
sites by T cells and pro-inflammatory macrophages, together
with reduced expression of TH1-TH17 polarizing cytokines in
inflamed tissue extracts. However, atRA also supports induction
of TH1 and TH2 responses upon inflammatory stimulation,
serving as one explanation of contradictory pro- and anti-
inflammatory effects observed (169, 170). Thus, loading of
atRA in nanoparticle platforms for tolerogenic purposes may
be an interesting option, but with a sidenote of caution.

A central transcription factor downstream of activating signals
delivered to DCs is NF-kB, which makes it one of the key targets
for immune modulation. Corticosteroids and glucocorticoids are
well-known to exert their immunosuppressive effects via NF-kB
inhibition (171, 172). Treatment of moDCs with the
corticosteroid dexamethasone leads to an immature phenotype
with loss of IL-12 secretion and high IL-10 secretion. Similarly to
VD3 treated DCs, dexamethasone DCs seem robustly maturation
resistant and capable of inducing IL-10 producing Tregs,
although these Tregs exert suppression in a non-antigen
specific manner (173). To prevent systemic immune
suppression, loading of corticosteroids into nanoparticles and
targeting the particles only to cells relevant for inflammation is a
Frontiers in Immunology | www.frontiersin.org 9102
treatment approach considered in RA and other autoimmune
conditions, showing promising treatment efficacy in several
mouse studies (174). In addition to these rather a specific
inhibitors of NF-kB signaling, also several highly specific
inhibitors of (non)canonical signaling have been investigated in
human moDCs and demonstrated to potently reduce T cell
responses (175). Recently, also VD3 was confirmed to
downmodulate NF-kB signaling in human moDCs matured
with LPS, providing an elegant bridge between VD3 and NF-
kB inhibition as adjuvants (176).

Indoleamine 2,3-dioxygenase (IDO), the enzyme responsible
for breaking down the essential amino acid tryptophan into
kynurenine can be produced by DCs, which leads to decreased T
cell proliferation, induction of Tregs and an anergic T cell
phenotype in co-culture experiments (177–179). IDO
production in the gut is intricately intertwined with the gut
microbiota, and exerts tolerogenic effects on CD103+ DCs as well
as dampening tissue TH1/TH17 responses (180–182). Several
molecules may induce IDO production by DCs, however, some
of these, such as type I interferons or IFN-g are also pro-
inflammatory cytokines, hindering their use in tolerance
inducing therapies (183). Induction of IDO has been described
upon CD40 ligation of moDCs, where the enzyme was induced
by non-canonical NF-kB signaling (36). After treating mouse
pDCs with TGF-b, IDO was activated as a downstream signaling
molecule, leading to inhibitory signaling and the activation of the
non-canonical NF-kB pathway, further strengthening IDO
expression in a self-feeding loop (184). Further compounds
that were demonstrated to induce IDO are soluble CTLA-4,
the TLR-agonists LPS and CpG, together with DNA agonists of
stimulator of interferon genes (STING) (183). As treatment with
TLR-agonists carries pro-inflammatory risks, soluble CTLA-4
and STING agonists seem better suited candidates for DC-
treatment. Indeed, nanoparticles constituted of CpG free
pDNA were demonstrated to induce IDO via the STING
pathway, leading to amelioration in experimental autoimmune
encephalomyelitis (183). Moreover, this therapeutic effect could
be strengthened when blocking downstream metabolites of IDO
additionally to DNA nanoparticle treatment.

In addition to the above compounds discussed in detail,
several other materials are tested for their tolerogenic potential,
such as various parasite-derived antigens, plant-derived
adjuvants or compounds already well-known in the clinic, like
the m-TOR inhibitor rapamycin (185). In fact, just like VD3 and
dexamethasone, rapamycin was demonstrated to induce robustly
tolerogenic, clinical grade DCs (186). Although rapamycin
loading into several forms of nanoparticles is actively tested for
better delivery to cancer cells or as an inflammation dampening
adjuvant, targeting to DCs has not been in the focus of research
thus far (187).
OUTLOOK

Based on the discussion presented in this review an ideal
immune modulating nanoparticle DC-vaccine should harbor
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the following properties: a) physicochemical characteristics
promoting tolerance or activation, b) antigen relevant for the
given disease condition to create disease specificity c) specific
targeting molecules aimed at tolerogenic or pro-inflammatory
DCs, and d) tolerogenic or immune activating adjuvants (Figure
2). For unravelling exact immune modulatory properties of all
vaccine components, further fundamental studies will be needed,
featuring a careful comparison of nanoparticle characteristics,
with a stepwise selective approach towards the most optimal
particle-targeting-adjuvant and antigen combination for DC-
therapy. It is clear that the field of nanomedicine is in need for
standardized research, carried out with similar methodology,
using similar nanoparticles.

Apart from immune modulating elements, the advantage of
nanoparticles lies in the ability to synergistically combine
multiple characteristics and compounds to achieve a desired
DC-tolerizing or activating outcome. Indeed, ongoing clinical
trials conducted with DC-targeting nanoparticles, combining
targeting, antigen and adjuvants in the context of cancer and
several mouse studies in autoimmune or allergic disease leave
cause for optimism. However, beyond advantages, several key
aspects need more consideration during development of novel
nanomedical treatments. Cationic liposomes have cytotoxic
effects as they disrupt cell membranes, a possible advantage
when targeting cancer cells directly but not when targeting
APCs (76). While solid polymer particles are generally stable,
semi-solid liposomes can be unstable depending on their
surface chemistry. Neutral lipids or cationic formulations, for
example, are known to aggregate quickly due to lack of
electrostatic repulsion or rapid attraction of negatively charged
proteins to their surface (188). In fundamental studies, liposomal
formulations are often used within two weeks of manufacturing
and opinions on their stability differ (55). Clearly, studies need to
monitor stability more strictly and for a longer period of time.
Furthermore, hydrophilic cargo such as peptide or protein
antigens, as well as other chemical components, such as
fluorescent lipid dyes loaded onto the surface of liposomes
tend to dissociate (189). Dependent on the nature of the cargo
this could lead to undesired bystander effects, deleterious side
effects such as anaphylaxis in case of allergen loading, and
misinterpretation of molecular results, such as of cellular
uptake and intracellular processing (189). The potential
disadvantages carefully need to be assessed in the context of
each specific disease setting.

As highlighted earlier, for the induction of a potent anti-
tumor response, it is crucial to use DC targeted vaccines that will
provide enough antigen and co-stimulation for the DC to mount
an inflammatory response (190). Since nano-formulations can
provide all four components, a plethora of research is focused on
these platforms. So far, pre-clinical data has shown promising
results in favor of using DC-targeting nanoparticle formulations
for the induction of potent anti-tumor responses. While
nanotechnology for directly targeting DCs for anti-cancer
immunotherapy is mainly applied in in vivo and ex-vivo
models, some clinical trials are conducted with this platform
(106, 191). Unfortunately, liposomes targeting the DC-SIGN
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receptor in patients with metastatic melanoma did not yield
desired clinical results (106). The authors note that it is not the
lack of anti-melanoma immunity that may cause absence of
treatment efficacy, but rather the suppression of (pre-existing)
anti-melanoma immunity. This notion can be extrapolated to
other immunogenic tumors as well, suggesting the use of
additional components in the vaccine platform in order to
boost pre-existing anti-tumor immunity (192). The promising
research into checkpoint inhibitors (CI) could provide another
combinational treatment option for cancer, since CI effectiveness
is in large part dependent on the pre-existing anti-cancer
immunity (193, 194). Of note, the combination of checkpoint
inhibitors, and nanoparticles incorporating TLR agonists and
peptides, showed strong synergistic effects in in vivo mouse
models for the treatment of cancer (195, 196). Therefore,
combining CI with a (nanoparticle based) therapy aimed to
initiate/reinvigorate the anti-tumor response, should be strongly
considered (197, 198).

Similarly to the cancer field, the stage is set for clinical trials of
in vivo targeting of DCs to treat inflammatory diseases. In a
much awaited clinical study in RA research, the previously
mentioned EPC liposomes incorporating the NF-kB inhibitor
BAY11-7082 and citrullinated peptides are injected in RA
patients for antigen-specific inhibition of pro-arthritic immune
responses (142). For a successful therapeutic outcome in
tolerogenic applications essential factors will be co-delivery of
disease relevant antigens with an immune-dampening adjuvant
in order to avoid adverse pro-inflammatory effects (69). In the
same line, adjuvant cargo will have to be carefully chosen
based on pre-existing studies demonstrating ability to induce
robustly tolerogenic DCs that withstand the immunogenic
temptations of highly inflammatory environments (163). Route
of administration should also be studied further as it can
potentially play a role in tolerogenic effects. For example, only
when applied as an intranasal vaccine and not intra-muscularly,
did OVA-loaded PLGA particles promote transcription of FoxP3
in cervical lymph nodes (199).

To date, no in vivo DC-targeting nanoparticle vaccine is
available in the clinic, but the promising mRNA-based
nanoparticle vaccines for SARS-CoV-2 and new results from
ongoing nanoparticle-based cancer clinical trials, as well as
preclinical studies in autoimmune diseases are expected to
accelerate research into the platform (200).

Based on existing evidence presented in this review, it is
certain that collaborations, synchronization of nanomedical
experimental practices as well as the accumulation of data in
human cells and clinical studies will bring a new wave of
promising research strengthening the potential of DC-based
treatments for cancer, allergies and autoimmunity.
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Monocytes are antigen-presenting cells (APCs) that play diverse roles in promoting or
regulating inflammatory responses, but their role in T cell stimulation is not well defined. In
inflammatory conditions, monocytes frequently show increased expression of CD169/
Siglec-1, a type-I interferon (IFN-I)-regulated protein. However, little is known about the
phenotype and function of these CD169+ monocytes. Here, we have investigated the
phenotype of human CD169+ monocytes in different diseases, their capacity to activate
CD8+ T cells, and the potential for a targeted-vaccination approach. Using spectral flow
cytometry, we detected CD169 expression by CD14+ CD16- classical and CD14+ CD16+

intermediate monocytes and unbiased analysis showed that they were distinct from
dendritic cells, including the recently described CD14-expressing DC3. CD169+

monocytes expressed higher levels of co-stimulatory and HLA molecules, suggesting
an increased activation state. IFNa treatment highly upregulated CD169 expression on
CD14+ monocytes and boosted their capacity to cross-present antigen to CD8+ T cells.
Furthermore, we observed CD169+ monocytes in virally-infected patients, including in the
blood and bronchoalveolar lavage fluid of COVID-19 patients, as well as in the blood of
patients with different types of cancers. Finally, we evaluated two CD169-targeting
nanovaccine platforms, antibody-based and liposome-based, and we showed that
org July 2021 | Volume 12 | Article 6978401110
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CD169+ monocytes efficiently presented tumor-associated peptides gp100 and WT1 to
antigen-specific CD8+ T cells. In conclusion, our data indicate that CD169+ monocytes are
activated monocytes with enhanced CD8+ T cell stimulatory capacity and that they
emerge as an interesting target in nanovaccine strategies, because of their presence in
health and different diseases.
Keywords: monocyte, CD169, antigen-presentation, CD8+ T cell, nanovaccine, cancer, COVID-19, Siglec-1
INTRODUCTION

Monocytes are members of the innate immune system
circulating in the blood that are important in sensing danger
signals such as pathogens. They comprise of about 10-15% of
human peripheral blood mononuclear cells (PBMCs) and their
many roles include phagocytosis of pathogens or foreign bodies,
differentiation into tissue macrophages upon inflammation, and
antigen presentation. Together with dendritic cells (DCs) they
function as antigen-presenting cells (APCs) that activate the
adaptive immune responses, including CD4+ and CD8+ T cells
(1). Furthermore, their potency in the production of pro- and
anti-inflammatory cytokines allows them to govern both local
and systemic immunity.

Monocytes can be broadly categorized into classical (CD14+

CD16-), intermediate (CD14+ CD16+), and non-classical (CD14-

CD16+) populations (2). Monocytes originate in the bone
marrow, then they enter the blood stream as classical
monocytes, and further differentiate into intermediate
monocytes and to non-classical monocytes in a linear fashion
(3, 4). While non-classical monocytes have a ‘patrolling
function’, crawling the endothelium and supporting blood
vessels integrity, classical monocytes have the ability to enter
tissue or lymphoid organs. Depending on the tissue
microenvironmental cues, tissue-migrated monocytes have
diverse differentiation potential, giving rise to tissue
macrophages with inflammatory or resolving functions (5).

During inflammation, monocytes can also acquire DC-like
properties; however, their precise characterization, definition,
and functions are continuously evolving (1, 6). In vitro,
monocytes exposed to GM-CSF and IL-4 (moDC) are able to
prime and to stimulate T cell responses. Although they are
distinct from naturally occurring DCs found in the circulation,
ex vivo generated moDCs have been used during initial efforts in
the development of cancer vaccination. However, moDC-based
vaccination is laborious and costly, hence more research has
focused on targeting of naturally occurring APCs in situ (7, 8).

The distribution and numbers of monocyte subsets can
change dramatically under inflammatory conditions, such as
during bacterial or virus infection. In COVID-19 patients,
HLA-DRhi inflammatory monocytes were reported to be
increased in patients with mild symptoms, whereas HLA-DRlo

monocytes were more prominent in severely ill patients (9).
While these monocytes also expressed high co-stimulatory
molecules and pro-inflammatory cytokines (9, 10), their
contribution towards activation of virus-specific T cell
responses remains unclear.
org 2111
In cancer, monocytes are thought to contribute to tumor
progression as the major source of tumor-associated
macrophages or myeloid-derived suppressor cells with high
immune-suppressive activity (11). However, monocytes have
also anti-tumoral roles; they can engulf tumor cells and
process them for antigen presentation and they elicit direct
tumoricidal activities (11–14). Moreover, high frequency of
circulating classical monocytes have been described to be
predictive of a successful anti-PD1 immunotherapy in
melanoma (15), suggesting that monocytes can play an
important role in activating anti-tumor T cell responses
in cancer.

With the rise of single-cell approaches, recent studies have
broadened the heterogeneity of DC and monocyte subsets. Until
recently, DCs were categorized into the type-I interferon (IFN-I)
producing CD123+ plasmacytoid DCs (pDCs) and conventional
DCs (cDCs) that include CD141+ DC1 and CD1c+ DC2, which
both have high antigen-presentation and T cell-activating
potential (16). Two single-cell RNA sequencing (scRNA-seq)
studies have identified Axl+ DC (pre-DC/AS-DC) that expresses
Axl, Siglec-6, and CD169 (17, 18). Axl+ DCs are unable to
produce IFN-I, but they can present antigen and activate T
cells and can further differentiate into DC1 or DC2 (17–20). Next
to this, DC3 has also been identified as a new subset of DC that
displays a monocyte/DC2 hybrid phenotype (21, 22). Since DC3
express classical monocytic markers such as CD14 and CD163,
the inclusion of CD88 and FcϵRIa as markers have been used to
better discriminate between monocyte and DC3, respectively (23,
24). DC3s are proficient in activating T cells and they were
expanded in patients with systemic lupus erythematosus,
melanoma, and breast cancer (23–25).

CD169 (Siglec-1, sialoadhesin) is a sialic-acid binding
transmembrane receptor that is expressed mainly by a subset
of macrophages in the spleen and lymph nodes (CD169+

macrophages). These macrophages function as gatekeeper of
the immune system and the CD169 molecule is involved in
pathogen capture and antigen transfer to DCs, leading to T cell
activation (26). CD169 is also expressed by monocytes, moDC,
and Axl+ DC, and its expression is upregulated by type I
interferon (IFN-I). In inflammatory conditions where IFN-I
levels are high, such as in autoimmunity or viral infection,
CD169 expression in monocytes is increased (27–30).
Moreover, viruses such as HIV are able to exploit CD169-sialic
acid interaction, by incorporating ganglioside GM3 in their
membrane, to infect CD169+ monocytes or DCs (31–33).

Based on the CD169-sialic acid interaction, we designed a
lipid-based nanovaccine that can selectively target CD169+
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APCs, by incorporating GM3 or other gangliosides in the
liposome membrane (20, 34, 35). Using human cells, we
showed that ganglioside-liposomes could stimulate tumor-
antigen specific CD8+ T cell responses mediated by CD169
expression on Axl+ DCs. Next to Axl+ DCs, we also observed
that CD169+ monocytes could efficiently bind ganglioside-
liposomes, however, whether they contribute to CD8+ T cell
activation is unknown.

In this study, we used spectral flow cytometry to perform
immunophenotypical analyses of CD169+ monocytes as
compared to DC subsets in PBMCs of healthy individuals. By
combining spectral flow cytometry and analysis of public single-
cell RNA sequencing datasets, we examined the presence of
CD169+ monocytes in COVID-19 patients and patients with
five different cancer types. We then determined the capacity of
CD169+ monocytes to cross-present tumor-associated gp100
peptides to CD8+ T cells. Furthermore, we evaluated
vaccination strategies that specifically target antigens to
CD169+ monocytes using anti-CD169 antibodies and
ganglioside-liposomes. Here, we demonstrate that CD169
expression reflect a higher activation status of monocytes, with
an enhanced CD8+ T cells activating capacity. Importantly,
delivery of tumor-antigen to CD169+ monocytes using two
forms of CD169-targeting nanovaccines leads to robust
activation of antigen-specific CD8+ T cell responses.
MATERIALS AND METHODS

Study Patients
Humanperipheral bloodmononuclear cells (PBMC)were collected
from patients with gastrointestinal malignancies, metastatic
melanoma, or COVID-19 in accordance with the Helsinki
Declaration of 1975 and approved by the institutional ethical
review board of the Amsterdam Universitair Medische Centra
(UMC). All patients provided written consent for research
purposes. Informed consent was deferred until discharge from the
intensive care units (ICU). In case of death, informed consent was
requested from the patient’s relatives. COVID-19 patients were
enrolled in the ArtDECO-1 study, a cohort study of COVID-19
patients with persistent acute respiratory distress syndrome
(ARDS). Leftover biological samples were stored in the
anonymized Amsterdam UMC COVID-19 biobank (#2020-182).
This study procedure was approved by the Review Committee
Biobank of the Amsterdam UMC (2020-065).

Pancreatic ductal adenocarcinoma (PDAC), hepatocellular
carcinoma (HCC), and colorectal liver metastasis (CRLM)
patients were enrolled in the Hepatobiliary (HPB) biobank at
Amsterdam UMC, location VU University medical center
(VUmc, Medical Ethical Committee approval 2016.510).
Melanoma patients were enrolled in a clinical study of
autologous whole-cell vaccination at the VUmc between 1987
and 1998 (36). Leftover human spleen tissue was obtained
anonymously from the VUmc Biobank (BUP 2015-074),
therefore approval by the Medical Ethical Committee was
not required.
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Isolation of Human Primary Cells
PBMCs from heparinized blood were isolated by density gradient
centrifugation (Lymphoprep; Axis-Shield PoC AS). To isolate
bronchoalveolar lavage fluid mononuclear cells (BALFMCs),
during bronchoscopy lungs were instilled with 2 x 20 ml 0.9%
NaCl for diagnostics and remaining 3-20 ml was centrifuged.
Cell pellets were suspended in 2 mM dithiothreitol (Sigma), and
BALFMCs were isolated using Ficoll isolation and cryopreserved.
Human spleen was mechanically and enzymatically digested
with Liberase and DNAse I (Roche) at 37°C for 30 min. Cells
were then depleted of red blood cells using ammonium chloride
lysing buffer. Following PBS washes, cells were further processed
as described below.

Monocyte Isolation and Culture
CD14+ monocytes were isolated using magnetic beads (Miltenyi)
on LS column according to manufacturer’s recommendation.
Where indicated, monocytes were isolated using Percoll density
gradient. Monocytes were cultured in RPMI 1640 complete
medium (Thermo Fisher Scientific) containing 10% fetal calf
serum (Biowest), 50 U/mL penicillin, 50 mg/mL streptomycin,
and 2 mM glutamine (all from Thermo Fisher Scientific).
Monocytes were then treated with recombinant human IFNa
(Miltenyi Biotec) at indicated doses and time-points.

Antibody-Antigen (Ab-Ag) Conjugation
As described previously, gp100 [YLEPGPVTAC-6-ahx-lysine
(biotin)] peptide was conjugated to purified anti-CD169 (clone
7-239, produced in house) or control mouse IgG, using
sulfhydryl-based coupling (37). In short, purified antibodies
(Abs) were functionalized with 2–8 equivalents of SMCC
[succinimidyl 4-(N-maleimidomethyl) cyclohexane-1-
carboxylate, Thermo Fisher Scientific]. After purification over
PD-10 columns (GE Life Sciences) activated Abs were
concentrated with centricon 30 (Merck Millipore) to 500 µL.
2–4 Equivalents of peptides in 50 µl was added to the Abs and
after 1 h incubation at room temperature conjugates were
purified over a Sephadex 75 10/30 column (GE Life Sciences)
according to manufacturer’s HPLC settings. Concentration was
determined using BCA assay (Pierce, Thermo Fisher Scientific).

Liposome Preparation
Liposomes were prepared from a mixture of phospholipids and
cholesterol utilizing the film extrusion method as described
previously (38, 39). In brief, egg phosphatidylcholine (EPC)-35
(Lipoid GmbH): egg phosphatidylglycerol (EPG)-Na (Lipoid
GmbH): Cholesterol (Sigma-Aldrich) were mixed at a molar
ratio of 3.8:1:2.5. 3 mol% of ganglioside (GM3, Avanti Polar
Lipids; GT1b, Matreya LLC), and 0.1 mol% of lipophilic
fluorescent tracer DiD (1,1′-dioctadecyl-3,3,3′,3′-Tetra
methylindodicarbocyanine, Thermo Fisher Scientific). TLR-
ligand R848 (4 mol%, Invivogen) was included where specified.
The solvent was evaporated under vacuum on a rotavapor to
generate a lipid film and the residual organic solvent was
removed by nitrogen flush. The lipid film was then hydrated in
HEPES-buffered saline (10mM HEPES buffer pH 7.4, 0.8% NaCl)
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with mechanical agitation by rotary-mixing for 20 min until the
lipid film was completely resuspended. For antigen presentation
assay, the pancreatic cancer-associated antigen Wilms’ Tumor 1
(WT1) short peptide (RMFPNAPYL, 3 mg/ml) was encapsulated
into the liposomes during the hydration step. Peptides were
produced by solid phase peptide synthesis using Fmoc-chemistry
with a Symphony peptide synthesizer (Protein Technologies Inc).
The liposomes were sized by sequential extrusion through
two stacked polycarbonate filters (400 and 200 nm) with
Lipex high-pressure extrusion device (Northern Lipids).
Non-incorporated materials were removed in two consecutive
steps by sedimentation of the liposomes by ultracentrifugation at
200,000 x g. The final resuspension of the liposomeswas performed
in HEPES buffer at pH 7.4. The mean particle size, polydispersity
index, and zeta potential were measured using Malvern Zetasizer
(Malvern Instruments). Physical properties of liposomes are shown
in Table S1.

Liposome Uptake
Cells were incubated with ganglioside-liposomes (100 µM, unless
indicated otherwise) for 45 min at 37°C to evaluate liposomes
uptake. Specific uptake of ganglioside-liposomes mediated by
CD169 was determined by pre-incubation of cells for at least
15 min at 4°C with 2 µg/ml neutralizing antibody against CD169,
clone 7-239.

Flow Cytometry
Cells were incubated with Fc block (BD Biosciences, cat.
#564219) and viability dye (Fixable viability dye eFluor 780 or
455UV, FVD, eBioscience), prior to cell surface staining with
fluorescence-conjugated antibodies in 0.5% BSA/PBS for 20 min
at 4°C. After thorough washes, cells were fixed with 2%
paraformaldehyde for 10 min at RT. For intracellular staining,
cells were additionally incubated with antibodies in 0.5% BSA/
PBS with 0.5% saponin for 20 min at 4°C. Cells were acquired on
Fortessa (BD Biosciences) or Aurora spectral flow cytometer
(Cytek) and analyzed on FlowJo software (Tree Star) or OMIQ.
High dimensionality reduction analysis opt-SNE was performed
using FlowJo software. Antibody clones and dilutions used are
listed in Table S2. Antibodies and reagents used for the
ArtDECO cohort have been listed elsewhere (40). BALF
samples were excluded when too few viable CD45+ cells were
measured (i.e., less than 2,000) or during active therapy with
corticosteroids, as described previously (40). PBMC samples
were only included if a paired BALF sample was available.

Monocyte Activation and Antigen
Presentation
PBMCs were incubated with ganglioside-liposomes at 37°C for
45 min, washed, and cultured for 5 hours in RPMI complete
medium, with the addition of Brefeldin A (BD GolgiPlug) for the
final 3 hours. TNFa production was measured by intracellular
flow cytometry. For antigen presentation, CD14+monocytes were
incubated with gp100 synthetic peptides (short, YLEPGPVTA;
long, VTHTYLEPGPVTANRQLYPEWTEAQRLD; 3h, 37°C),
ganglioside-liposomes encapsulating WT1 short peptide
(1h, 37°C), or antibody-gp100 conjugates (30 min, 4°C),
Frontiers in Immunology | www.frontiersin.org 4113
followed by medium washes. R848 (2.5 µg/ml, Invitrogen) was
added to the soluble peptides or Ab-Ag conjugates conditions
during uptake. Antigen-loaded monocytes were then co-cultured
overnight with WT1126-134 or gp100280–288 T-cell receptor (TCR)
transduced HLA-A2.1 restricted T cell lines (0.5-1 × 105 cells
per well), at a ratio of 1:1. After 24 h, production of IFNg in
the supernatants of the co-cultures was determined by
ELISA (eBioscience).

Analysis of Single-Cell RNA Sequencing
We performed analysis of public datasets from patients with
PDAC (GSE155698), lung cancer (GSE127465), as well as
patients with severe influenza or COVID-19 (SARS-CoV-2)
and healthy donors (GSE149689). We used Seurat package
(version 3.2.2) and unsupervised UMAP high dimensionality
reduction analysis, with R version 4.0.3. IFN-I score (GSEA
GO:0034340) and TLR activation (KEGG hsa04620) score were
calculated using AddModuleScore function. Codes are available
upon request.

Statistics
Statistical analysis of Friedman test, corrected using a two-stage
linear step-up procedure of Benjamini, Krieger and Yekutieli, or
paired t-test, were performed using GraphPad Prism 8
(GraphPad Software), unless indicated otherwise.
RESULTS

CD169 Is Expressed by CD14+ Monocytes
With Increased Maturation Status in
Healthy Donors
We previously showed CD169 expression within HLA-DR+

CD14+ Lin- populations (20). However, CD14 expression is not
restricted to monocytes and can also be observed in CD1c+ DC3
(17, 23). We then sought a strategy to define monocytes and DC
subsets unequivocally based on markers identified recently (23,
24), by including CD88 to identify bona fide monocytes, and
FcϵRIa to distinguish the DC lineage. We performed
unsupervised spectral cytometry analysis of circulating HLA-
DR+ Lin- cells from healthy donors using opt-SNE (Figure 1A)
overlaid with conventional gating (Figure S1A). By using CD88
to classify total monocytes, we identified classical (CD14+ CD16-),
intermediate (CD14+ CD16+), and non-classical (CD14- CD16+)
monocytes. The CD88- DC populations consisted of Axl+ DC
(Axl+ Siglec-6+), pDC (CD123+), DC1 (CD141+), DC2 (CD1c+),
and the CD14-expressing DC3 (CD1c+ CD163+). As we described
previously, CD169 expression was found within CD14+

monocytes and Axl+ DCs (Figures 1A-C). A proportion of
DC3 also expressed CD169, however they expressed FcϵRIa+

and lacked CD88, confirming their DC lineage (Figure 1A and
Figures S1B, C). Thus, although both cell types share the
expression of CD14 and other markers, CD14+ CD169+

monocytes are distinct from DC3.
Among monocytes, CD169+ cells were present within

classical and intermediate monocytes, and they were much less
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frequent in non-classical monocytes (Figures 1C–E). When
stratified based on CD169 expression, CD14+ CD169+

monocytes expressed a similar level of CD169 to Axl+ DCs
(Figure 1C and Figure S1C). Since CD14+ CD169+ monocytes
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were frequently found in inflammatory conditions, we screened
for expression of maturation markers. Interestingly, CD169+

classical monocytes expressed higher levels of co-stimulatory
molecules CD40, CD80, CD86, HLA-ABC, and HLA-DR, as
A B

D E

F G

C

FIGURE 1 | CD14+ CD169+ monocytes display enhanced maturation status. (A) Unsupervised high dimensionality reduction analysis of circulating monocytes and
dendritic cells (HLA-DR+ CD3/CD19/CD56–) using CD14, CD16, CD88, CD163, HLA-DR, FcϵR1a, CD123, CD11c, CD1c, CD141, Axl, Siglec-6, BTLA, and CD169
using opt-SNE, and overlaid with conventional gating. (B) The expression of CD14, CD16, CD88, and CD169 on tSNE plots. (C) Gating strategy identifies classical
(CD14+ CD16-), intermediate (CD14+ CD16+), or non-classical (CD14- CD16+) monocytes, and CD169+ cells. (D) Percentage of CD169+ cells within monocytes
subsets (n = 13) in healthy donors. (E) Heatmaps comparing the relative expression of markers defining monocytes and DC subsets. (F, G) Expression of co-
stimulatory and HLA molecules are compared between CD169+ and CD169- classical monocytes shown as (F) representative histograms and (G) quantification
(n = 4). Paired t-tests were used. **P < 0.01.
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compared to CD169- classical monocytes (Figures 1F–G). A
similar increase of maturation markers was found in CD169-
expressing intermediate monocytes (Figure S1D). These suggest
that CD14-expressing classical and intermediate CD169+

monocytes represent monocytes with a higher activation status.

CD169-Expressing CD14+ Monocytes in
Viral Infection
CD169 expression in monocytes has been shown to be upregulated
upon exposure to type I interferon (IFN-I) in many inflammatory
conditions, including in autoimmune diseases and viral infections
(27–30). To predict their developmental trajectories, we applied
Wanderlust analysis using CD14+ CD169- classical monocytes as a
starting population and the inclusion of 9 phenotypic markers.
CD14+ CD169+ monocytes were in close proximity to CD14+

CD169- monocytes, whereas intermediate and non-classical
monocytes were further away along the trajectory (Figure 2A).
The expression of CD169 was also increased at an early stage
(Figures S2A, B), suggesting that CD169-expressing monocytes
arise immediately from CD14+ CD169- classical monocytes. Next,
we isolated CD14+ monocytes and exposed them to IFNa. In line
with previous findings, we observed an increased expression of
CD169 in a time- and dose-dependent manner (Figures 2B, C and
Figure S2C). IFNa treatment led to upregulation of HLA-DR,
CD80, CD86, and CD16, in CD14+ monocytes, although we
noticed that CD16 expression was already high upon culture
with medium alone (Figures S2D–F). CD169 expression was
also increased in CD14- CD16+ non-classical monocytes, albeit at
a much lower extent (Figures S2G, H). Transcriptomic analyses of
IFNb-treated monocytes showed similar findings (Figures S2I–P).
Thus, CD169 upregulation in circulating CD14+ monocytes is
likely to be driven by increased IFN-I levels during inflammation.

Since IFN-I is a crucial component of host defense against
viruses, we then analyzed a recently published single-cell RNA
sequencing (scRNA-seq) dataset of PBMCs of patients with
COVID-19, severe influenza, and healthy controls (41). We
applied Seurat pipeline and subjected them to Uniform
Manifo ld Approximat ion and Pro jec t ion (UMAP)
dimensionality reduction analysis. UMAP visualization
identified all major immune cell populations, including clusters
of classical monocytes as identified by CD14 and VCAN (cluster
0, 5, 9, 10, and 22), and cells expressing FCGR3A (encoding
CD16) and MS4A7, evoking intermediate/non-classical
monocytes (cluster 11) (Figure 2D and Figure S3). Two DC
populations were also found: the FCER1A+ CD1C+ DC3 (cluster
20), which expressed low CD14 but lacked C5AR1 (encoding
CD88), and LILRA4+ IL3RA+ pDCs (cluster 26) (Figure S3).
SIGLEC1 (encoding CD169) transcript was mainly detected
within clusters of monocytes and appeared to be increased in a
few COVID-19 patients (Figures 2E, F). Focusing on monocytes,
we observed that SIGLEC1 was highly increased in cluster 22,
which was a cluster almost exclusively comprised of COVID-19
patients (Figure 2F). Remarkably, SIGLEC1 was one of the most
highly expressed genes in this cluster as compared to other
monocytes (Table S3). Furthermore, cells in cluster 22 showed
increased expression of genes involved in IFN-I pathway and
Frontiers in Immunology | www.frontiersin.org 6115
TLR signaling (Figure 2G), and expressed high levels of CD83
and CD86, indicating an increased activation state of monocytes.
To confirm this on protein level, we examined CD169 expression
in blood and BALF of COVID-19 patients of the ArtDECO
cohort using spectral cytometry. Indeed, CD169+ monocytes
were present in both blood and BALF of these patients
(Figure 2H and Figure S3F). CD169 was also expressed in
alveolar macrophages, as we described previously (40). The
expression of HLA-DR was also consistently higher in CD169+

cells monocytes/macrophages (Figure 2I). These observations
indicate that CD169+ monocytes are activated monocytes
associated with IFN-I signature upon viral infection, and are
present in the circulation and lungs of COVID-19 patients.

CD14+ CD169+ Monocytes Are Present in
Cancer Patients
Although the presence of CD169+ macrophages in draining
lymph nodes has been associated with anti-tumor responses
(42–44), there is little known about circulating CD169+

monocytes in cancer. We analyzed public scRNA-seq dataset
of PBMCs from PDAC patients [GSE155698 (45)] and healthy
controls. UMAP analysis showed that cells expressing SIGLEC1
transcript were found primarily within clusters of CD14-
expressing monocytes (Figure 3A and Figure S4), confirming
our flow cytometry findings. Similar observations were made for
the scRNA-seq dataset of PBMCs from lung cancer patients
[GSE127465 (46), Figure 3B]. We further validated these
findings in PBMCs of patients with PDAC, HCC, CRLM, and
melanoma, using flow cytometry. Indeed, we were able to
identify CD169+ cells among classical and intermediate
monocytes and they expressed higher HLA-DR than the
CD169- counterparts (Figures 3C, D). Thus, CD169+

monocytes are present in the circulation of cancer patients.

IFNa Treatment Gives Rise to CD14+

CD169high Monocytes With an Enhanced
CD8+ T Cell Activating Capacity
The increased expression of activation markers in CD169+

monocytes propelled us to investigate their capacity to
stimulate T cells. Since CD169 expression in monocytes is
heterogenous, we used CD14+ monocytes exposed to IFNa,
which showed high homogenous levels of CD169 (CD169high

monocytes), for functional analysis (Figure S2). To assess their
antigen-presentation capacity, we incubated monocytes with
pre-processed melanoma-associated peptides gp100 (short
peptide), followed by co-culture with gp100280–288-specific
CD8+ T cells (Figure 4A). We observed an increased IFNg
secretion by CD8+ T cells after co-culture with antigen-loaded
CD169high monocytes compared to untreated monocytes
(Figure 4B). Subsequently, we assessed their antigen-
processing and cross-presentation abilities using gp100 long
peptide. Interestingly, CD169high monocytes were able to
stimulate a higher amount of IFNg production by gp100-
specific CD8+ T cells in almost every donor (Figure 4C),
indicating their cross-presentation potential. Next to the
increased expression of activation markers, these data suggest
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FIGURE 2 | CD169 expression in monocytes is driven by IFN-I and CD14+ CD169+ monocytes are present in COVID-19 patients. (A) Wanderlust trajectory analysis
of monocyte population using CD14+ CD169- monocytes as starting population overlaid by conventional gating of monocyte subsets. (B, C) CD14+ monocytes were
isolated and treated with 1,000 IU/ml IFNa for 24h unless indicated otherwise. Percentage of CD169+ cells or CD169 median fluorescence intensity (MFI) of CD169+

population are shown. (n = 4). (D–G) Analysis of public scRNA-seq dataset of PBMCs from patients with COVID-19 (n = 9), severe influenza (n = 5) and healthy
controls (n = 4) using Seurat pipeline. (D) UMAP analysis showing the expression of CD14 and SIGLEC1. (E) SIGLEC1 expressing monocytes as shown as
percentages or MFI in different groups. (F) Violin plot of SIGLEC1 expression in clusters of monocytes and DC subsets from each patient group. (G) Violin plots of
IFN-I score, TLR activation score, maturation markers CD83 and CD86, in monocytes and DC clusters of all groups. (H, I) Spectral flow cytometry analysis of
COVID-19 patients (ArtDECO cohort) of CD169-expressing monocytes/macrophages in circulation or bronchoalveolar space. (H) Percentage of CD169+ cells within
monocytes subsets or alveolar macrophages (AM) (n = 16) in the (left panel) blood or (right panel) BALF of COVID-19 patients. (I) Expression of HLA-DR compared
between CD169+ and CD169- subsets of monocytes or alveolar macrophages (AM). Paired t-tests were used. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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FIGURE 3 | CD14+ CD169+ monocytes are present in cancer patients. (A) Analysis of public scRNA-seq dataset of PBMCs from PDAC patients (n = 12) and
healthy controls (n = 4) using Seurat algorithm and projected onto UMAP space where cell types are indicated. The expressions of CD14 and SIGLEC1 are
visualized on UMAP. (B) Analysis of public scRNA-seq dataset of PBMCs from patients with lung cancer (n = 7) using Seurat and UMAP clustering. The expression
of SIGLEC1 and CD14 are shown. (C) Percentage of CD169+ cells within classical (CD14+ CD16-), intermediate (CD14+ CD16+), or non-classical (CD14- CD16+)
monocytes in patients with pancreatic ductal adenocarcinoma (PDAC, n = 4), hepatocellular carcinoma (HCC n = 7), colorectal liver metastasis (CRLM, n = 4), and
melanoma (n = 4). Monocytes were gated on live, HLA-DR+ Lin(CD3/CD19/CD56)– cells. (D) Expression of HLA-DR between CD169+ and CD169- classical or
intermediate monocytes in cancer patients. Paired t-tests were used. ****P < 0.0001.
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that IFNa-induced CD14+ CD169+ monocytes have an
enhanced capacity to cross-present antigen and to stimulate
CD8+ T cells.

Targeted Antigen Delivery to CD14+

CD169+ Monocytes Using Ab-Ag Stimulate
CD8+ T Cell Activation
To evaluate whether CD14+ CD169+ monocytes can be used for
targeted vaccination, we conjugated gp100 peptide to aCD169
antibody. After incubation with aCD169-gp100 or control-IgG-
Frontiers in Immunology | www.frontiersin.org 9118
gp100 conjugates, IFNa-treated CD169high monocytes were
washed and co-cultured with gp100280–288-specific CD8+ T
cells. We found a significantly higher IFNg secretion by CD8+

T cells in aCD169-gp100-treated condition (Figure 4D). Similar
result was seen when we used freshly-isolated CD14+ monocytes,
however, the level of IFNg production was much lower due to a
lower expression of CD169 on only a small percentage (5-15%)
of total monocytes (Figure 4E). This suggests that CD14+

CD169+ monocytes can potentially be used for an effective
targeted vaccination strategy.
A
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FIGURE 4 | IFN-a treated monocytes showed enhanced peptide presentation to CD8+ T cells. (A–C) After CD14+ isolation, monocytes were incubated with IFNa
overnight, loaded with different concentrations of gp100, washed, and gp100-specific CD8+ T cells were added. After 24h, IFNg secretion by CD8+ T cells after co-
culture with monocyte loaded with (B) short peptide or (C) long peptide was measured by ELISA. (D, E) Targeted antigen delivery to CD14+ CD169+ monocytes
using antibody conjugated with gp100 peptide. (D) IFNa-treated CD14+ CD169high monocytes or (E) freshly-isolated total CD14+ monocytes were loaded with
different doses of aCD169-gp100 or control IgG-gp100 antibody-conjugates, washed, and gp100-specific CD8+ T cells were added. After 24h IFNg secretion was
measured by ELISA. Data are mean from four donors. Paired t-tests were used. *P < 0.05, **P < 0.01, ***P < 0.001.
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Ganglioside-Liposomes Target CD14+

CD169+ Monocytes Leading to Antigen-
Presentation to CD8+ T Cells
We previously described a nanovaccine platform targeting
CD169+ cells using gangliosides, the endogenous ligands for
CD169, and we showed that ganglioside-liposomes activated and
delivered tumor antigens to Axl+ CD169+ DCs (20). These
liposomes were 200 nm in size, negatively charged, and also
contained antigen and adjuvant. We assessed their uptake in
PBMCs and splenocytes using flow cytometry (Table S1 and
Figure 5A). Within circulating classical CD169+ monocytes, we
observed that inclusion of GM3 or GT1b as targeting moieties
strongly increased the uptake of liposomes (Figures 5B, C). This
uptake was significantly reduced when anti-CD169 antibody was
used as blocking antibody prior to addition of liposomes,
indicating that uptake was mediated primarily by ganglioside-
CD169 interaction (Figure 5C). A similar uptake of ganglioside-
liposomes was observed in splenic CD14+ CD169+ monocytes
(Figure 5D and Figure S5A). Ganglioside-liposomes can thus be
taken up by both, blood and splenic CD14+ CD169+ monocytes.

Furthermore, we performed reanalysis of our previous
findings on ganglioside-liposome uptake by blood CD14+ cells
to reevaluate possible ganglioside-liposome uptake by CD14-
expressing DC3 (20). Since CD88 was not included in this panel,
here we defined classical monocytes as CD14high CD1c- cells and
CD14dim CD1c+ as DC3 (Figure S5B). While CD14high CD1c-

CD169+ classical monocytes took up ganglioside-liposomes, we
did not detect significant ganglioside-liposome uptake by
CD14dim CD1c+ DC3 population (Figure 5E). However, upon
DC3 repartition based on CD169 expression, we observed a
similar trend on ganglioside-liposome uptake by CD169-
expressing DC3s, albeit to a much lower extent than the
CD169+ monocytes (Figure S5C). This suggests that among
CD14-expressing cells, ganglioside liposomes are largely taken
up by CD169+ classical monocytes rather than CD169+ DC3.

We then assessed whether the ganglioside-liposomes could
target CD169+ monocytes in cancer patients. Similar to our
findings in healthy individuals, both GM3- and GT1b-liposomes
were taken up by CD169+ classical monocytes of all cancer
patients we tested (Figures 5F, G), further supporting the
potential of targeting CD169+ monocytes as a vaccination strategy.

Finally, we evaluated antigen/adjuvant delivery to CD169+

monocytes by ganglioside-liposomes. To determine the capacity
of ganglioside-liposome to activate monocytes, we incorporated
TLR7/8 agonist R848 into the liposomes. We showed that GM3/
R848 andGT1b/R848 liposomes induced TNFa expression in total
CD14+ monocytes, significantly higher than the non-targeting
control/R848 liposome (Figures 5H, I). Next, we evaluated
antigen presentation capacity of CD14+ CD169+ monocytes after
antigen delivery by ganglioside-liposomes. We encapsulated
pancreatic cancer-associated antigen WT1 short peptide into the
liposomes, and incubated them with CD14+ isolated monocytes.
Following co-culture with WT1-specific CD8+ T cell clone, we
measured the amount of secreted IFNg. Upon incubation with
GM3/WT1/R848 liposome, CD14+ monocytes were able to
stimulate higher secretion of IFNg by WT1 CD8+ T cells as
Frontiers in Immunology | www.frontiersin.org 10119
compared to control liposome (Figures 5J, K). Interestingly,
although GT1b-liposome uptake was higher than GM3-liposome
uptake, it did not lead to activation of WT1 CD8+ T cells. This data
indicates that GM3-liposomes are able to target and deliver tumor
antigen to CD14+ CD169+ monocytes leading to a strong CD8+ T
cell stimulation.
DISCUSSION

CD169+ monocytes are detected under homeostatic and
inflammatory conditions, however, their phenotype and
functional role in T cell activation is underexplored. Here, we
show that CD14+ CD169+ monocytes exhibit a higher activation
phenotype with enhanced capacity for antigen presentation and
CD8+T cells activation. Our spectral cytometry data show that they
are distinct from the recently defined CD14+ DC3 population, and
that they are present in the circulation of healthy donors, SARS-
CoV-2-infected patients, as well as patients with five different types
of cancer. Furthermore, we show that CD169-targeting
nanovaccines can deliver antigen/adjuvant to CD169+ monocytes
that leads to robust antigen-specific T cell activation, indicating
their potential for novel CD169 targeting vaccination strategies.

The increase of CD169 expression on monocytes was initially
described in patients with increased IFN-I signature, such as
systemic sclerosis (27). A high level of IFNa in the circulation of
systemic lupus erythematosus patients was demonstrated to
increase the capacity of monocytes to activate CD4+ T cells
and to contribute to the break of tolerance (47). Furthermore,
exposure of IFNa to monocytes was shown to lead to
upregulation of maturation markers, and an increased potency
of monocytes to activate CD4+ T cells in an allogeneic setting
(48). This was confirmed in a more recent unbiased proteomic
analysis, in which CD169 was among the highest upregulated
membrane proteins by IFNa treatment, along with HLA-
molecules and co-stimulatory markers (49). The enhanced
capacity of T cell activation by IFN-treated monocytes is
therefore attributed to the increased expression of HLA molecules
and these activating ligands. In line with these findings, our data
have demonstrated that IFNa-exposed monocytes showed
increased HLA- and co-stimulatory molecules and had enhanced
capacity to cross-present antigen to CD8+ T cells.

AlthoughDC1 has the highest proficiency in cross-presentation
of cell-associated antigens (50–53), monocytes and monocyte-
derived cells are also capable to uptake exogenous antigen and
process them for CD8+ T cell activation (48, 54–56). Here, we
showed that IFNa-treated CD169high monocytes were able to
present both pre-processed and unprocessed gp100 peptides to
antigen-specific CD8+ T cells. Interestingly,monocytes loadedwith
MART1 long peptide were shown to retain this peptide and to
present it toCD8+T cells after a full differentiation intomoDCwith
GM-CSF/IL-4 (54). Ex vivo loading of monocytes with antigen
followed by intravenous transfer of these loaded monocytes was
shown to induce strong anti-tumor T cell responses in several
mouse models (57). In this study, antigen transfer to DC1s by
monocytes appeared to be involved. As we previously showed a
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FIGURE 5 | Ganglioside-liposomes deliver antigen/adjuvant to CD14+ CD169+ monocytes for presentation to CD8+ T cells. (A) Gangliosides GM3 and GT1b were
incorporated into DiD-labeled liposomes and uptake was determined by flow cytometry. GalNAc, N-acetyl galactosamine; Cer, ceramide; Ctrl, control. Additionally,
toll-like receptor 7/8 agonist R848 was incorporated and tumor-associated peptide was encapsulated. (B, C) Ganglioside liposome uptake by human CD14+

CD169+ monocytes as (B) representative plots and (C) quantification (n = 4) are shown. (D) Ganglioside-liposome uptake by human splenic autofluorescence (AF)-

CD14+ Lin(CD3/CD19/CD56)– monocytes, repartitioned as CD169+ or CD169- cells. (E) Reanalysis of ganglioside-liposome uptake on circulating classical CD169+

monocytes (HLA-DR+ Lin- CD14high CD1c-) and DC3 (HLA-DR+ Lin- CD14int CD1c+). (F, G) Ganglioside-liposome uptake by CD169+ classical monocytes of cancer
patients as (F) representative plot and (G) quantification are shown. Friedman test using a two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli,
with Q = 0.05, was used. **adjusted P < 0.01, ****adjusted P < 0.0001. (H, I) PBMCs were incubated with R848-containing ganglioside-liposomes at 37°C for
45 min, washed, and cultured for five hours in complete medium, with the addition of brefeldin-A for the final three hours. TNFa production by classical monocytes
was measured by intracellular flow cytometry, gated on live CD14+ CD16- HLA-DR+ Lin(CD3/CD19/CD56)– cells. (H) Representative plot from one donor and
(I) quantification as fold change over control are shown. Data are mean ± SEM from 6-7 donors. (J, K) After CD14+ isolation, monocytes were incubated with
different concentrations of Ganglioside/WT1/R848 liposome or control (Ctrl) liposome, washed, and WT1-specific CD8+ T cells were added. (J) IFNg secretion after
24h was determined by ELISA. (K) Fold change of IFNg secretion over Ctrl liposome is shown for GM3/WT1, GT1b/WT1, or GM3 devoid of peptide, at 1.0 µM dose.
Paired t-tests were used. *P < 0.05, **P < 0.01, ****P < 0.001. (L) Two nanovaccine platforms, antibody- and liposome-based, deliver antigen to CD169+
monocytes for antigen-specific CD8+ T cell activation.
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similar collaboration between CD169+ macrophages and DC1 in
mice (58), the potential interplay between CD169+monocytes, DC,
and CD8+ T cells in humans needs further investigation.

CD169+ monocytes have been proposed to be a diagnostic
biomarker for viral infections including in COVID-19 patients
with high sensitivity (59–61). Several studies have also revealed
CD169 alterations when comparing mild and severe COVID-19
cases. CD169-expressing monocytes were found to be more
prominent in mild cases and the amount of CD169 expression
correlated with plasma IFNa levels (60, 62). CD169 also
identified early activated monocyte clusters in COVID-19
patients, that were absent in healthy controls (63), reminiscent
to our scRNA-seq analysis. In this study, CD169 trajectory
analysis predicted that CD169+ monocytes could be derived
from both, classical and intermediate monocytes, thus
corroborating our analysis. Additionally, we observed a higher
proportion of CD169+ intermediate monocytes as compared to
classical or non-classical subsets in COVID-19 patients.
Intermediate monocytes are known to be increased during
infection, including SARS-CoV-2 (64), and it is likely that
these CD169+ intermediate monocytes were transitioning from
activated classical monocytes. Remarkably, the frequency of
CD169+ monocytes was also associated with high IFNg levels
(63). These data suggests that CD169+ monocytes reflect high
IFN levels and may potentially be involved in the activation of T
cell responses required for virus clearance in COVID-19 patients.

In cancer, monocytes are known to play dual roles in promoting
or suppressing tumor growth (11). CD169+ monocytes were
previously reported to be highly increased in the circulation of
patients with colorectal carcinoma, to produce high amount of IL-
10, and were associated with tumor-infiltrating CD169+ monocytes/
macrophages and poor prognosis (65). In breast cancer, CD169 also
marked tumor-associated macrophages and SIGLEC1 expression
was associated with poor outcome (66). On the other hand,
SIGLEC1 expression was correlated with immune cell infiltration in
endometrial cancer and survival (67). Along the same line, tumor-
infiltrating CD169+ monocytes/macrophages were shown to be a
good prognostic marker in hepatocellular carcinoma (68). In
hepatocellular carcinoma, tumor-infiltrating CD169+ monocytes/
macrophages presence was correlated with CD8+ T cell frequency
and both were found in close proximity. Moreover, hepatocellular
carcinoma-associated CD169+ monocytes/macrophages showed
elevated expression of HLA-DR and CD86, similar to the pattern
we observed in CD169+ monocytes. Furthermore, several studies
have reported that thepresenceofCD169+macrophages in the tumor
draining lymph node is associated with better prognosis in multiple
types of cancer (42–44). Thus, the role of CD169-expressing
monocytes/macrophages is highly dependent on tumor types and
tissues investigated.

Interestingly, CD169 molecule itself has been suggested to
promote T cell activation. Addition of recombinant human
CD169 to anti-CD3-stimulated PBMCs induced CD8+ T cell
proliferation and cytokine production in an autologous
condition (68). In an allogeneic setting, blocking of CD169
expressed on IFN-a treated monocytes, led to a reduced
proliferation and cytokine production by CD8+ and CD4+ T
Frontiers in Immunology | www.frontiersin.org 12121
cells (69). However, also contradictory data exists, in which
CD169 is involved in T cell suppression (70, 71). Further
research into the interaction of CD169 with T cells and to
elucidate the ligands involved will be necessary. These studies
suggest that CD169 expression on monocytes could potentially act
as an additional signal that can influence CD8+ T cell activation.

Finally, to evaluate the potential of CD169+ monocytes for a
vaccination strategy, we used two forms of CD169-targeting
nanovaccine platforms (Figure 5L). Our data showed that anti-
CD169 Ab-Ag conjugate and ganglioside-liposomes were efficiently
taken up by CD169+ monocytes and delivered tumor-associated
antigens which led to robust antigen-specific CD8+ T cell responses.
This is in line with our previous reports using CD169+ moDC and
Axl+ DC (20, 37). Interestingly, only GM3-liposome, and not GT1b-
liposome, that was able to deliver antigen for CD8+ T cells activation
by CD169+ monocytes, similar to Axl+ DCs. Future experiments
investigating ganglioside-liposome intracellular trafficking, peptide
processing and presentation on MHC are needed to determine the
underlying mechanisms. Since CD169 is also expressed by Axl+ DC,
targeting the CD169 molecule would give additional benefits of
targeting both Axl+ DCs to prime naïve CD8+ T cells and CD169+

monocytes to stimulate antigen-experienced T cells. In addition,
intravenous administration of CD169-targeting nanovaccines in
mice specifically targets splenic CD169+ macrophages, leading to
strongT cell responses that depend onDC1 (34, 35, 37, 72). A similar
type of macrophage is present in human spleen and are described as
perifollicularmacrophages (37), but have not been studied because of
their scarcity. Together, this suggest that cancer vaccines targeting
CD169 could potentially mediate T cell activation via the consorted
action of targeting splenic CD169+ perifollicular macrophages, Axl+

DCs, and CD169+ monocytes.
Taken together, our data show that CD169+ monocytes are

activated monocytes that are present in both, healthy and
diseased conditions, including in viral infections and cancer.
Increased expression of CD169 in monocytes is driven by IFN-I
and it is accompanied by increased expression of co-stimulatory
and HLA molecules. CD169+ monocytes exhibit an enhanced
antigen presentation and CD8+ T cell activation capacity, and
can be selectively targeted and activated by CD169-targeting
nanovaccines. Thereby, CD169+ monocytes are APCs with
potential for an effective targeted nano-vaccination strategy.
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Targeting antigen to conventional dendritic cells (cDCs) can improve antigen-specific
immune responses and additionally be used to influence the polarization of the immune
responses. However, the mechanisms by which this is achieved are less clear. To improve
our understanding, we here evaluate molecular and cellular requirements for CD4+ T cell
and antibody polarization after immunization with Xcl1-fusion vaccines that specifically
target cDC1s. Xcl1-fusion vaccines induced an IgG2a/IgG2b-dominated antibody
response and rapid polarization of Th1 cells both in vitro and in vivo. For comparison,
we included fliC-fusion vaccines that almost exclusively induced IgG1, despite inducing a
more mixed polarization of T cells. Th1 polarization and IgG2a induction with Xcl1-fusion
vaccines required IL-12 secretion but were nevertheless maintained in BATF3-/- mice
which lack IL-12-secreting migratory DCs. Interestingly, induction of IgG2a-dominated
responses was highly dependent on the early kinetics of Th1 induction and was important
for optimal protection in an influenza infection model. Early Th1 induction was dominant,
since a combined Xcl1- and fliC-fusion vaccine induced IgG2a/IgG2b polarized antibody
responses similar to Xcl1-fusion vaccines alone. In summary, our results demonstrate that
targeting antigen to Xcr1+ cDC1s is an efficient strategy for enhancing IgG2a antibody
responses through rapid Th1 induction, which can be utilized for improved
vaccine design.
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INTRODUCTION

Conventional dendritic cells (cDCs) capture and process foreign
antigens for presentation of antigen-specific T cells. Through this
function, cDCs have a central role in the initiation phase of the
cellular immune response and can as a consequence influence the
polarization of the ensuing immune responses (1).

cDCs can be identified as MHC-II+CD11c+ cells and can be
further divided into two subpopulations on the basis of
functional and ontogenic differences (2). cDC1s are able to
cross-present antigen to CD8+ T cells (3, 4) and selectively
express the surface receptor Xcr1 (5, 6), while cDC2s can be
identified based on express CD11b and SIRP1a expression (7, 8).
Previous studies have indicated that cDC1s preferentially
polarize the CD4+ T cell response toward Th1, while cDC2
polarize toward Th2 (9, 10), suggesting that targeting antigens
toward specific DC subsets can be a valid strategy for influencing
the polarization of the vaccine-induced immune responses.
Antigens can be targeted directly to cDCs by fusion to
antibodies, chemokines, or other ligands that bind surface
receptors expressed on the cDCs [reviewed in (1, 11, 12)].
Such approaches have been shown to enhance antigen-specific
immune responses in mice as well as in larger animals (13–17).

In this study, we deliver antigen to cDC1s by genetic fusion to
the chemokine Xcl1, the ligand of the Xcr1 receptor. Xcl1-fusion
vaccines have been demonstrated to enhance CD8+ T cell
response (13, 14, 18) and to induce a preferential IgG2a/IgG2b
antibody response, associated with Th1 polarization (13, 19).
While Xcl1 has previously been identified as a Th1-associated
chemokine (20), it is unclear if the chemokine directly influences
Th1 polarization when used for targeting antigens to cDC1s. As a
second targeting strategy, we included antigens fused to flagellin
(fliC) from Salmonella typhimurium that has been reported to
induce a Th2-polarized response (21, 22) and which we have
previously seen to induce an IgG1-dominated antibody response
(22). FliC acts as a ligand for TLR5, which has been reported to
be expressed on cDC2s (23) but also on pDCs and a specific
subset of CD8+Xcr1- DCs in skin-draining lymph nodes (LN)
(24, 25). In addition, fliC is a ligand for the intracellular NLRC4–
NAIP5 inflammasome activating complex (26, 27).

Through a series of in vitro and in vivo experiments, we
evaluate the molecular and cellular requirements for Xcl1- and
fliC-fusion vaccines to influence antibody and CD4+ T cell
polarization. The results demonstrate that Xcl1- and fliC-
fusion vaccines both induce IFNg-secreting CD4+ Th1 cells,
although with different kinetics. Our observations indicate that
the kinetics of T cell polarization play a crucial role in
determining the polarization of antibody responses.
MATERIAL AND METHODS

Cell Lines, Virus, and Antibodies
Human embryonic kidney (HEK) 293E cells (from ATCC) were
used for the expression of HA and ovalbumin (OVA) fusion
proteins. The HEK293E cells were cultured in complete RPMI
media. Complete RPMI medium contains RPMI 164 (Invitrogen,
Frontiers in Immunology | www.frontiersin.org 2126
Waltham, MA) supplemented with 40 mg/ml gensumycin
(Sanofi-Aventis Norge AS, Lysaker, Norway), 50 mM
monothioglycerol (Sigma, St. Louis, MO, USA), 1 mM sodium
pyruvate, and 0.1 mM non-essential amino acids (Lonza,
Walkersville, MD, USA). For serum ELISAs, ALP-conjugated
anti-mouse IgG (Fc-specific) from Sigma (St. Louis, MO, USA)
and anti-mouse IgG1-bio (clone 10.9), anti-mouse IgG2a-bio
(clone 8.3), and anti-mouse IgG2b-bio (clone R12-3) from BD
Pharmingen (San Diego, CA, USA) were used. For flow
cytometric analysis, anti-CD3e (145-2C11, Tonbo Biosciences,
San Diego, CA, USA), anti-CD19 (1D3, Tonbo Biosciences),
anti-CD49b (DX5, eBioscience, San Diego, CA, USA), anti-Ly6G
(1A8, Tonbo Biosciences), CD45R/B220 (RA3-6B2, Tonbo
Biosciences), anti-MHCII (M5/114.15.2, BioLegend, San Diego,
CA, USA), anti-CD11c (N418, Tonbo Biosciences), anti-CD11b
(M1/70, Tonbo Biosciences), anti-CD24 (M1/69, BioLegend),
anti-CD8a (53-6.7, BioLegend), anti-CD4 (GK1.5, BioLegend),
anti-DO11.10 (KJ1-26, BioLegend), anti-CD14 (rmC5-3), anti-
IFNg (XMG1.2), anti-T-bet (eBio4B10, eBioscience),
anti-GATA3 (TWAJ, Invitrogen, Carlsbad, CA, USA), and
anti-RORgt (AFKJS-9, eBioscience) and were used.

Mice
All animal experiments were approved by the Norwegian Food
Safety Authority (NFSA). BALB/c mice aged 6–8 weeks were
purchased from Janvier, France. BATF3-/- mice bred on a
BALB/c background were purchased from The Jackson
Laboratory (Stock No.: 013755) and bred in-house. Mice were
euthanized if they lose 80% of their original weight after
influenza virus challenge as a human endpoint according to
the guidelines of NFSA.

Generation and Purification of
Targeted Vaccines
Construction of fusion vaccines that contain targeting,
dimerization, and antigenic domains has been described before
(28). The targeting units used in this study were the chemokine
ligand Xcl1 specific for Xcr1, the TLR5 ligand fliC, or a scFV
specific for the hapten 4-hydroxy-3-iodo-5-nitrophenylacetic
acid (NIP) as negative control. As antigens, aa 18-541 of HA
from influenza A/PR/8/34 or full-length ovalbumin (OVA)
was used.

Purification of fusion vaccine proteins was done as described
in Gudjonsson et al. (29) with some modifications. In brief,
HEK293E cells were seeded in 5-layer tissue culture flasks
(Falcon Multi-Flasks) and transfected using polyethylenimine
(PEI, 1 mg/ml stock) at a ratio of 500 mg PEI to 250 mg DNA. The
supernatant was harvested after 4–5 days and applied on a
CaptureSelect FcXL Affinity Matrix column (Life Technologies,
Carlsbad, CA, USA) connected to an ÄKTAprime plus (GE
Healthcare, Chicago, IL, USA). Bound fusion vaccines were
washed with PBS, eluted in 0.1 M glycin–HCl pH 2.7, and
immediately dialyzed twice against PBS. Purified fusion
vaccines were concentrated using 10-Kd cutoff Vivaspin
columns (Sartorius Stedim Biotech, Göttingen, Germany),
aliquoted, and stored at -80°C until use.
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Intradermal DNA Vaccination of Mice
BALB/c mice were anesthetized by intraperitoneal injection of
150 µl ZRF mixture containing 250 mg/ml Zoletil Forte (Virbac,
Carros, France), 20 mg/ml Rompun (Bayer Animal Health), and
50 mg/ml fentanyl (Actavis, Parsippany-Troy Hills, NJ, USA).
After shaving the lower back, 25 µl of DNA vaccine (0.5 µg/µl in
0.9% NaCl) was injected intradermally (i.d.) on the left and right
flanks. Immediately after injection, the skin was electroporated
using the Derma Vax (Cyto Pulse Sciences, Inc., Glen Burnie,
MD, USA) system with two pulses of 450 V/cm × 2.5 µs and eight
pulses of 110 V/cm × 8.1 ms.

Isolation of CD4+ T Cells From Spleen
Splenocytes from BALB/c, BATF3-/-, and DO11.10 mice were
prepared using the GentleMACS dissociator (Miltenyi Biotec,
Bergisch Gladbach, Germany) according to the manufacturer’s
protocol. Briefly, spleens were dissociated in GentleMACS C
tubes in complete RPMI media. Erythrocytes were lysed by
incubation with ACT buffer for 5 min on ice. Finally, cells
were filtered through a 70-mm nylon cell strainer. CD4+ T cells
from DO11.10 mice spleens were isolated using a CD4+ isolation
kit (Miltenyi Biotec), according to the manufacturer’s protocol.

In Vitro Generation of Bone
Marrow-Derived DCs
Bone marrow cells were harvested by flushing tibiae and femur
with medium. The cell suspension was filtered through a 70-mm
nylon cell strainer, and 1 × 107 single-cell suspension in 5 ml
total volume was seeded in a 6-well plate. Flt3L (PeproTech,
Rocky Hill, NJ, USA) (0.1 mg/ml) was added, and the cells were
incubated for 9 days at 37°C, 5% CO2 (30). Semi-adherent cells
were subsequently harvested and analyzed by flow cytometry
after staining with anti-CD45/B220, anti-CD11c, anti-CD11b,
and anti-CD24 for 20 min on ice.

Serum ELISA
High binding 96-well ELISA plates (Coster) were coated with
inactivated PR8 virus (Charles River Laboratories, Wilmington,
MA, USA) (1:1,600 in PBS) overnight (ON) at 4°C and blocked
with 1% w/v BSA in PBS with 0.02% w/v Na azide for 1 h at room
temperature (RT). Blood samples were collected from the
saphenous vein of mice and sera isolated by two successive
centrifugations for 5 min at 13,000 rpm. Serum samples were
titrated down 3-fold starting from 1:50 in ELISA buffer (0.1% w/v
BSA, 0.2% Tween, and 0.02% w/v in PBS) into the coated 96-well
plate and incubated ON at 4°C. Next, the plates were washed
(3×) and 50 ml of 1 mg/ml biotinylated anti-mouse IgG1[a],
IgG2a[a], or IgG2b diluted in ELISA buffer was added and
incubated for 1.5 h at RT. After washing (3×), the plates were
incubated with 1:3,000 diluted streptavidin-ALP (GE Healthcare
(RPN1234V)) for 45 min at RT. The plates were then washed
(3×) and developed using 100 µl/well of substrate buffer (1 mg/
ml phosphate substrate (Sigma, P4744)). After 30 min, OD405

was measured on a Tecan Sunrise spectrophotometer. The cutoff
value for the Ab titer was determined by calculating the mean
OD (+ 3 SD) of sera from NaCl-vaccinated control groups. The
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reciprocal of the highest serum dilution of a sample giving more
OD than the cutoff is reported. If an OD value of a sample did
not exceed that of the cutoff value, the sample was given an
endpoint titer of 1.

IFNg ELISPOT
A single-cell suspension from spleen was prepared as described
above. To detect IFNg and IL4 secreted by splenocytes,
ELISpotPLUS for mouse IFNg and IL4 kit with precoated
anti-IFNg and anti IL4 plates, respectively, was used in
accordance with the manufacturer’s protocol (Mabtech AB,
Nacka Strand, Sweden). In short, spleens were dissociated,
treated with Tris-buffered ammonium chloride (ACT) lysis
buffer, and filtered through a 70-mm nylon strainer to prepare
single-cell suspensions. Cells were added to the plates at a
concentration of 0.5 × 106 and restimulated with the HA-
derived peptide HNTNGVTAACSHEG (MHC-II, I-Ed-
restricted) or a negative control peptide at a concentration of 2
mg/ml for 18 h at 37°C 5% CO2. The plates were automatically
counted and analyzed using a CTL ELISPOT reader (CTL
Europe GmbH, Bonn, Germany). The values obtained from
the negative control peptide wells were subtracted from the
values obtained from stimulation with specific peptides for
each sample.

In Vitro Th Polarization
OVA-specific CD4+ T cells were isolated from DO11.10 TCR
transgenic mice by harvesting spleens and generating single-cell
suspensions as described for isolation CD4+ T cells from spleen.
DO11.10 CD4+ T cells were then purified using a CD4 T cell
isolation kit (Miltenyi Biotec), according to the manufacturer’s
protocol. Purified DO11.10 cells were seeded at a concentration
of 5 × 104 cells in 48-well plates together with 2.5 × 105 BM DCs
and 0.5 mg aNIP-, Xcl1-, or fliC-OVA in RPMI with 10% FCS.
The plates were incubated for 72 h at 37°C with 5% CO2 before
cells were harvested and analyzed by flow cytometry after
staining for anti-CD4, anti-DO11.10, anti-T-bet, ant-GATA3,
and anti-RORgt. Data were acquired on a Fortessa (BD) flow
cytometer and analyzed using FlowJo software (FlowJo, LLC,
Ashland, OR, USA).

In Vitro Proliferation on Sorted Bone
Marrow-Derived DCs
Bone marrow-derived cDC1s and cDC2s were defined as CD45R-

CD11c+CD11b-CD24+ and CD45R-CD11c+CD11b+CD24- cells,
respectively, and sorted on a BD FACSMelody (BD Biosciences,
Franklin Lakes, NJ, USA). Post-sorting evaluation confirmed a
purity >99% for two bone marrow-derived DC (BMDC)
populations. OVA-specific CD4+ DO11.10 cells were isolated as
described above and stained with 5 mM CellTrace CTV before
incubation with sorted DCs at a ratio of (3:1) and 1 mg/ml Xcl1-
OVA, fliC-OVA, or aNIP-OVA for 4 days. As a positive control,
cells were incubated with 0.5 mg/ml of the OVA323-339 peptide.
Proliferation of DO11.10 cells were determined by flow cytometry
on an Attune NxT (Thermo Fisher Scientific, Waltham,
MA, USA).
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In Vivo Th Polarization
OVA-specific DO11.10 cells were isolated as for in vitro Th
polarization, and 1 × 106 cells transferred to naïve mice one day
before intradermal immunization with 25 mg DNA encoding
aNIP-, Xcl1-, or fliC-OVA. Inguinal and axillary LNs were
harvested on specified days after immunization and single-cell
suspensions generated using GentleMACS dissociator (Miltenyi
Biotec). In short, LNs were placed in C MACS tubes containing
complete RPMI medium dissociated by running program B on
the GentleMACS dissociator. After filtration, the single-cell
suspensions from LNs were filtered through a 70-mm nylon
cell strainer washed in PBS and analyzed by flow cytometry after
staining for anti-CD19, anti-CD14, anti-CD3, anti-CD4, anti-
DO11.10, anti-T-bet, ant-GATA3, and anti-RORgt. Data were
acquired on a Fortessa (BD) flow cytometer and analyzed using
FlowJo software (FlowJo, LLC).

IL-12 Blocking
In vitro cocultures of BMDC and DO11.10+ CD4+ T cells in the
presence of Xcl1, fliC-, or aNIP-Ova were treated with 10 mg/ml
of anti-IL12 (AF-419-SP, R&D Systems, Minneapolis, MN, USA)
or an unspecific isotype antibody control for 72 h.
DO11.10+CD4+ T cells were then evaluated for the expression
of transcription factors and supernatants harvested for cytokine
ELISA as described above.

In vivo: mice were vaccinated as described in the intradermal
DNA vaccination. For the early time-point blockade, 500 mg of
anti-IL12 antibody (clone R2-9A5) (Bio X Cell, Lebanon, NH,
USA) was injected i.p 1 and 2 days after vaccination, while for the
later time inhibition the anti-IL12 antibody was injected on days
6 and 7. Controls at each time point received an unspecific
isotype control antibody.

In Vivo Cytotoxicity
Cytotoxicity was performed as previously described (31). In
short, splenocytes from BALB/c mice were incubated with the
HA-derived MHC-I restricted peptide (IYSTVASSL) or an
unspecific control peptide at a concentration of 1 mg/ml in 5 ×
107 cells/ml for 1 h at 4°C. Peptide-loaded cells were stained with
1.25 mM (negative control) or 12.5 mM (IYSTVASSL)
CellTrace™ Violet (Thermo Fisher) for 30 min at 37°C, before
they were washed 2× in PBS, resuspended in PBS at a
concentration of 5 × 107 cells/ml, and mixed 1:1. A total of 1 ×
107 cells were injected i.v. into BALB/c or BATF3-/- mice that had
been DNA immunized with 25 mg Xcl1-HA, fliC-HA, or NaCl 9
days prior. After 18 h, spleens were harvested and the ratio of
CTVlow to CTVhigh determined by flow cytometry. Cytotoxicity
was calculated as % specific lysis = [1 - (Avg NaCl ratio/
experimental ratio)] × 100.

Statistics
All statistical analyses were performed using the GraphPad
Prism 8 software. Significant differences in antibody responses,
cytokine ELISA, or T-cell responses were calculated using the
parametric t-test or non-parametric t-test (Mann–Whitney)
when comparing two treatment groups and one-way ANOVA
Frontiers in Immunology | www.frontiersin.org 4128
with multiple-comparison correction when comparing >2
groups (*p < 0.05, **p < 0.01, ***p < 0.001). Differences in
antibody responses over time and weight curves after infection
were calculated using two-way ANOVA (*p < 0.05, **p < 0.01,
***p < 0.001). Differences in survival were calculated by Mantel–
Cox (*p < 0.05, **p < 0.01, ***< 0.001). Data and error bars are
presented as mean ± SEM.
RESULTS

Xcl1-Fusion Vaccines Induce Rapid Th1
Responses After DNA Vaccination
To better understand the mechanism of how targeting cDCs can
influence the polarization of the immune response, we compared
Xcl1- and fliC-fusion vaccine molecules, as these have previously
been seen to induce differently polarized antibody responses
(Supplementary Figure 1A) (28, 32). While Xcl1-fusion
vaccines target the Xcr1 receptor which is specifically expressed
on cDC1s (5, 6, 29), the surface receptor for fliC, TLR5, has been
reported to be expressed on CD11b+ cDC2s (Supplementary
Figure 1B) (23). However, when staining for TLR5 in spleen we
only observed a small percentage of TLR5+ DC, although the
percentage was higher on cDC2 than cDC1s (Supplementary
Figure 1C). In addition, fliC has also been reported to activate the
intracellular NLRC4–NAIP5 inflammasome activating complex,
suggesting that fliC-fusion vaccines may enhance immune
responses though several mechanisms. Intradermal (i.d.) DNA
vaccination using Xcl1- or fliC-fusion vaccines containing
hemagglutinin (HA) from influenza A/Puerto Rico/8/34 (PR8)
as an antigen demonstrated that fliC-HA induced almost
exclusively antibodies of the IgG1 subclass, while Xcl1-HA
induced higher titers of IgG2a and IgG2b (Figures 1A, B and
Supplementary Figure 1D) (22). Both vaccines did, however,
induce protection against a lethal dose (50xLD50) of influenza A
(PR8) (Supplementary Figures 1E, F).

The IgG subclass data suggest that Xcl1- and fliC-HA
differentially influence Th polarization. To test this, IFNg and
IL4 ELISPOT assays were performed on splenocytes from BALB/
C mice vaccinated by i.d. DNA immunization (Supplementary
Figures 2A, B). Spleens were harvested 1 or 2 weeks after
vaccination, and single-cell suspensions were stimulated with
the MHC-II restricted HA peptide HNTNGVTAACSHEG.
Already after 1 week, immunization with Xcl1-HA induced
INFg−secreting splenocytes (Supplementary Figure 2A).
Neither of the vaccines induced IL4-secreting splenocytes
above background at this time point (data not shown).
Somewhat surprisingly, fliC-HA induced significantly higher
numbers of IFNg−secreting cells compared to Xcl1-HA
immunized mice after 2 weeks, while there was no difference
in IL4-secreting splenocytes (Supplementary Figure 2B).

The ELISPOT results suggest that Xcl1-fusion vaccines
rapidly induce IFNg−secreting splenocytes when delivered by
i.d. DNA vaccination. To obtain a better understanding of the
kinetics, we utilized DO11.10 transgenic mice that have CD4+ T
cells with a TCR specific for the peptide OVA323-339 presented on
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the MHC-II molecule I-Ad (33). 1 × 106 CD4+DO11.10 cells were
injected i.v. into naïve BALB/c mice that were immunized 1 day
later by i.d. delivery of DNA encoding Xcl1-OVA, fliC-OVA, or
NaCl followed by electroporation. Draining LNs were harvested
3, 5, or 7 days after immunization and evaluated for proliferation
and polarization of DO11.10 cells (Figures 1C–E). DNA
immunization with Xcl1-OVA induced the highest percentage
of CD4+DO11.10+ cells on day 3 after vaccination (Figure 1D).
CD4+DO11.10+ cells were then analyzed for expression of T-bet,
GATA-3, or RORgt, indicative of Th1, Th2, or Th17 cells,
respectively. Xcl1-OVA induced a high percentage of T-
bet+DO11.10 cells already at day 3 after immunization, which
dropped off on days 5 and 7 after immunization, probably
reflecting egress of T cells from the LN (Figure 1E). However,
there were still ~10% T-bet+DO11.10 cells remaining at days 5
and 7 after immunization (Figure 1E). While Xcl1-OVA also
induced a higher percentage of GATA3+ and RORgt+ cells 3 days
after immunization, the numbers declined at 5 and 7 days after
immunization (Supplementary Figures 2C, D). Consequently,
DNA immunization with Xcl1-OVA induces expansion of T-
Frontiers in Immunology | www.frontiersin.org 5129
bet+ cells with a clear Th1 phenotype within 1 week. In contrast,
there was hardly any enhanced proliferation of DO11.10 cells
after DNA immunization with fliC-OVA, although we did
observe a slight increase on day 7 after immunization. To
ensure that the OVA antigen did not adversely affect the
antibody polarization, serum samples were analyzed for OVA-
specific IgG1 and IgG2a antibody titers 2 weeks after i.d. DNA
immunization with Xcl1- or fliC-OVA. As seen with fliC-HA,
fliC-OVA induced an almost exclusive IgG1 response, while Xcl1
induced higher titers of IgG2a (Supplementary Figure 2E).

Xcl1-OVA Fusion Proteins Enhance Th1
Polarization In Vitro and In Vivo
The observation that i.d. DNA vaccination with fliC-OVA
induced poor proliferation of CD4+ T cells in vivo was
surprising. To test if this observation was related to the use of
DNA, bone marrow-derived DCs (BMDCs) were incubated with
DO11.10 cells and purified Xcl1- or fliC-OVA proteins in various
concentrations for 72 h. In addition, we also included anti-NIP-
OVA (referred to as aNIP) to serve as non-targeted control.
A B

D E

C

FIGURE 1 | DNA immunization with Xcl1-HA induces rapid Th1-associated immune responses. (A) IgG1 and IgG2a anti-HA antibodies in sera from BALB/C mice
obtained 2 weeks after a single i.d. DNA immunization/electroporation with 25 mg plasmid encoding Xcl1-HA or fliC-HA. (B) IgG2a/IgG1 ratios in single mice
presented in (A). (C–E) 1 × 106 naïve DO11.10 cells were transferred to BALB/c mice that were subsequently immunized with 25 mg plasmid encoding Xcl1-OVA or
fliC-OVA. Inguinal LNs were harvested 3, 5, or 7 days after vaccination. (C) Gating strategy for identification of CD4+DO11.10+ and expression of the transcription
factor T-bet. (D) Percentage of CD4+DO11.10+ cells and (E) T-bet+ DO11.10 cells elicited by immunization. Data shown are either pooled from 2 independent
experiments (A, B), or representative of two independent experiments (C–E), with 20 (A, B), or 3 (C–E) mice per group. Statistical analysis was performed using the
non-parametric t-test (B) or one-way ANOVA with Tukey’s multiple-comparison test comparing Xcl1-OVA and fliC-OVA for the different timepoints (D, E). *p < 0.05,
**p < 0.01, ***p < 0.001.
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Proliferation of the OVA-specific CD4+ T cells was determined
by evaluating incorporation of radioactive thymidine
(Figure 2A). Interestingly, purified fliC-OVA induced strong
proliferation of DO11.10 cells, which was significantly higher
than the non-targeted aNIP-OVA at 2 and 0.2 mg/ml. In
contrast, Xcl1-OVA induced significantly higher proliferation
than aNIP-OVA at concentrations <2 mg/ml and higher than
fliC-OVA at 0.02 mg/ml (Figure 2A).
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To study CD4+ T cell polarization mediated by Xcl1- or fliC-
fusion vaccines, DO11.10 cells were incubated with BMDCs in
the presence of 0.5 mg/ml Xcl1-OVA, fliC-OVA, or aNIP-OVA
for 72 h. 0.5 mg/ml was chosen since this concentration induced
similar proliferation with fliC- and Xcl1-OVA (Figure 2A). After
72 h, DO11.10 cells incubated with Xcl1-OVA displayed
significantly higher expression levels of T-bet compared to
aNIP-OVA- or fliC-OVA-incubated cells (Figure 2B). As seen
A

B

D

E

F

C

FIGURE 2 | Xcl1-OVA induces Th1 polarization of DO11.10 cells in vitro and in vivo. (A) CD4+ cells were purified from spleen of DO11.10 TCR transgenic mice and
incubated with BMDCs as APC in the presence of indicated amounts of Xcl1, fliC, or NIP-OVA protein for 72 h. Incorporation of radioactive thymidine was analyzed
after 48 h. (B–D) CD4+ from DO11.10 transgenic mice were incubated with BMDC in the presence of Xcl1-, fliC-, or NIP-OVA proteins (0.5 mg/ml) for 72 h. (B) CD4+

DO11.10+ cells were evaluated for expression of T-bet by flow cytometry. MFI for T-bet expression is summarized in the right graph. (C) Ratio of T-bet/GATA3 MFI
for CD4+DO11.10+ cells in mice from (B) and Supplementary Figure 3A. (D) Concentrations of IFNg, IL-12, TNFa, and IL-13 in supernatants. (E, F) 1 × 106 naïve
DO11.10 cells were transferred to BALB/c mice that were subsequently injected i.v. with purified Xcl1-OVA, fliC-OVA, or aNIP-OVA proteins (5 mg). Spleens were
harvested 72 h later and the percentage of (E) CD4+DO11.10+ and (F) T-bet+DO11.10+ cells determined by flow cytometry. Data are representative of one (A) or
three (B–D) independent experiments with n = 3 samples per group. (E, F) Data from one experiment with n = 3 mice per group. Statistical analysis was performed
by one-way ANOVA with Tukey’s multiple-comparison corrections. *p < 0.05, **p < 0.01, ***p < 0.001.
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after DNA vaccination in vivo, Xcl1-OVA also induced higher
levels of GATA3 and RORgt compared to fliC-OVA, although
the difference was lower than for T-bet (Supplementary
Figure 3A). Indeed, when calculating the T-bet/GATA3 ratio,
Xcl1-OVA clearly stood out as the strongest inducer of T-bet
(Figure 2C). In accordance with the upregulation of T-bet, the
supernatant from cells incubated with Xcl1-OVA contained
significantly higher levels of the Th1-associated cytokines IFNg,
IL-12, and TNFa compared to supernatants from cells incubated
with either fliC-OVA or aNIP-OVA (Figure 2D). DO11.10 cells
incubated with fliC-OVA did not induce a clear polarization
toward any Th subset based on the expression of T-bet, GATA-3,
or RORgt (Figures 2B, C and Supplementary Figure 3A),
although fliC-OVA induced slightly higher levels of IL-13
compared to Xcl1-OVA (Figure 2D). No difference was
observed between Xcl1-OVA and fliC-OVA when determining
secretion of the Th17-associated cytokine IL-17A, despite Xcl1-
OVA inducing a higher expression of RORgt (Supplementary
Figures 3A, B).

To obtain a better understanding on which DC subsets are
presenting antigen to the DO11.10, sorted BM-derived cDC1s
and cDC2s were incubated with CTV-labeled DO11.10 cells and
1 mg/ml Xcl1-OVA, fliC-OVA, or aNIP-OVA for 4 days. As
expected, Xcl1-OVA predominantly induced proliferation of
DO11.10 cells when incubated with cDC1s (Supplementary
Figures 3C, D). While fliC-OVA induced significantly higher
proliferation of DO11.10 cells on cDC2s compared to Xcl1-
OVA, we were surprised to see that fliC-OVA also induced
proliferation when incubated with cDC1s (Supplementary
Figures 3C, D). Whether this is due to low-level TLR5
expression on BM cDC1s or activation of the NLRC4–NAIP5
inflammasome remains to be determined.

To test proliferation and polarization in vivo, 1 × 106

CD4+DO11.10 cells were transferred to naïve BALB/c mice that
were injected i.v. 1 day laterwith 5mg purifiedXcl1-,fliC-, oraNIP-
OVA protein. After 3 days, spleens were harvested and single-cell
suspensions analyzed by flow cytometry. Immunization with both
Xcl1-OVA and fliC-OVA significantly enhanced the proliferation
of DO11.10 cells, compared to aNIP-OVA- or PBS-immunized
mice (Figure 2E). Correlating with our observations from DNA
vaccination, immunization with Xc1-OVA protein induced a
significantly higher percentage of T-bet+DO11.10 cells, compared
to fliC-OVA and aNIP-OVA (Figure 2F). No increase in T-
bet+DO11.10 cells was observed after immunization with fliC-
OVA, although we did observe a slight but significant increase in
the number of GATA3+DO11.10+ cells compared to aNIP-OVA
(Supplementary Figure 4A). There was no difference in the
percentage of RORgt+ DO11.10 cells in mice immunized with
Xcl1-OVA or fliC-OVA, although there was a slight increase for
both compared to aNIP-OVA (Supplementary Figure 4B).

Xcl1-OVA-Induced Th1 Polarization Is
Dependent on IL-12, but Independent
of BATF3
Targeting antigens to the lectin receptor DEC-205 expressed on
cDC1s has been reported to induce IL-12-independent Th1
Frontiers in Immunology | www.frontiersin.org 7131
responses through upregulation of CD70 (34). To evaluate the
role of IL-12 in induction of Th1 responses when targeting
cDC1s using Xcl1, DO11.10 cells were incubated with BMDCs
and 0.5 mg/ml Xcl1-OVA, fliC-OVA, or aNIP-OVA protein in
addition to the anti-IL-12 antibody. Blocking of IL-12 resulted in
a significant reduction in T-bet expression in DO11.10 cells
incubated with both Xcl1-OVA and fliC-OVA (Figure 3A).
Correlating with reduced expression of T-bet, there was a
significant reduction in the secretion of IFNg (Figure 3B).
Incubation with Xcl1-OVA in the presence of anti-IL-12 did
not significantly influence the expression of GATA3 or the
secretion of IL-4 (Supplementary Figures 5A, B).

To explore the IL-12 dependency of Xcr1-targeted Th1
responses in vivo, we transferred 1 × 106 DO11.10 cells to
naïve BALB/c mice which were then immunized with 25 mg
DNA encoding for Xcl1-OVA i.d 24 h later. The mice were
subsequently injected i.p. with either 0.5 mg anti-IL-12 or
isotype-matched control 24 and 48 h after vaccination. Skin-
draining LNs and spleens were then harvested on day 7 after
vaccination. Single-cell suspensions from the LNs were analyzed
by flow cytometry, while splenocytes were restimulated with 2
mg/ml of the OVA323-339 peptide for 48 h and secretion of IFNg
was analyzed by ELISA. Interestingly, there was a significant
decline in the expansion of T-bet+ DO11.10 cells in mice treated
with anti-IL-12 (Figure 3C). The expression level of T-bet was
however comparable between anti-IL-12-treated and control
mice (Figure 3D). In accordance with fewer Th1 cells, there
was a significant drop in the secretion of IFNg from mice that
were injected with anti-IL-12 antibodies compared with isotype
control mice (Figure 3E). Taken together, our results suggest
that the expansion of Th1 cells after i.d. DNA vaccination with
Xcl1-OVA is IL-12 dependent.

BATF3 is a transcription factor that is essential for the
development of Xcr1+ cDC1s in spleen and CD103+Xcr1+

migratory cDC1s in skin-draining LN (35). Previous studies
using different infectious models have suggested that the
BATF3-dependent migratory CD103+ cDC1s are the main
producers of IL-12 that drive Th1 polarization (30). To test
how the absence of BATF3 impacted the observed Th1
polarization seen with Xcl1-OVA, BATF3-/- were immunized
with Xcl1-OVA, fliC-OVA, or aNIP-OVA by i.v. injection of
purified protein and by i.d. DNA immunization. After i.v.
injection of protein, fliC-OVA induced the proliferation of
DO11.10 cells in spleen, potentially by targeting the BATF3-
independent cDC2 population (Supplementary Figure 5C). In
contrast, we observed no proliferation or induction of T-bet+

DO11.10 cells with Xcl1-OVA after i.v. injection (Figure 4A and
Supplementary Figure 5C). Surprisingly, DNA immunization
with Xcl1-OVA induced a strong increase in the number of
CD4+DO11.10+ and T-bet+ DO11.10 cells in the BATF3-/- mice
(Figure 4B and Supplementary Figure 5D). Indeed, the
frequency of T-bet+ DO11.10 cells was similar to those seen in
BALB/c mice (Figure 2F), indicating that Th1 polarization after
i.d. DNA vaccination with Xcl1-OVA is BATF3-independent. In
support of this observation, i.d. DNA immunization with fliC-
HA or Xcl1-HA in BATF3-/- mice induced a similar IgG1 to
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IgG2a-polarized antibody response as in BALB/c mice
(Supplementary Figure 5E).

To investigate the observed difference between i.v. protein and
i.d. DNAvaccinationwithXcl1-OVA,we analyzedXcr1 expression
on MHC-II+CD11c+ DCs from spleen and skin-draining LN after
i.d. DNA immunization. In skin-draining LN, migratory DCs
(migDCs) were defined as CD11cintMHC-IIhigh, while resident
DCs (resDCs) were defined as CD11chighMHC-IIint. While
CD24+Xcr1+ DCs were absent in the spleen of BATF3-/- mice, we
observed a clear population ofCD24+Xcr1+ resDCs in inguinal LNs
from the same mice (Figure 4C and Supplementary Figure 5F).
However, we did not observe any CD24+ Xcr1+ migDC in the LN
from BATF3 KO mice, which is in accordance with previous
observations (35). The presence of Xcr1+ resident DCs in LN
provides a possible explanation of why i.d. DNA immunization
with Xcl1-OVA still induces CD4+ T cell proliferation and Th1
polarization in the BATF3-/- mice.

To evaluate if the immune responses seen in BATF3-/- mice
was sufficient to mediate protection against influenza infection,
BATF3-/- mice were DNA immunized with Xcl1-HA or fliC-HA
and challenged with 5xLD50 2 weeks later. Both Xcl1-HA- and
fliC-HA-immunized mice were protected from challenge and
only displayed moderate weight loss during the infection
(Figures 4D, E). As BATF3-/- mice do not induce cytotox T
Frontiers in Immunology | www.frontiersin.org 8132
cell responses after DNA vaccination (Figure 4F), this
observation suggests that protection seen with Xcl1-HA is
predominantly mediated by the antibody response.

Xcl1-Fusion Vaccines Maintain Th1/IgG2a
Polarization When Combined With fliC-
Fusion Vaccines In Vitro and In Vivo
Our results suggest that while Xcl1-fusion vaccines enhance Th1
polarization in vitro and in vivo, the fliC-fusion vaccines had a
more modest Th2 polarization in vitro. The lack of a clear Th2
polarization with fliC-fusion vaccines is surprising given the
highly IgG1-polarized antibody response seen after DNA
vaccination with fliC-HA. fliC has previously been described to
actively inhibit Th1 polarization (36), which could explain why
fliC-OVA did not induce Th1 responses despite inducing
proliferation of DO11.10 cells when incubated with cDC1s. To
test if this was the case, DO11.10 cells were stimulated with
BMDCs and a mixture of Xcl1-OVA and fliC-OVA. The Xcl1-
OVA/fliC-OVA mix induced lower levels of T-bet compared to
Xcl1-OVA alone, although the difference was not significant, and
probably reflects the fact that half the concentration of Xcl1-
OVA was present in the mix (Supplementary Figure 6A). There
was also a slight reduction in GATA3 expression with the mix
compared to Xcl1-OVA alone (Supplementary Figure 6A).
A B

D EC

FIGURE 3 | Xcl1-OVA induced Th1 polarization is IL12 dependent. (A, B) CD4+ cells from DO11.10 mice were incubated with BMDCs and Xcl1-OVA, fliC-OVA, or
aNIP-OVA proteins (0.5 mg/ml), and either anti-IL-12 or isotype-matched mAbs (10 mg/ml) for 72 h. (A) DO11.10 cells were evaluated for expression of T-bet by flow
cytometry, and (B) supernatants tested for secretion of IFNg by ELISA. (C–E) 1 × 106 naïve DO11.10 cells were transferred i.v. to BALB/c mice that were
subsequently immunized i.d. with 25 mg DNA encoding Xcl1-OVA. On days 1 and 2 after immunization, mice were injected i.p. with anti-IL12 or isotype-matched
mAb (0.5 mg). Skin draining LNs and spleens were harvested after 1 week, and LN analyzed for (C) percentage of T-bet+DO11.10+ cells and (D) MFI of T-bet
expression in T-bet+DO11.10+ cells. (E) Secretion of IFNg from splenocytes stimulated for 24 h with the DO11.110 peptide. Data representative of two (A–D) or
pooled from two (E) independent experiments with n = 3 samples per group (A, B), n = 3–4 mice per group (C, D) or n = 7–8 mice per group (E). Statistical analysis
performed using the parametric t-test. *p < 0.05, ***p < 0.001.
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When evaluating cytokines expressed in supernatants, the Xcl1-
OVA/fliC-OVA mix induced equal levels of IFNg, and lower
levels of IL-12 compared to Xcl1-OVA (Supplementary
Figure 6B). Together, these results indicate that the Th1
polarization is largely maintained in the mix and not actively
inhibited by the fliC-fusion protein.

Next, we tested if Xcl1-HA was able to skew the antibody
response in the direction of IgG2a in vivo when combined with
fliC-HAanddelivered by i.d.DNAvaccination.As controls, BALB/
c mice were immunized with Xcl1-HA and fliC-HA separately, or
Xcl1-HA and fliC-HA delivered on opposite flanks of the mouse.
Immunization on opposite flanks should predominantly result in
draining and T cell priming in separate inguinal LNs. Serum
samples were harvested after 2 weeks and evaluated for the
presence of HA-specific antibodies of the IgG1, IgG2a, and IgG2b
subclasses.Asobserved inFigure1, immunizationwithXcl1-HAor
fliC-HA induced antibody responses dominated by IgG2a/IgG2b
and IgG1, respectively (Figure 5A). Immunization with a mix of
Xcl1-HA and fliC-HA induced similar levels of IgG1 as fliC-HA
alone but significantly higher titers of IgG2a. Consequently, the
IgG2a/IgG1 ratio seen with the mix was similar to that of Xcl1-HA
alone (Figure 5B). In contrast, immunization with Xcl1-HA and
Frontiers in Immunology | www.frontiersin.org 9133
fliC-HA on separate flanks induced similar titers of IgG1 and lower
titers of IgG2a compared to themix, resulting ina lower IgG2a/IgG1
ratio (Figures 5A, B). Together, these results suggest that the Xcl1-
fusion vaccine exerts dominance in determining the polarization of
the antibody response.

A Rapid Th1 Response Is Required for an
IgG2a-Dominated Response and
Contributes to Protective Responses
To further test how the kinetics of the Th1 response influence
antibody polarization, we immunized mice with a mix of Xcl1-HA
and fliC-HA and subsequently injected the anti-IL-12 or isotype
antibody i.p. on days 1 and 2 or days 6 and 7 after immunization.
The mix vaccine was chosen as it induced the strongest antibody
responses with similar polarization to Xcl1-HA. Serum samples
were harvested after 2, 5, 8, and 12 weeks after immunization and
evaluated forHA-specific antibodies of the IgG1, IgG2a, and IgG2b
subclasses. Early injection of anti-IL-12 resulted in a significant
reduction in IgG2a and IgG2b titers at 5, 8, and 12 weeks after
immunization (Figure 5C,SupplementaryFigure6C). In contrast,
there was no difference in IgG2a when anti-IL-12 was injected on
days 6 and 7 after immunization (Figure 5C). There was also no
A B

D E F

C

FIGURE 4 | Xcl1-OVA induced Th1 polarization is independent of BATF3. (A, B) BATF3-/- mice were injected i.v. with 1 × 106 naïve DO11.10 cells, and 24 h later
(A) given an i.v. injection of either purified Xcl1- or fliC-OVA proteins (5 mg) or (B) DNA immunized i.d. with 25 mg plasmid encoding either Xcl1-OVA or fliC-OVA. The
percentages of T-bet+ DO11.10 cells evaluated in spleens (A) or in LNs (B) 3 days after immunization. (C) Spleens and inguinal LNs were harvested from BALB/c or
BATF3-/- mice and analyzed for CD24+Xcr1+ cDC1s by flow cytometry after first gating on Lin-MHC-II+CD11c+ cells. Migratory DCs were defined as CD11cintMHC-
IIhigh and resident DCs as CD11chighMHC-IIint (Supplementary Figure 5F). (D, E) BATF3-/- mice were DNA immunized with 25 mg plasmid encoding either Xcl1-
OVA or fliC-OVA and challenged 14 days later with 5xLD50 PR8 virus. (D) Weight and (E) survival was monitored for 10 days. (F) In vivo cytotoxicity after DNA
immunization with 25 mg plasmid encoding either Xcl1-OVA or fliC-OVA in BALB/c or BATF3-/- mice. Data representative of two (A–C), pooled from two (D, E) or
from one (F) independent experiments with n = 3 samples per group (A, B), n = 3–4 mice per group (C, F) or n = 6–8 mice per group (D, E). Statistical analysis
performed using parametric t-test. ***p < 0.001.
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difference in the HA-specific IgG1 titer after 5, 8, or 12 weeks,
suggesting that injection of anti-IL-12 only affected Th1-associated
IgGsubclasses. Interestingly, early injectionofanti-IL-12 resulted in
more dramatic weight loss after influenza infection after 12 weeks,
compared to injection of anti-IL-12 on days 6 and 7 after
immunization (Figure 5D). There was also a reduction in the
overall survival, although the difference was not significant
(Supplementary Figure 6D). These results suggest that the early
Th1 response is important for obtaining a strong IgG2a response
and that Th1 cells contribute to the protection seen with the Xcl1/
fliC vaccine.

In summary, our observations indicate that antibody
polarization after DNA vaccination is determined very early
after immunization and that Xcl1 fusion vaccines preferentially
induce IgG2a and IgG2b due to a rapid induction of Th1 cells.
DISCUSSION

Here we compare Xcl1- and fliC-fusion vaccines in terms of the
ability to differently influence the polarization of the resulting
immune response. While Xcl1-fusion vaccines rapidly polarize
Frontiers in Immunology | www.frontiersin.org 10134
CD4+ T cells toward Th1 after immunization, fliC-fusion
vaccines induced a more mixed Th1/Th2 polarization despite
inducing almost exclusively antibodies of the IgG1 subclass. We
further demonstrate that inhibiting Th1 polarization early after
DNA immunization significantly reduced IgG2a and IgG2b
responses, resulting in poorer protection against influenza
infection. The results suggest that early induction of Th1
responses is a key determining factor in the polarization of the
antibody response.

Previous studies have suggested that cDC1s and cDC2s
preferentially polarize CD4+ T cells toward Th1 and Th2,
respectively (9, 10). Indeed, our observations that Xcl1-fusion
proteins induce IgG2a-dominated antibody responses and Th1
polarization support these findings (13, 19, 29, 31). However, we
have recently observed that the choice of target-receptor on
cDC1s can influence the resulting immune response (19). It is
therefore possible that the Xcl1–Xcr1 ligand interaction could
lead to downstream signaling events in the cDC1s that enhance
Th1 responses. Indeed, early studies have suggested that Xcl1
functions in concert with IFNg, MIP1a, MIP1b, and RANTES in
promoting Th1 responses after infection (20). Although fliC-
OVA also induced the proliferation of DO11.10 cells when
A B

DC

FIGURE 5 | Rapid Th1 induction is essential for induction of an IgG2a dominated response and improves protection induced by a mixed fliC-/Xcl1-HA vaccine.
(A, B) DNA immunization of BALB/c mice with 25 mg DNA encoding Xcl1-HA, fliC-HA, a mixture of Xcl1-HA and fliC-HA, or Xcl1-HA and fliC-HA delivered on opposite flanks.
(A) Serum titers of IgG1, IgG2a, and IgG2b were determined 2 weeks after vaccination. (B) IgG2a/IgG1 ratio of the serum samples presented in (A). (C, D) Injection of either
anti-IL-12 or isotype-matched mAbs on days 1 and 2 or 6 and 7 after DNA immunization with a mix of Xcl1-HA and fliC-HA plasmids. (C) Serum samples were harvested at
the indicated time points and evaluated for the presence of HA-specific IgG1 or IgG2a. (D) Mice in (C) were challenged with 5xLD50 PR8 virus 12 weeks after immunization
and weight loss monitored. Data representative of one experiment with n = 6–8 mice per group (A, B), representative of two independent experiments with n = 4
mice per group (C) or pooled from two independent experiments with n = 8 mice per group (D). Statistical analysis performed by non-parametric one-way ANOVA
with Dunn’s multiple-comparison corrections (A, B), or two-way ANOVA with Tukey’s multiple-comparison test (C, D). *p < 0.05, ***p < 0.001.
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incubated with cDC1s in vitro, it did not induce any significant
Th1 polarization in the in vitro or the in vivo experiments. This
indicate that additional stimulation of the cDC1s is needed to
induce Th1 polarization, although it is currently not clear if fliC-
fusion proteins target cDC1s in vivo to any significant degree.

Our experiments suggest that the early kinetics of the Th1
responses is crucial in obtaining an IgG2a-polarized antibody
response. Class switch recombination (CSR) has been considered
to occur within the germinal center (GC) reaction in
combination with affinity maturation through somatic hyper
mutation (SHM) (37). However, a recent study by Roco et al.
observed that CSR predominantly takes place prior to GC
formation and largely within 3–4 days of antigen challenge
(38). Here we observe that injecting anti-IL-12 on days 1 and 2
after i.d. DNA vaccination with a Xcl1/fliC-HA mix significantly
reduced the induction of IgG2a. In contrast, delaying anti-IL-12
injection until days 6 and 7 did not influence the IgG2a titers.
Our experiments therefore correlate with a rapid CSR through
induction of Th1 cells, which should be taken into consideration
when developing vaccines aimed at inducing Th1-polarized
immune responses.

These experiments also indicate that IL-12 played an important
role in inducing efficient Th1 polarization and IgG2a responses
after intradermal DNA immunization with Xcl1 fusion vaccines.
These observations are contrary to previous studies by Soares and
colleagues where targeting the LACK antigen from Leishmania
major to DEC-205 (CD205) expressed on cDC1s resulted in an IL-
12-independent induction of Th1 responses (34). However, it
should be noted that these experiments were performed with
addition of poly(I:C) as an adjuvant, which activates TLR3
expressed on cDC1s (25). Indeed, older studies have observed
that viral infections with RNA viruses, which can trigger TLR3
activation, also induce an IL-12-independent induction of Th1
CD4+ T cell and IgG2a responses (39).

Interestingly, i.d. DNA vaccination with Xcl1-OVA induced
equal Th1 polarization and IgG2a induction in BATF3-/- mice.
These mice have been reported to lack IL-12-producing CD103+

cDC1s, disrupting their ability to induce Th1 responses in
response to Leishmania major infection (30). In our study,
flow cytometry analysis of skin-draining LN demonstrated the
presence of Xcr1+ resDCs in the BATF3-/- mice, while the Xcr1+

migDC population was absent. These results are in accordance
with observations by Bachem and colleagues (35) and may
suggest that Xcr1+ resDCs are responsible for inducing the
rapid Th1 responses after intradermal DNA immunization
with Xcl1-fusion vaccines. However, specific depletion of these
cells would be required to confirm this hypothesis.

DNA immunization of BATF3-/- did not give any cytotoxic T
cell responses, although the mice were still protected from a
lethal challenge with influenza virus. Consequently, the
antibodies induced after one immunization with Xcl1-HA or
fliC-HA were sufficient to protect against infection. In addition,
our results may indicate that the Xcr1+ migDC population is
needed for the induction of cytotoxic CD8+ T cell responses after
DNA vaccination (31). However, it is also possible that lack of
BATF3 directly influences the cytotoxic function of the CD8+ T
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cells, as recent studies have shown that BATF3 regulates the
formation of CD8+ memory T cells (40, 41).

We have previously observed that XCL1-fusion proteins can
bind cDC1s fromhumans (42),macaques (42), and pigs (16, 43), as
expression of the XCR1 receptor appear to be largely conserved on
cDC1s in mammals (44). Consequently, Xcl1-fusion may be
utilized in both clinical and veterinary medicine. However, it is
currently unclear if our observations that Xcl1-fusion vaccines
enhance Th1 polarization can be translated to other species. For
instance, both human cDC1s and cDC2s can secrete IL12 and
induceTh1 polarization (45, 46), raising the questionwhether there
is any added effect of human XCR1–XCL1 ligation.

FliC-fusion vaccines only induced antibodies of the IgG1
subclass after i.d. DNA vaccination, despite limited proliferation
and polarization of DO11.10 cells in iLNs. The lack of T cell
proliferation after DNA vaccination in vivo was surprising given
the observation that fliC-OVA could induce T cell proliferation
when incubated with purified cDC1s and cDC2s. We did
however observe increased the numbers of IFNg-secreting
CD4+ T cells 2 weeks after immunization by ELISPOT
analysis. In vitro, the purified fliC-OVA protein induced a
more mixed Th1/Th2 polarization, although we did observe a
modest upregulation of GATA3 in vivo. Consequently, our
observations are in line with previous studies suggesting that
fliC can induce a mixed Th1/Th2 responses (47, 48), instead of a
pronounced Th2 polarization (21). It is possible that the
responses obtained with fliC-fusion vaccines are dependent on
other cell types than cDC2s, as TLR5 has also been reported to be
expressed on pDCs and CD8+Xcr1- DCs in skin-draining LN
(24, 25). Indeed, when evaluating TLR5 expression on DCs in
spleen, we observed a low-level expression on both cDC1s and
cDC2s. It is however unlikely that fliC directly induces class
switch recombination to IgG1, considering that TLR5 has been
reported to be absent from murine B cells (49).

In conclusion, our results demonstrate that IgG2a/IgG2b
polarization of the antibody responses is determined early after
immunization, which should be taken into account when
designing or evaluating immunization strategies aimed at
inducing specific subclasses of IgG. For instance, non-
neutralizing mAbs against influenza HA have been reported to
provide protection when injected as IgG2a through Fc-mediated
effector function, but not when injected as IgG1 (50).
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