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Editorial on the Research Topic

Immunopathology of Type 1 Diabetes

Our understanding of the islet-immune interface in autoimmune diabetes has exploded with the
vast array of knowledge coming from recent works. Historically we know that genetic susceptibility
and environmental influences trigger, or perpetuate gradual autoimmune destruction and damage
to the insulin-producing islet beta () cells. However, the events leading to the breakdown in
tolerance towards islet  cells, and the ensuing pro-inflammatory cytokine laden environment that
perpetuates T cell-mediated B cell destruction, remain elusive.

This timely Research Topic comprises a compendium of 5 original research articles and 15
reviews focusing on recent advances in the immunology of type 1 diabetes (T1D) that build on
earlier observations and provide new knowledge. These articles center on environmental drivers of §
cell destruction and use new models and technologies to interrogate factors influencing the
breakdown of self-tolerance, enhancing our understanding of T1D immunopathology.

In a thorough review, Quinn et al. describe data from past and present clinical trials that have
assessed environmental elements associated with progression to T1D. The authors examined the
likelihood of true causality of many favored initiators (beyond the well-characterized genetic
predisposition, primarily at the HLA loci) activating self-reactive T cells that target B cells, in this
heterogeneous condition. Environmental determinants, including enterovirus infection, rapid
weight gain in early life, and the microbiome, correlated highly with T1D incidence, suggesting a
‘threshold hypothesis’ where genetic and environmental factors interact to promote T1D over time.
The pancreatropic viruses, particularly the T1D-associated coxsackievirus B (CVB), are prominent
contenders. In support of the viral induction hypothesis, Morse and Horwitz provide a compelling
review describing how the antiviral response can modulate the microbiome, causing dysbiosis, and
diabetes onset. This work stresses the importance of communication between the intestinal
microbiota and the local immune population in dictating the outcome of the interaction. This
interaction is also influenced by other predisposing factors, such as genetic predisposition, viral
responses leading to dysbiosis and the background state of the host immune system. Further, Lincez
et al. used elegant animal models that express altered expression of two key viral sensors-melanoma
differentiation-associated protein 5 (MDA5) and toll-like receptor-3 (TLR-3). They showed that
alterations in sensing of the same virus (CVB) by MDA5 and TLR3 led to unique IFN-o and IFN-f3
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signatures, which profoundly affected disease outcomes.
Specifically, infection with islet B cell-tropic CVB4, under
reduced MDAS5 signaling, protected against diabetes, whereas
reduced TLR3 function did not influence diabetes susceptibility.
Thus, the pressure of a diabetogenic B cell-tropic virus, in
conjunction with a genetic predisposition to autoimmunity,
creates a perfect storm, providing the necessary inflammatory
signature leading to disease onset. Interestingly, Zipris presents
an alternative concept linking viruses to T1D, involving visceral
adipose tissue. Zipris discusses how the Kilham Rat Virus, which
causes diabetes in BioBreeding and LEW1.WR1 rats, also induces
inflammation in visceral adipose tissue (VAT). Infection is
associated with macrophage recruitment, pro-inflammatory
cytokine and chemokine upregulation, as well as endoplasmic
reticilum (ER) and oxidative stress responses. Together, these
have a negative impact on insulin signaling, and may link to
autoimmune diabetes progression.

However, [ cells are more than innocent bystanders in the
progression to diabetes. Toren et al. provide evidence that the ER
in B cells is under tremendous strain to maintain euglycemia.
When this metabolic demand is coupled with the highly
vascularized setting needed for insulin uptake into the
bloodstream, pathology may result. B cells exposed to noxious
agents including pro-inflammatory cytokines and chemokines,
and immune cells that extravasate into the islet, will respond to
pathogen-associated molecular patterns (PAMPs) by releasing
danger-associated molecular patterns (DAMPs). These, in turn,
mobilize innate and adaptive immune cells to the target tissue,
triggering B cell death. Thus, a focus on the role of the 3 cell as an
active participant, rather than an unfortunate victim in T1D
progression, may allow us to identify new targets in T1D. In this
context, Ding et al. focus on the role of alpha-protein kinase 1
(ALPK1), a newly identified cytosolic pathogen-recognition
receptor (PRR) specific for ADP-B-D-manno-heptose (ADP-
heptose) associated with  cells, and how it predisposes B cells
to cytokine-mediated apoptosis via upregulation of the TNF-o
signaling pathway. Using the Min6 murine B cell line,
mechanistic investigations showed that ALPK1 activation was
sufficient to induce the expression of TNF-o and Fas after
cytokine stimulation. It will be interesting to determine
whether this translates to primary beta cells, establishing the in
vivo significance of these findings. The PAMP ADP-heptose may
also arise in the islet via the dysbiosis described by Morse and
Horwitz, leading to the exacerbation of cytokine signaling seen in
B cells.

The cells and molecules of innate immunity involved in the
early T1D responses, particularly the inflammasome, have been
discussed by Pearson et al. They highlight altered gut microbial
composition and associated influences on inflammasome activity
and T1D development. As modulation of inflammasomes has
had some therapeutic success in other autoimmune diseases, a
similar approach may have clinical benefits for T1D. Focusing
also on innate immunity, Klocperk et al., studying children with
TID and first-degree relatives, showed that neutrophilia and
neutrophil products including neutrophil extracellular traps
(NETs), myeloperoxidase (MPO), neutrophil elastase (NE),

proteinase 3 (PR3) and LL37, were evident before diabetes
onset, but reduced over time. In addition, Huang et al. found
that IL-10 deficiency in diabetogenic T cell receptor (BDC2.5)
transgenic mice promoted the expansion of bone marrow and
peripheral neutrophils. IL-10 deficiency enhanced neutrophil
expression of IFNy and IL-1B compared with IL-10-sufficient
controls. IL-10 plays an important regulatory role systemically
and in mucosal immunity, and IL-10-deficient BDC2.5 NOD
mice had altered gut microbiota, which in turn modulated
systemic neutrophil homeostasis. The innate lymphoid cells
(ILC), another group of innate cells, classified by their
cytokines and transcription factor profiles, may be considered
to be the innate counterparts of the T helper subsets. Stojanovic
et al. review gut-associated lymphoid tissue residing ILC3, which
secrete IL-17 and GMCSEF, in T1D development and therapeutic
targeting. Finally, Gardner and Fraker comprehensively review
the role of innate NK cells in immunopathogenesis of T1D
development. B cells express NK ligand(s), which may
contribute to their direct killing by NK cells. It is noteworthy
that specific NK cell markers, such as NKG2D, are also expressed
on CD8" T cells, especially human CD8" T cells, which are
central adaptive immune cell players in -cell destruction.

Adaptive immunity, focused on both effector and regulatory
cells (Tregs), has long been implicated in the pathogenesis of
T1D. Foxp3-expressing Tregs regulate autoimmune disease;
humans with a mutated FOXP3 gene develop the multiorgan
autoimmune syndrome. Here, Watts et al. utilized DEREG
(Depletion of REGulatory T cells) mice where a bacterial
artificial chromosome (BAC)-encoded Foxp3 promoter
controls fluorescent diphtheria toxin (DTR-eGFP) fusion
protein expression. Using diphtheria toxin-mediated transient
Treg depletion, in NOD mice, they found that T1D was induced
only in the mice where pancreatic infiltration was already
present. Furthermore, Treg depletion exacerbated a Thl type
response in the pancreas and associated lymph nodes,
highlighting the importance of CD8+ T cells as effectors of
autoimmune-mediated beta cell destruction.

Advances in techniques that can investigate the transcriptome,
epigenetic and proteomic profile at the single-cell level are
revolutionizing our understanding of the immune system in
health and disease. In Bode et al, the history of approaches
taken to assess global immune cell gene changes and the
emergence of single-cell studies that assess the heterogeneity of
transcriptome, epigenetics and proteasome in immune cells is
reviewed. Using cancer immunology as exemplars, single-cell
approaches are adaptable to investigate facets of T1D. Hanna
et al. extend this theme, reviewing single-cell RN Aseq studies from
human T1D. RNAseq analysis of human immune cells from
various tissues has facilitated novel discoveries of the cytokine
profiles and exclusive gene expression that may be predictive of
T1D progression. However, the use of scRNAseq is not without
challenges, requiring robust computational approaches to facilitate
biomarker discovery. There is a clear need for biomarkers in T1D
to track progression and monitor the efficacy of therapeutic
interventions, particularly T cell-based biomarkers, given that
many current immunotherapies for T1D target T cells.
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Nakayama and Michels review the current knowledge and
potential for using the T cell receptor (TCR) as a biomarker in
T1D. They focused on pancreatic infiltrating T cells and revealed
proinsulin or insulin reactivity. They suggested that these cells
were more reactive or had higher affinity TCRs than comparable
cells in the peripheral blood. Documenting the challenges of
current technical approaches to identify unique clusters of TCRs
associated with T1D, newer approaches using high throughput
sequencing of tens of millions of TCR clonotypes are proving
more insightful. Nevertheless, the robustness of using TCR
clonotypes as biomarkers will need TCR datasets from many
individuals with and without T1D to elicit the best performance
by machine learning and clustering algorithms.

B cells also play an important role in the pathogenesis of T1D,
beyond their function as antibody-producing cells. In a review by
Greaves et al., a detailed discussion of the development,
phenotype and function of enigmatic thymic B cells in health
and T1D is provided. Interestingly, the emergence of thymic
ectopic germinal centers is a commonality in lupus, myasthenia
gravis and T1D, all diseases where thymic B cells may have a
proposed pathogenic role. Studying the human thymus is
difficult, and the authors discuss the potential of computational
modeling to evaluate key pathways by which thymic B cells may
perturb central T cell tolerance. Like T cell responses, there is
heterogeneity in B cell responses. Boldison and Wong have
reviewed the role in T1D of distinct subsets of regulatory B
cells in mice and man, highlighting their cytokine profiles,
costimulatory requirements, and interactions with the innate
immune system to elicit their function. In human T1D, the
definitive role for regulatory B cells is controversial. Future
studies on heterogeneity of regulatory B cell repertoires at
defined stages of TID and dissection of their cross-talk with
other immune cells will help resolve this debate.

To what are the T cells responding? Various antigens,
suggested by antibody reactivities, have been identified as
targets for the autoreactive T cells in diabetes. Whilst for both
humans and mice, peptides of proinsulin are targets for both
CD8" and CD4" T cells; however, there are still some intriguing
biological questions. Jhala et al., building on a previous
observation that proinsulin-1 deficient mice are protected from
autoimmune diabetes, have further investigated autoimmune
responses to proinsulin-1, using a mouse model with
tetracycline-regulated expression of proinsulin-1 in antigen-
presenting cells (TIP-1 mice). They found that the mice had
reduced proinsulin-1-specific T cells, reduced insulitis and
diabetes, and the proinsulin-1 specific cells were less able to
transfer diabetes to an immunodeficient recipient, all of which
indicate the induction of immune tolerance. Post-translational
modifications of self-proteins, such as the post-translational
conversion of arginine to citrulline residues by peptidylarginine
deiminase enzymes can also produce novel T cell targets in T1D.
Such modified antigens would not be encountered in the thymus

by developing T cells, and thus central tolerance to them would
not occur. The mini-review by Reed and Kappler documents
how epitopes of unique chimeric antigens are generated post-
translationally following [3 cell-granule fusion with lysosomes, in
a process called crinophagy. Secreted exosomes transport the
chimeric peptides as cargo to draining lymph nodes where
CDA'T cell stimulation of diabetogenic T cells could occur.
However, the key activation signal for these strongly
stimulatory peptides is not clear and remains an important
further question for consideration.

Finally, Armitage et al. provide an in-depth review on the role
and function of the protein tyrosine phosphatase, non-receptor
type 22 (PTPN22), a negative regulator of T and B cell receptor
signaling. This review describes an expanded role for this
phosphatase in controlling many cells in the immune system.
It could explain why dysregulation of this molecule can
profoundly impact normal immune function. The authors also
describe a set of single nucleotide polymorphisms (SNPs) at the
PTPN22 locus, leading to immune defects that precipitate the
loss of self-tolerance and progression to autoimmune diabetes.
Since the SNP in PTPN22 (rs2476601) is associated with TCR
and BCR signaling and other adaptive and innate immune cell
processes, it is of major interest to further define the downstream
effects of suboptimal control of its signaling in people living
with T1D.

Overall, the studies outlined in this Research Topic highlight
the heterogeneity of factors that may lead to the development of
T1D. There is a critical need for a deeper understanding of these
factors if we are to develop new immunotherapeutic strategies,
which may need to be multifaceted to be most effective for both
prevention, and as a therapeutic in those in whom diabetes has
already developed.

AUTHOR CONTRIBUTIONS

All authors wrote the manuscript and edited the final version.

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Green, Cooke, Piganelli, Richardson, Wen and Wong. 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

March 2022 | Volume 13 | Article 852963


https://doi.org/10.3389/fimmu.2021.777788
https://doi.org/10.3389/fimmu.2021.772017
https://doi.org/10.3389/fimmu.2021.746187
https://doi.org/10.3389/fimmu.2021.645817
https://doi.org/10.3389/fimmu.2021.669986
https://doi.org/10.3389/fimmu.2021.636618
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

:\' frontiers

In Immunology

REVIEW
published: 25 February 2021
doi: 10.3389/fimmu.2021.636618

OPEN ACCESS

Edited by:
F. Susan Wong,
Cardiff University, United Kingdom

Reviewed by:

Bergithe Eikeland Oftedal,

University of Bergen, Norway

Maikel Peppelenbosch,

Erasmus Medical Center, Netherlands

*Correspondence:
Clayton E. Mathews
clayton.mathews@pathology.ufl.edu

Specialty section:

This article was submitted to
Immunological Tolerance
and Regulation,

a section of the journal
Frontiers in Immunology

Received: 01 December 2020
Accepted: 18 January 2021
Published: 25 February 2021

Citation:

Armitage LH, Wallet MA and
Mathews CE (2021) Influence of
PTPN22 Allotypes on Innate and
Adaptive Immune Function

in Health and Disease.

Front. Immunol. 12:636618.

doi: 10.3389/fimmu.2021.636618

Check for
updates

Influence of PTPN22 Allotypes on
Innate and Adaptive Immune
Function in Health and Disease

Lucas H. Armitage’, Mark A. Wallet"? and Clayton E. Mathews "*

" Department of Pathology, Immunology, and Laboratory Medicine, University of Florida, Gainesville, FL, United States,
2 Immuno-Oncology at Century Therapeutics, LLC, Philadelphia, PA, United States

Protein tyrosine phosphatase, non-receptor type 22 (PTPN22) regulates a panoply of
leukocyte signaling pathways. A single nucleotide polymorphism (SNP) in PTPN22,
rs2476601, is associated with increased risk of Type 1 Diabetes (T1D) and other
autoimmune diseases. Over the past decade PTPN22 has been studied intensely in T cell
receptor (TCR) and B cell receptor (BCR) signaling. However, the effect of the minor allele on
PTPN22 function in TCR signaling is controversial with some reports concluding it has
enhanced function and blunts TCR signaling and others reporting it has reduced function and
increases TCR signaling. More recently, the core function of PTPN22 as well as functional
derangements imparted by the autoimmunity-associated variant allele of PTPN22 have been
examined in monocytes, macrophages, dendritic cells, and neutrophils. In this review we will
discuss the known functions of PTPN22 in human cells, and we wil elaborate on how
autoimmunity-associated variants influence these functions across the panoply of immune
cells that express PTPN22. Further, we consider currently unresolved questions that require
clarification on the role of PTPN22 in immune cell function.

Keywords: PTPN22, PTPN22 620Arg > Trp, type 1 diabetes, cell signaling, rs2476601, autoimmunity, leukocytes

INTRODUCTION

Almost 1.6 million Americans have Type 1 Diabetes (T1D), an autoimmune disease that results in
destruction of the insulin producing B cells in the pancreas and eventually requires exogenous
insulin (1). T1D shows familial clustering and concordance rates between monozygotic twins is over
50% indicating that T1D has a strong genetic component (2, 3). It is estimated that up to 88% of the

Abbreviations: ABCs, Age-associated B cells; APCs, Antigen presenting cells; aT,.q, Activated T.;; BCR, B cell Receptor;
BMDC, Bone marrow-derived dendritic cell; BMM®, Bone marrow-derived macrophage; BND cells, Naive IgD+ B cells; CLL,
Chronic B lymphocytic leukemia; CSK, C-src tyrosine kinase; DCs, Dendritic cells; fMLF, N-formyl-Methionine-Leucine-
Phenylalanine; fMLP, N-formyl-Methionine-Leucine-Phenylalanine; Hep-2 cells, Human epithelial type 2 cells; HLA, Human
Leukocyte Antigen; HSCs, CD34+ hematopoietic stem cells; Idd intervals, Insulin-depending diabetes intervals; IFNYR,
Interferon gamma receptor; iT ey, Induced Tyee; LAD, Leukocyte adhesion deficiency; MDM, Monocyte-derived macrophage;
MDP, Muramyldipeptide; MHC, Major Histocompatibility Complex; moDC, Monocyte-derived dendritic cell; MSU,
Monosodium urate; NETosis, Neutrophil extracellular trap formation; NOD2, Nucleotide-binding oligomerization domain-
containing protein; NTC siRNA, Non-targeting control siRNA; PBMC, Peripheral blood mononuclear cells; pDC,
Plasmacytoid dendritic cell; PRR, Pattern recognition receptor; PTPN22, Protein tyrosine phosphatase non-receptor type
22; RA, Rheumatoid arthritis; ROS, Reactive oxygen species; siRNA, Small interfering RNA; SLE, Systemic lupus
erythematosus; SNP, Single nucleotide polymorphism; T1D, Type 1 Diabetes; T1-IFN, Type 1 interferon; TCR, T cell
receptor; TLR, Toll-like receptor; Ty, T regulatory cell; upLPS, Ultrapure LPS.
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phenotypic variance is due to genetic factors such as
predisposing or protective human leukocyte antigen (HLA)
haplotypes and SNP-tagged variants (4-6). Of the genetic
component of TID risk, the HLA region, encoding the major
histocompatibility complex (MHC) proteins, accounts for
approximately 50% of heritable risk (7). The MHC class I
(MHC-I) proteins are expressed on all nucleated cells and
present antigenic peptides to CD8" T cells while the MHC
class II (MHC-II) proteins are primarily expressed on APC
subsets and present antigen only to CD4" T cells. The HLA
Class II genes, encoding MHC-II, are the major contributing
factor of HLA to risk with the DR3 (DRBI*03:01), DR4
(DRB1*04:01/02/04/05/08), DQ8 (DQAI1*03:01-DQBI1*03:02/
04), and DQ2 (DQAI*05:01-DQB1*02:01) haplotypes
conferring the greatest risk (7, 8). Indeed, the DR3/4 diplotype
confers the greatest risk for T1D development (9, 10). These
haplotypes increase risk in a synergistic manner and current
research shows they have augmented ability to present T1D
autoantigens to T cells, possibly due to alterations in the critical
amino acids in the peptide binding pocket involved in which
peptides are presented (10-12).

Although the HLA region contributes the bulk of genetic risk
for T1D, there have been over 60 non-HLA genetic loci identified
that have variants associated with enhanced or reduced risk of
T1D (4, 13-22). Of these non-HLA loci, a non-synonymous SNP
in PTPN22 has one of the highest reported odds ratios, ~2, and
has been repeatedly confirmed across multiple studies and
populations (4, 13, 15, 23-25). Protein tyrosine phosphatase,
non-receptor type 22 (PTPN22) is a negative regulator of T cell
receptor (TCR) and B cell receptor (BCR) signaling (26, 27). The
diabetes-associated SNP in PTPN22 (rs2476601) affects TCR and
BCR signaling as well as other adaptive and innate immune cell
processes (27-39). The following sections will elaborate the
known functions of PTPN22 and its autoimmune-linked/
diabetogenic, missense SNP in human cells and how this might
contribute to the pathogenesis of T1D. While the primary focus
of this review is on human biology, we will emphasize specific
areas of murine Ptpn22 research, where relevant, to highlight key
similarities and differences between species.

GENETIC VARIATION IN PTPN22

Protein tyrosine phosphatase, non-receptor type 22 (PTPN22) is
expressed in leukocytes and is well-known as a negative regulator
of TCR and BCR signaling (26, 27). In non-activated T cells
PTPN22 directly complexes with C-src tyrosine kinase (Csk) (32,
40, 41). This interaction is enhanced by phosphorylation of
PTPN22 on Ser””' by PKCa. Further, phosphorylation of this
residue increases the half-life of PTPN22 by protecting the
enzyme from K48-linked ubiquitination and preventing
recruitment of PTPN22 to the plasma membrane (42). During
leukocyte activation PTPN22 is recruited to the plasma
membrane to limit proximal immune cell receptor signaling.
Here PTPN22 interacts with and dephosphorylates Grb2 (43),
VCP (44), Vav (32, 44), Zap70 (32, 44), Lck (26, 32, 44), TCR

(44), CD3e (44), c-CBL (45), EB1 (46), and the p85 subunit of
PI3K (47) to downregulate NFAT and reduce IL-2 production
and secretion. However, PTPN22 also acts a regulator of other
signaling networks (i.e., interferon 7y receptor signaling, LFA-1
signaling, and TLR4 signaling) in monocytes, macrophages,
dendritic cells, and neutrophils (29, 32, 35). There are multiple
non-synonymous SNPs in PTPN22 associated with increased
risk or decreased risk of autoimmune diseases (Table 1). The
minor allele at rs56048322, PTPN22X7°°N " influences PTPN22
splicing and appears to cause CD4" T cell hyporesponsiveness
that increases risk for T1D (48). The minor allele at 7s33996649,
PTPN22"*%*Q is a loss-of-function variant with diminished
phosphatase capacity that reduces the risk of both SLE (49)
and RA (50) (Table 1). Here we will examine rs2476601. The
minor allele has a thymine substituted for a cytosine at
nucleotide 1858, PTPN22“"%*%  and encodes a tryptophan
instead of an arginine at amino acid 620, PTPN22"**"V (Table
1). It was first linked to T1D by Bottini et al. in 2004 (51) and the
association between 152476601 and T1D was quickly replicated
(52). This SNP has also been associated with increased risk for
multiple autoimmune diseases including rheumatoid arthritis
(RA) (28), systemic lupus erythematosus (SLE) (53), Graves’
disease (52, 54), myasthenia gravis (55), primary Sjogren’s
syndrome (56), generalized vitiligo (57), Addison’s disease
(58), and alopecia areata (59) strongly suggesting PTPN22
regulates immunity.

The SNP, rs2476601, lies in the proline-rich c-terminal
domain of PTPN22 and interrupts some protein-protein
interactions (e.g., interactions with CSK, TRAF3, and PAD4)
(30, 35, 51). This is well illustrated in a recent review article (60).
To determine the function of the common or major allotype of
PTPN22, namely PTPN22%°% diverse approaches including
knock down or overexpression of PTPN22 in primary human
cells or human cell lines and knock down/out of Ptpn22, the
mouse orthologue of PTPN22, in mice and mouse cell lines, have
been used. To study the altered function of the minor allotype of
PTPN22, PTPN22%°", researchers have again utilized many
techniques including comparative studies in primary cells from
human PTPN22%*°V donors vs. PTPN22°*°% donors,
overexpression of PTPN22%*°" vs. PTPN22%*°® in primary
human cells and human cell lines, transgenic expression of
human PTPN22%" vs. PTPN22%® in Ptpn227'~ mice, and
introduction of a mutation that is analogous to PTPN22°*°" in
the mouse orthologue, PEP®'®Y. Notably, this SNP is also
associated with protection from Mycobacterium tuberculosis, an
infection primarily controlled by T cells and T cell-activated
macrophages (61-64). PTPN22 has been described as a negative
regulator of multiple stages of danger signal recognition, from
the process of T and B cell education, throughout initial
detection of microbes, and then T and B cell effector functions.
Thus, genetic variation that confers beneficial immunity to a
globally-relevant pathogen (M. tuberculosis) might lower the
threshold for danger signal responses. In murine models of
T1D, lack of key macrophage/CD4" T cell effector molecules
(e.g., CD154 and CD40) but not all (e.g., IFNy and IFNYR)
prevents autoimmunity in T1D-prone NOD mice (65-67).
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TABLE 1 | Single nucleotide polymorphisms in human PTPN22, their analogous mutations in mice, and their disease associations.

SNP Human (PTPN22 or PTPN22) Mouse (Ptpn22 or PEP) Effect Associations
Maijor Allotype Minor Allotype Maijor Allotype  Minor Allotype
rs2476601 PTPN22%20R PTPN22620W PEPSTOR PEPSTOW variable Increased risk multiple autoimmune diseases
rs56048322  PTPN227%%K PTPN22750N - - alternative splice variant  increased risk T1D (48)
rs33996649  PTPN2220%R PTPN2226%Q PEP195D:227C pEP195A:227S loss-of-function reduced risk

SLE (49) and RA (50)

We propose that the T1D-associated risk allotype of PTPN22
permits excessive innate and adaptive immune signaling in
response to aseptic and/or septic stress/danger signals, in turn,
driving a type IV delayed hypersensitivity response against
pancreatic B cell antigens. The end result is insulin deficient
diabetes mellitus. Herein we review the findings that support a
pan-leukocyte role for PTPN22 in immune regulation. For the
purpose of this review, we will examine the known roles for
PTPN22 in innate and adaptive leukocyte signaling pathways
and functions in humans as well as supporting data from mouse
models. Where data is available we will also discuss how the
minor allotype of PTPN22, PTPN22°%W influences signaling
pathways as well as cellular functions and how these alterations
may contribute to the development of T1D.

PTPN22 EXPRESSION

PTPN22 is expressed in most types of human leukocytes,
including CD4" T cells, CD8" T cells, B cells, NK cells,
monocytes, macrophages, dendritic cells, and neutrophils. Of
these cells, PTPN22 has the highest expression in activated naive
CD8" and CD4" T cells, followed by NK cells and B cells, with
lower levels in monocytes (28, 68). While the non-synonymous
SNP at 752476601 changes the amino acid sequence, the allelic
difference does not modify PTPN22 expression in most
lymphocyte subsets. Peripheral blood mononuclear cells
(PBMCs) from PTPN22%°"W donors expressed PTPN22
mRNA equally from both alleles and this did not vary with
gender (69). Upon anti-CD3/anti-CD28 stimulation of PBMCs
(simulated activation of the TCR/CD3/CD28 complex), PTPN22
mRNA expression increased and this rise in expression was
equally attributed to both alleles (69). Similarly, PTPN22
expression levels in PMBC-derived DCs and PBMC are the
same in PTPN22°2°%W and PTPN22°%®R donors (35).

There are, however, exceptions; PTPN22°*"'V donors had
9% lower PTPN22 expression in naive CD4" T cells compared to
PTPN229°®R donors but there were no additional differences in
PTPN22 expression in other T cell subsets (47). There is a report
showing that PTPN22°°V is more susceptible to calpain-1-
mediated degradation and that the PTPN22%*" protein is less
expressed in naive and memory T cells compared to PTPN22%°%
(70); yet, this has been disputed by later studies that observed
the antibody used to detect PTPN22 had a higher affinity
for PTPN22°*°% versus PTPN22°°V (35, 40, 71). PTPN22
mRNA and protein expression in freshly-differentiated
macrophages (so-called MO or non-polarized macrophages)

from PTPN22°"V and PTPN22%°"" donors was lower than
that of PTPN22%°"® donors (38). After M1 polarization of these
macrophages (treatment with lipopolysaccharide and IEN-y to
mimic an inflamed septic environment), mRNA and protein
expression of PTPN22 was higher in PTPN22%°%W and
PTPN22%""'W donors than PTPN22°*°"® donors but there
was no difference in M2 polarized macrophages (treatment with
IL-4 and IL-13 to generate so-called “alternatively activated
macrophages”) (38). For macrophages, these findings are
suggestive of a relationship between PTPN22 allotype and
PTPN22 expression in the context of microbial infections
wherein type 1 CD4" T helper response (Ty1) typified by IFN-y
secretion occur — for example, mycobacterial infections. Overall,
allelic differences at rs2476601 have modest effect on the
expression of PTPN22 in human cells that might be associated
with observed immune phenomena (e.g., altered susceptibility
to mycobacterial infections), but many questions remain
unanswered and causality is merely speculative until more
complex studies can be completed. While PTPN22 expression is
only modestly influenced by allele, the function of PTPN22 is
measurably altered by rs2476601.

REGULATION OF T CELL FUNCTION BY
PTPN22 ALLOTYPES

The majority of studies focused on PTPN22 have investigated how
the PTPN22°* allotypes influence the composition of the T and B
cell compartments and intracellular signaling in T cells and B
cells. PTPN22 allotypes have minor effects on T cell composition
across immune compartments in humans; there are no differences
in total T cells, total CD4" or CD8" T cells, or CD4" or CD8"
effector memory T cells when comparing PTPN22°*"" donors
to PTPN22°2°""R donors (72). Most studies report no differences
in most CD4" T cells subsets (i.e., Tyl, Tl7, TulTyl7, Try)
(73). However, PTPN22°°""' donors had slightly-increased
FOXP3"CD4" regulatory T cells(T,egs) (7.94% vs. 6.76%)
compared to donors with the common PTPN22°°®® allotype
(74, 75). It has been reported that PTPN22°*°"" donors have
increased memory CD4" T cells when compared to PTPN229*°%/%
donors (about 50% vs. 41% respectively) with a concomitant
decrease in naive CD4" T cells (76). EOMES is a T box
transcription factor that drives IFNYy secretion by CD4" T cells
(73). PTPN22°°"W'W donors exhibited increased EOMESTCD4*
T cells compared to PTPN22°°*R donors (~7% vs. ~5%) again
with an accompanying decrease in naive CD4" T cells (73). It is
unclear whether PTPN22 genotype influences naive CD4" T cell
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frequency (72, 73, 76). Two studies have reported a trend toward
decreased naive CD4" T cells in PTPN22°*"W'W donors (73, 76)
while a third study reported no difference in naive CD4" T cells
when examining PTPN22 genotype (72). The study that reported
no difference had a low number of subjects (3 in each group) and
no subjects that were homozygous for the minor allele (72). The
two studies that have reported a difference included more
participants [13 per group (73) or 222 per group (76)] and
included a group homozygous for the minor allele. Differences
in study populations may explain the inconsistencies. A study
with a larger cohort of all three genotypes (i.e., PTPN22"5%<C,
PTPN22'%3T and PTPN221858"") may be better powered to
address whether PTPN22 genotype influences naive CD4"
T cell frequency.

Impact of PTPN22 Allotypes on

TCR Signaling

While PTPN22 allotypes have a minor impact on T cell
compartment composition, a significant impact on signal
transduction in human T cells has been observed. In primary
T cells, PTPN22°?°R is a negative regulator of TCR (26, 28, 43, 77,
78) (Figure 1A) and lymphocyte function-associated antigen 1
(LFA-1) (32) signaling (Figure 2) while it is a positive regulator

of in vitro T regulatory cell (T,eg) induction (33). In T cells,
PTPN22°%°R has been shown to directly interact with Grb2 (43),
VCP (44), Vav (32, 44), Zap70 (32, 44), Lek (26, 32, 44), TCRE
(44), CD3e (44), c-CBL (45), CSK (32, 40, 41), EB1 (46), and the
p85 subunit of PI3K (47). Studies do not agree whether
PTPN22%*°V is a gain-of-function or loss-of-function variant
in human TCR signaling but there is compelling evidence for
both views (Figures 1B, C) (40, 41, 47, 70, 72, 76, 79-81).
PTPN22%°W is a loss-of-function variant in LFA-1 signaling
(Figure 2) (32). PTPN22°*°" has not been studied in the context
of T,y induction in humans, however activated T,egs (aT egs)
from PTPN22°*V'V donors have a reduced capacity to inhibit
IENY secretion from other T cells compared to those from
PTPN22%2RR donors (47).

PTPN22 is a known negative regulator of TCR signaling
(Figure 1A) (82). To investigate the function of PTPN22 in
human T cells many studies have utilized the T-cell acute
lymphoblastic leukemia cell line, Jurkat (26, 28, 43). This has
allowed dissection of the influence of PTPN22 on proximal TCR
signaling. In Jurkat T cells, it has been shown that PTPN22
negatively regulates activation of JNK2 (26) and LCK (26), and
transcriptional activity driven by NF-xB (28), CD28 response
element/NF-IL2B AP-1 (43), NFAT/AP-1 (26), c-fos (26), and c-

A B Cc
TCR Protective/Major TCR Risk/Minor TCR
allotype allotype
PTPN22°20R PTPN22020W
:
1
1
Ll [ L] ' LLddL]
' PTPN22620R /pERSTOR ‘ " 1k PTPN22%20W
LN

| |
;',X

o ®. . b _LCK
PO | LeK Tt X @
Y’.:" Zap70 ‘----I------I-Il" ,”’
® PTPN22620W oA
Zap70 o
LCK Increased
TCR
IER Re_c:gcRed activation
activation o
activation

gain-of-function
hypothesis

loss-of-function
hypothesis

FIGURE 1 | PTPN22 function in T cells. (A) PTPN22%2°% and PEP®'F are negative regulators of TCR signaling in T cells where they dephosphorylate/deactivate
signaling intermediates and reduce signaling from the TCR to the nucleus. (B) The PTPN22%2°V gain-of-function hypothesis. In this scenario, PTPN2252°" is more
active and dephosphorylates signaling intermediates at an increased rate compared to PTPN2252°F, This blunts TCR signaling compared to PTPN2252°% and
reduces T cell response. (C) The PTPN22%2°V and PEP®'®W |oss-of-function hypothesis. In this scenario, PTPN2252W/PEPCTOW gre less efficient at
dephosphorylating TCR signaling intermediates compared to PTPN22%2°%/PEPS19R This allows more signal from the TCR to reach the nucleus and increases T cell

response to TCR stimulation.
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FIGURE 2 | PTPN22 function in LFA-1 signaling. (A) PTPN2252°F and PEP®'°" are negative regulators of LFA-1 signaling in T cells. Upon LFA-1 binding of ICAM-1,
PTPN22%2°% and PEP®'9R associate with CSK, and are recruited to the leading edge in an LCK-dependent manner where they dephosphorylate PTPN22 substrates
and inhibit LFA-1 signaling. (B) PTPN22°2°" is a loss-of-function variant in LFA-1 signaling. Upon LFA-1 binding of ICAM-1, PTPN22%2°" does not associate with
CSK and is not recruited to the leading edge. This prevents PTPN2252°" from interacting with its substrates and inhibiting LFA-1 signaling. PEP®'®" has not been

jun (26) downstream of the TCR. CRISPR/Cas9 mediated
knockout of PTPN22 in Jurkat T cells revealed that PTPN22
negatively regulates TCR-driven IL-2 and CD69 expression
especially in the context of weak antigen stimulation (83).
CRISPR/Cas9 mediated knockout of PTPN22 in primary CD4"
T cells supports that PTPN22 is a negative regulator of TCR
signaling (78). These studies also revealed how PTPN22 achieves
negative regulation of TCR signaling. PTPN22 cooperates with
CSK to inhibit initial TCR signaling (Figure 1A) (26). In resting
T cells, PTPN22 is associated with CSK and upon TCR
stimulation, this complex dissociates at a rate that parallels
dephosphorylation of PTPN22 substrates (40).

While PTPN225%°R i5 a negative regulator of TCR signaling,
the effect of the SNP on function of PTPN22°*°" remains
controversial. It is currently debated whether PTPN22°*°" is a
gain-of-function variant that reduces response to TCR
stimulation (Figure 1B) or a loss-of-function variant that
allows enhanced TCR signaling (Figure 1C). The most studied
hypothesis is that PTPN22°*°" is a gain-of-function variant that
suppresses TCR signaling (Figure 1B) (40, 41, 47, 70, 72, 76, 79,
80). These studies have shown that PTPN22°%*W reduces
signaling through the TCR and is associated with significantly

reduced IL-2 secretion (72, 79), calcium mobilization (72, 76,
79), and IFNY production from CD4" T cells (Table 2) (79).
There is also evidence that the PTPN22°*°" allotype drives
enhanced skewing of CD4" T cells to EOMES" Tyl cells (47,
73). PTPN229*°W is also associated with reduced expression of
CD25, lower proliferation, and decreased IL-10 secretion by
CD4" memory T cells (76, 79) (Table 2). In concordance with
this, in vivo TCR stimulation in the form of a trivalent influenza
vaccine resulted in reduced induction of an influenza virus-
specific CD4" T cell response in PTPN22°*""W subjects
compared to PTPN22020R/R subjects (Table 2) (80). Another
indication of reduced influenza virus-specific CD4" T cell
induction is the impairment of anti-flu antibody affinity
maturation. Antibody affinity maturation relies on activation of
CD4" T follicular helper (Tgy) cells; PTPN22%2°"W subjects had
reduced affinity maturation compared to PTPN22°?°"® subjects
implying they had reduced activation of Tgy cells or reduced
activation of anti-flu B cells (80).

Studies tracing the proximal events following TCR stimulation
agree that PTPN22°°°V is a gain-of-function variant in
primary T cells (Figure 1B). Overexpression of PTPN22°**"
decreases NFAT/AP-1-driven luciferase transcription more than
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TABLE 2 | PTPN22 genotype influence on TCR-related phenotypes.

Phenotype Donor genotype

PTPN2218580/C PTPN2218580/T PTPN221858T/T

IFNy production (fold 4.34 * 1.35*
change) (79)

CD4* memory T cells that 58 45 n/a
are CD25" (%) (76)

IL-10 secretion from CD4™* 2,200 800 n/a
memory T cells (pg/ml) (76)

CD4* T cell proliferation 1,834 1.8 n/a
(CFSE MFI) (79)

Influenza virus-specific 0.23 n/a 0.15

CD4* T cells (%) (80)

*The PTPN2278°%T donors were included in the PTPN22"8°5™'T donor group.

overexpression of PTPN22%°% (72). In primary T cells from
donors with PTPN22%"V/W TCR stimulation resulted in lower
TCR{-chain phosphorylation and increased ERK, AKT, and PI3K
p85 activation compared to PTPN22°*"® donor T cells (Table 3)
(47, 70). These studies offer a molecular mechanism for the
difference in function of PTPN22°*® and PTPN22%*" centered
on reduced interactions of CSK and LCK with PTPN22%*°",

As noted above, in resting T cells PTPN22°*°% is associated
with CSK and upon TCR stimulation this complex dissociates at
a rate that parallels dephosphorylation of PTPN22 substrates
(Figure 1A) (26, 40). Simultaneously, PTPN22 is phosphorylated
at Ser’>" by PKCo, which enhances the CSK/PTPN22 interaction
and restricts PTPN22 activity to allow appropriate TCR signaling
(42). PTPN22%°W interacts with CSK to a lesser extent than
PTPN22°°" (immunoprecipitation of PTPN22%°F pulls down
2.9 fold more CSK than PTPN22%%°") and is more available to
dephosphorylate PTPN22 substrates at the initiation of TCR
signaling (28, 40, 41, 51). Both PTPN22°*°f and PTPN22°**" are
subject to phosphorylation at Ser”*' by PKCa, however this only
seems to inhibit PTPN22%%°% activity, by enhancing its
association with CSK, while it does not inhibit PTPN22°*°" or
enhance PTPN22°%°W/CSK interactions (42). Similarly,
PTPN22%*R is associated with LCK to a greater degree than
PTPN22%*°" and this appears to be CSK-dependent (41). LCK
phosphorylates PTPN22 on an inhibitory Y536 residue (41).
PTPN22%°F has more phosphorylated Y536 residues and is less
active than PTPN22%*°V in Jurkat cells at rest and upon TCR
stimulation (41). This may also explain why the in vitro
phosphatase activity of PTPN22°*" is 50% higher compared
to PTPN22%*°% when the two allotypes of PTPN22 are purified
from mammalian cells. When purified from insect cells, where

TABLE 3 | PTPN22 genotype influence on proximal TCR signaling events.

Phenotype Donor genotype
PTPN22'8%8C/C  pTpN227858T/T
relative TCRE-chain phosphorylation (1 min) 100% 95%
relative ERK phosphorylation (15 min) 0% 50%
relative AKT phosphorylation (15 minutes) 40% 75%

this post-translational modification is absent, the phosphatase
activity is equal among the two allotypes (41, 72). In conclusion,
PTPN22%*°V is a more potent inhibitor of TCR signaling than
PTPN22%%% because PTPN22*°" is more available to interact
with PTPN22 substrates due to reduced sequestration by CSK.
Further, PTPN22°*VV is more active due to reduced association
with its own negative regulator, LCK, and consequent reduced
phosphorylation at an inhibitory tyrosine residue (Figure 1B).

While evidence that PTPN22°*°V is a gain-of-function
variant remains compelling, sufficient results exists to argue
that PTPN22%*°V could be a loss-of-function variant (Figure
1C) (70, 81). These studies have observed that T cells from
healthy PTPN22%*°Y'W donors expand more upon TCR
stimulation than those from healthy PTPN22%*°"® donors
(70). Further, when CSK is co-expressed with PTPN22%2W in
Jurkat T Cells, higher calcium fluxes are measured than when
CSK is co-expressed with PTPN22%%R (81). A study found that
the PTPN22'%%7 allele enhances expression of a dominant
negative isoform, PTPN22.6, that increases signaling through
the TCR (Figure 1C) (84). The authors offered a hypothesis that
reconciles human data showing that PTPN22°*°" is a gain-of-
function; PTPN22°°Y allows chronic signaling through the
TCR that drives T cell exhaustion, causing T cells from
PTPN22°2°"W and PTPN22°%°"'W donors to be less
responsive to stimulation through the TCR—a finding reported
by most studies. This is supported by evidence that expression of
PD-1, a marker of T cell exhaustion, is enhanced on CD4" T.¢
and T in healthy PTPN22°2*"'W donors compared to healthy
PTPN22%%®R donors (74). Furthermore, the reduced calcium
flux seen in PTPN22%°"" donors was most notable in memory
CD4" T cells with no difference observed in naive CD4" T cells;
this could indicate that the experienced population is exhausted
(76). While it is not certain whether PTPN22%*°" is a gain-of-
function or loss-of-function variant in human TCR signaling, it
is clear that the mouse orthologue of PTPN22%°V, PEP***V  is a
loss-of-function variant in mouse TCR signaling.

Data from mouse models support the role of PTPN22/PEP as
a negative regulator of TCR signaling (Figure 1A).
Overexpression of PEP in the mouse antigen specific T cell
line, BI-141, reduced TCR-mediated phosphorylation of ZAP70,
c-Cbl, and the CD3 {-chain (77). Overexpression of PEP also
reduced IL-2 secretion from these cells (77). C57BL/6] mice with
a genetic ablation of Ptpn22 (B6.Cg-Ptpn22""*A""/] commonly
referred to as C57BL/6-Ptpn22~'~ mice) as well as NOD mice
with doxycycline-induced knockdown of PEP [NOD-Tg(tetO-
RNAI : Ptpn22,UBC-tetR,-GFP)P2Kslr commonly referred to as
NOD-Ptpn22*P] starting at birth have an accumulation of
effector/memory CD4" and CD8" T cells in secondary
lymphoid organs. This phenotype is thought to be a product of
increased TCR signaling in the absence of PEP (85-88). Similar
to humans harboring PTPN22%°", PEP®"*" knock-in C57BL/6
mice (C57BL/6-Ptpn22"™"'** commonly referred to as C57BL/
6-PEP®'”Y) exhibited an expansion of CD4* memory T cells
compared to unaltered C57BL/6 mice that carry the PEP®'*}
allele (70, 71). In C57BL/6-PEP®"*Y mice there was also a
marked expansion of the total effector/memory T cell pool and
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T cells from these mice exhibited increased IL-2 secretion,
increased calcium mobilization, enhanced/prolonged tyrosine-
phosphorylation of ZAP-70 and Lck, and increased ex vivo
expansion of T cells compared to C57BL/6 mice (70, 71, 86).
While the R619W conversion in PEP appears to be a loss-of-
function variant with respect to TCR signaling (Figure 1C),
controversy exists regarding the human autoimmunity risk
allotype, PTPN22%%V, with regard to gain-of-function or loss-
of-function TCR signaling (Figures 1B, C). Despite this ongoing
lack of clarity for PTPN22°**Y in human TCR signaling,
evidence clearly supports that PTPN22°°" is a loss-of-
function variant in LFA-1 signaling in T cells.

Impact of PTPN22 Allotype on LFA-1
Signaling in T Cells

LFA-1 is fundamentally important to general leukocyte
trafficking. Loss of LFA-1 causes the life-threatening disease
known as leukocyte adhesion deficiency (LAD) resulting in
uncontrolled microbial infections (89). LFA-1 is also critical in
T cell activation and migration (90). In human T cells, PTPN22
inhibits LFA-1 signaling (Figure 2) (32). T cells treated with
PTPN22 targeting small interfering RNA (siRNA) exhibited
increased ICAM-1 (LFA-1 ligand)-induced phosphorylation of
LCK, ZAP70, ERK1/2, and Vav compared to cells treated with a
non-targeting control (NTC) siRNA. There was also an increase
in ICAM-1-induced motility in cells treated with the PTPN22
targeting siRNA (32). The autoimmune associated variant,
PTPN22%°W, is a loss-of-function variant in LFA-1 signaling
(Table 2B). Similar to what was observed with knockdown of
PTPN22, human T cells from PTPN22°°%W and PTPN22%"/W
donors have enhanced LFA-1 induced signaling (pERK1/2 fold
change over unstimulated; PTPN22%2°V/W 35 vs, PTPN2262°%/W
~25 vs. PTPN22°%®*R 20 and adhesion (mean # of T cells
adhered to LFA-1 coated slide at 8 min under shear flow;
PTPN22°WW .3 vs. PTPN22°2°"R.24) compared to T cells
from PTPN22%2°%R donors. At rest, PTPN22%*°% and
PTPN22%*°W are aggregated near the plasma membrane of T
cells. Upon engagement of ICAM-1 with LFA-1, PTPN22%*°}
leaves these aggregates, associates with CSK, and is recruited to
the leading edge of migrating cells in an LCK-dependent manner
where it dephosphorylates PTPN22 substrates to inhibit LFA-1
signaling (Figure 2A). In contrast, PTPN22°*"V stays more
clustered and is less recruited to the leading edge resulting in
less PTPN22-mediated negative regulation of LFA-1 signaling
(Figure 2B) (32).

As observed in human T cells, PEP negatively regulates
mouse T cell responses to ICAM-1 stimulation (Figure 2A). T
cells from C57BL/6-Ptpn22~'~ mice displayed enhanced ERK1/2
phosphorylation (pERK1/2 fold change over-unstimulated;
Ptpn22~"" ~12 vs. Ptpn22*"* ~8) after ICAM-1 stimulation and
adhered better to ICAM-1 coated glass slides under shear flow
(mean # of T cells adhered at 8 min; Ptpn22~'~ ~55 vs. Ptpn22*'*
~30) compared to Ptpn22-intact mouse T cells (32). C57BL/6-
Ptpn227"~ mouse T cells also had increased LFA-1 induced IENy
secretion and were better at forming T cell-DC conjugates
compared to Ptpn22-intact T cells (86). PEP and PTPN22 are

both negative regulators of LFA-1 signaling in mice and humans
(Figure 2A). PTPN22%%'W is a loss-of-function variant in
humans while it is not known how the PEP 619R to W
conversion affects mouse LFA-1 signaling (Figure 2B). While
the molecular mechanisms behind PTPN22’s influence on
receptor-proximal signaling in T cells (i.e., activation and
mobilization) are well studied, PTPN22 has also been shown to
influence T, induction and function however the mechanism is
less resolved.

Treg Induction and T Cell Suppression

by aTreg

PTPN22 positively regulates in vitro induced T,eg (iT:eq)
differentiation in human T cells. Primary naive T cells
(CD4*CD127*CD257) from PTPN22°2°"® healthy donors and
PTPN22°°"® donors with T1D were subjected to PTPN22
knockdown with antisense oligonucleotides. Differentiation of
iT egs via treatment with IL-2/TGF-B1/aCD3/0iCD28 was
reduced with PTPN22 knockdown compared to control
oligonucleotide transfected cells (% of CD4 T cells that are
CD25"FoxP3"; PTPN22 knockdown resulted in ~20% iTreg vs.
control ~40%) (33). No direct clinical studies have shown how
PTPN22°*° allotypes influence iT,, differentiation; however,
healthy PTPN22°°"" donors have increased CD4" Tieg
compared to healthy PTPN22%**R donors (7.94% vs. 6.76%)
implying that PTPN22%°" might potentiate iT g development
(74, 75). Although PTPN22%*Y"' donors have slightly more
CD4* Tregs> these Ty exhibit a reduced capacity to inhibit IFNy
secretion from conventional T cells compared to those from
PTPN22%%®R donors (47, 76).

As observed in humans, PEP also influences T, development
in mice; C57BL/6-Ptpn22~'~ mice and NOD-Ptpn225" mice had
increased numbers of Tz (87, 88). Data from C57BL/6-
Ptpn22~"~ mice and NOD-Ptpn22*" mice provided evidence
that deficiency of PEP reduces the TCR signal strength
required for in vitro induction of iT,egs (91, 92). The iT g
induction can be accomplished by stimulating naive FoxP3-
CD4" T cells with a combination of agonistic anti-CD3 and
anti-CD28 targeting antibodies in the presence of TGF-f (87).
Lower levels of stimulation with reduced concentrations of anti-
CD3 antibodies increased in vitro iT,.g induction in Ptpn227"~
cells compared to Ptpn22-intact cells. Increased concentrations
of anti-CD3 resulted in elevated stimulation and decreased iTh.q
induction in Ptpn22~'" cells compared to Ptpn22-intact cells. At
levels of TCR-stimulation that drive optimal in vitro iT,,
induction in parental C57BL/6 mice, C57BL/6-Ptpn22~"~ had
reduced iT,.y induction (87). Much like PTPN22%" humans,
aged C57BL/6-PEP*®Y mice had increased Tregs compared to
C57BL/6 mice. However, young C57BL/6-PEP®"*Y mice
exhibited no increase in Tiegs. Tregs from young C57BL/6-
PEP®"*" mice exhibited no differences in suppressive activity
when compared to C57BL/6 mice, however T4 from aged mice
were not assessed. This difference may be due to the age of the
mice, however, it remains to be seen if T,eg, from older C57BL/6-
PEP®"®" mice exhibit the same defect in suppression as human
Tregs (71). It is clear that PTPN22 plays multiple roles in human
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T cells and that the diabetogenic allotype of PTPN22,
PTPN22%°W, alters these roles; how might the altered function
of PTPN22%°V in T cells impact T1D development?

PTPN22 in T Cells and Impact on T1D

T1D is generally considered a T cell mediated disease where CD8"
T cells are the major islet infiltrating immune cells (93, 94). The
SNP in PTPN22, rs2476601, is associated with increased risk for
T1D, reduced age at onset (95), and reduced residual B cell
function at diagnosis (96). This SNP affects T cell function.
PTPN22 is a negative regulator of TCR (26, 28, 43, 77) and
LFA-1 (32) signaling and influences aT,.; suppressive capacity
(Figures 1 and 2) (47). In T cells, the effect of the T1D-risk variant
PTPN22°°" on TCR-induced signaling is currently unresolved
with data supporting both gain-of-function and loss-of-function
hypotheses (40, 41, 47, 70, 72, 76, 79, 80). In contrast,
PTPN22%*°" has been characterized as a loss-of-function
variant in LFA-1-induced signaling because it is not available to
interact with its substrates (32). Adaptive Tregs (aTreg) from
PTPN22°°""W donors have reduced capacity to suppress IFNy
secretion from conventional T cells (47). The enhanced LFA-1-
induced signaling and motility, and the reduced capacity of aT g,
to suppress IFNY secretion from conventional T cells seen in
PTPN22°°®W and PTPN22°"" humans could help explain
why 752476601 is associated with increased overall risk of T1D
development. The seemingly small magnitudes of reported
biochemical, phenotypic, and functional effects of PTPN22%*°W
in human T cells are surprising for a genetic variation that ranks
near the top of the list for T1D genetic risk. We ask ourselves,
“How could such minor fluctuations contribute to a life-
threatening pathology?” The answer might lie in the thymus -
the immune tissue where developing thymocytes (soon to be T
cells) are exquisitely sensitive to the strength and duration of
nascent TCR signaling. If PTPN22°*°V is a gain-of-function
variant in TCR signaling, the PTPN22°*°" variant might impair
the process of negative selection whereby autoreactive thymocytes
are normally eliminated upon strong TCR signaling. Thus,
effectively blinded to the fact that a given TCR is recognizing a
self-antigen (e.g., insulin), autoreactive T cells might survive and
escape into the periphery (72). More autoreactive T cells in the
periphery would lead to increased autoreactive T cells surveying
tissues, including the pancreas, and more opportunities for an
autoimmune reaction to occur.

The alternate scenario postulates that thymic selection is more
or less unaffected, and that the biologic effects of PTPN22°*°W
manifest in the periphery. If PTPN22°° is a loss-of-function
variant in TCR signaling, circulating T cells would be more
sensitive to TCR ligation and this could explain the genesis of
autoreactive T cell activation and thus autoimmunity. Both
intrathymic and peripheral scenarios would be complicated by
enhanced LFA-1-induced signaling (enhancing T cell migration)
and reduced capacity of aTyg to suppress IFNY secretion from
activated T cells that could result in enhanced T cell infiltration
into tissues (i.e., islets of Langerhans) as well as secretion of more
IFNY, thus creating a more inflammatory local environment. For T
cells, additional new work will be needed to understand how

thymic development and intra-islet T cell function is modulated
by PTPN22 variants. Is there a single dominant mechanism at fault
for autoimmune risk, or is this a case of death by a thousand cuts—
multiple subtle effects which alone appear innocuous but together
add up to complete destruction of a vital tissue? If the story weren’t
complicated enough, T cells alone might not be the culprit of T1D.
Autoantibodies produced by B cells are a prevalent feature and
remain the gold standard biomarker of T1D progression. While it
is hypothesized that autoantibodies are not pathogenic in human
TID, B cells are thought to play an important role as antigen
specific APCs. It is known that depletion of B cells with Rituximab
can delay disease progression (97). Additionally, many of the other
1s2476601-asocciated autoimmune diseases are characterized by
production of autoantibodies (e.g., RA, SLE, etc.). As such, many
studies have focused on the effect of the PTPN22°*® versus
PTPN22%°V in human B cells.

REGULATION OF B CELL FUNCTION BY
PTPN22 ALLOTYPES

PTPN22 has been studied extensively in human B cells. Unlike
the minor difference observed in the T cell compartment,
PTPN22%°°" has a profound impact on B cell composition
(described in detail below) (76). PTPN22 also impacts signal
transduction in human B cells where it functions as a negative
regulator of BCR signaling and BCR-induced apoptosis (34).
Because PTPN22 influences BCR signaling and BCR-induced
apoptosis, it also influences the central and peripheral B cell
tolerance checkpoints (27, 76, 98-100).

Impact of PTPN22 Allotype on

BCR Signaling

PTPN22 functions to dampen BCR signaling as well as BCR-
induced apoptosis (Figure 3B). PTPN22 is overexpressed in
primary chronic B lymphocytic leukemia (CLL) cells (34). CLL
cells express functional BCRs and have been characterized for
ligand-dependent signaling. PTPN22 depletion in CLL cells
increased soluble-oIgM (simulated strong BCR signaling)
induced apoptosis (34). Knockdown of PTPN22 also resulted
in increased soluble algM-induced phosphorylation of LYN,
SYK, BLNK, PKC3, ERK, JNK, and p38 MAPK and reduced
soluble-agM-induced phosphorylation of AKT, GSK3, and
FOXO (34). PTPN22°°V is a gain-of-function variant that
acts to further blunt BCR signaling (Figure 3B). In
heterozygous PTPN22°*°®W donors there is reduced BCR-
induced calcium flux compared to PTPN22%*°"® donors (27,
76, 98). Heterozygous donors also had reduced phosphorylation
of the BCR-proximal signaling components, SYK, PLCy2 (MFI
phospho-PLCY2-Y759; PTPN22°2°"W 700 vs. PTPN22°2R/R
~950), and AKT compared to PTPN22%%®R donors (27, 76, 98).
In PTPN22°*°®*W donors there is also reduced total
phosphorylated tyrosine in resting (% of CD27" B cells that
are phospho-tyrosine®; PTPN22%""W 49, vs. PTPN2262°R/R
~8%) and BCR-activated memory B cells compared to
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Protective/
Major allotype
PTPN22620R

PTPN22620R
PEP619R

PTPN22%2*R donors (27). Inhibition of PTPN22 in B cells of
PTPN22%*°®W donors increased SYK, PLCy2, and AKT
phosphorylation to levels equivalent to those of B cells from
PTPN22%°®® donors (27, 98). Signaling through the BCR can
also induce B cell expansion. However, it is not clear how
PTPN22%2°V affects BCR-induced expansion of B cells;
different studies have shown conflicting results (27, 70).
Overall, PTPN22°*°" is more effective at regulating BCR
signaling (Figure 3B).

Consistent with data from human B cells, PEP is also a
negative regulator of BCR signaling in mice (Figure 3).
Silencing of PEP via doxycycline-induced expression of a
Ptpn22-targeting siRNA in NOD mice (the NOD-Ptpn22<P
mice) increased B cell response to anti-IgM/anti-CD40
stimulation (88). Additionally, silencing of PEP resulted in the
increased proliferation, robust expression of CD25 and CD69,
and elevated phosphorylation of PLCy2 (88). These results have
been replicated via Ptpn22 knockout in other mouse strains (81,
101, 102). Unlike PTPN22°**" humans, C57BL/6-PEP***" mice
had a phenotype similar to C57BL/6-Ptpn22~'~ mice, with
increased anti-IgM induced B cell activation, increased anti-
IgM induced proliferation, and increased phosphorylation of
PLCy2 compared to C57BL/6 mice (70, 71, 103). While
PTPN22°*°V is a gain-of-function variant in human BCR

Risk/Minor
allotype
PTPN22020W

PEP61 oW

FYN

actlvatlon reduced
in humans,
enhanced in
mice

"'X

PTPN22620W

FIGURE 3 | PTPN22 function in B cells. (A) PTPN2252°% and PEP®'™R are negative regulators of BCR signaling in B cells. (B) PTPN22%°" is a gain-of-function variant with
respect to BCR signaling and leads to blunted BCR signaling. PEP®'®" is a loss-of-function variant with respect to BCR signaling and leads to enhanced BCR signaling.

signaling, PEP®'*" is a loss-of-function variant with respect to
BCR signaling in mice (Figure 3B).

Regulation of B Cell Gene Expression and
B Cell Expression of Surface Receptors by
PTPN22

PTPN22%° alters gene expression and immune receptor levels
in B cells. Naive B cells from both PTPN22°**"W and
PTPN22%"VW donors had significantly upregulated IL4R,
IL13R, IL17R, and IL21R mRNA expression (genes involved in
B cell proliferation/differentiation) and significantly upregulated
genes in the BCR, CD40, and TLR activating pathways compared
to those from PTPN22°2°®R donors (100). PTPN22620W
differentially affects expression of other genes with SNPs
associated with T1D and other autoimmune diseases (BLK,
PTPN2, CD40, TRAF1, CD19, SLAM, IRF5) (100). The surface
expression of BAFFR, CD40, and SLAMF6 was enhanced in
PTPN22%°"W and PTPN22°**"'W donors compared to
PTPN22°2°RR donors (Table 4) (100, 103). Naive B cells
from PTPN22%°"W and PTPN22%°"V' donors were more
responsive to CD40L stimulation with an increased percent
of B cells expressing CD69 and CD25 than those from
PTPN22%°*R donors (100). CpG stimulation of PBMC for
4 days resulted in greater expansion of IgM+ memory B cells
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(CD19+CD27+IgM+) and IgM- Plasma cells (CD19+
CD27hiIgM—) in PTPN22°"W patients with T1D compared
to PTPN22°2°"® patients with T1D and in healthy control
PTPN22°*°®*W donors compared to healthy control
PTPN22°%°®R donors (99). The combination of increased
BAFFR, CD40, and SLAMF6 surface levels and the increased
expression of IL4R, IL13R, IL17R, IL2IR, as well as genes
belonging to the CD40, TLR, and BCR activation pathways may
explain the enhanced CpG-induced expansion of IgM+ memory B
cells and IgM- Plasma cells in PBMCs seen in PTPN22°"W and
PTPN22%"'W donors compared to PTPN22%°"® donors.
Importantly, this phenomenon is present in both PTPN226*°FW
and PTPN22°°"'W donors implying that the effects of
PTPN22°°W are either dominant or co-dominant.

Unlike humans, there was decreased CD40 and BAFFR
surface expression on total splenocytes with decreased CD40
and BAFFR on immature B cells and increased CD40 on T2 B
cells of C57BL/6-PEP®**Y mice compared to C57BL/6 mice
(103). Tnfrsfl3c (BAFFR) mRNA levels were enhanced in
immature B cells and Cd40 mRNA levels were enhanced in T2
B cells of C57BL/6-PEP*** mice compared to C57BL/6 mice
(103). Taken together we see that PTPN22 and PEP affect
expression of costimulatory molecules in B cells of both
humans and mice however the effects of the R to W
conversion are not consistent when comparing humans to mice.

B Cell Tolerance Checkpoints

and Composition

PTPN22°V alters the central and peripheral B cell tolerance
checkpoints as well as the composition of the B cell compartment
in humans (76, 98-100). Central B cell tolerance is mediated via
clonal deletion or receptor editing to remove autoreactive or
polyreactive B cells from the bone marrow before they enter the
periphery (e.g., spleen, blood, lymph nodes, tissues) (104).
Central tolerance results in a large reduction of polyreactive
and autoreactive B cells and is readily apparent when comparing
the bone marrow to the spleen and blood; 40%-70% of early
immature B cells are polyreactive and 50%-75% are autoreactive
in the bone marrow while 5%-10% of transitional B cells are
polyreactive and 30%-50% are autoreactive in the periphery
(104, 105). A common method for determining if B cells are
autoreactive is to assess their response to human epithelial type 2
(HEp-2) cells. HEp-2 cells express a large array of self-antigens
and HEp-2 reactive B cells are considered autoreactive (106).

TABLE 4 | PTPN22 genotype influence on B cell surface receptor expression.

Phenotype Donor genotype
PTPN2218%5¢/C PTPN22"8%5C/T and
PTPN2278%5T/T
Transitional Naive IgM Transitional Naive IgM
Memory Memory

BAFFR MFI ~90 ~90 ~90 ~120 ~100 ~110
CD40 MFI ~190 ~210
SLAMF6 MFI ~190 ~200

Healthy PTPN22°2°"W and PTPN22%*°"'W donors had an
increased proportion of polyreactive and HEp-2-reactive new
emigrant/transitional B cells (CD20*CD10*CD21"°IgM"CD27":
25%-30% of new emigrant/transitional B cells were polyreactive
and ~50% were HEp-2-reactive) compared to healthy
PTPN22%?"® donors (8%-10% of new emigrant/transitional B
cells were polyreactive and ~30% were HEp-2 reactive) (100,
107). Most studies agreed that transitional B cells
(CD19+CD27_CD24hiCD38hi) were increased in healthy
PTPN2292°"W and PTPN22°°"'W donors compared to
healthy PTPN22%°"® donors (percentage of total B cells that
are transitional; PTPN22°°V'W and PTPN22%*°"W ~59% vs.
PTPN22%%%R .2.5%), although not all studies observe this
effect (98, 99, 108). The increased numbers of transitional B
cells and polyreactive/HEp-2-reactive new emigrant/transitional
B cells in healthy PTPN22°°®" and PTPN22°**"" donors
indicates that the central B cell tolerance checkpoint is altered by
PTPN22°°V, Ergo, the autoimmune-linked allotype allows
more polyreactive and autoreactive B cells to escape central
tolerance and proceed into the periphery. B cells that enter the
periphery will go through another round of selection to remove
or inactivate autoreactive cells.

Peripheral B cell tolerance results in anergy or clonal deletion
via apoptosis that is dependent on caspase-3 activation and is
triggered by strong signaling though the BCR (98). This results in
the reduction of autoreactive peripheral B cells. There are more
autoreactive transitional B cells than autoreactive naive mature B
cells due to the peripheral B cell tolerance checkpoint; 30%-50%
of transitional B cells are autoreactive while 10%-30% of naive
mature B cells are autoreactive (105). To simulate strong BCR
signaling in naive B cells, anti-IgM is used to crosslink the BCRs;
this is similar to encountering a multivalent self-antigen during
peripheral B cell tolerance and will cause some naive B cells to
undergo apoptosis. After 12 h of anti-IgM treatment,
significantly fewer naive B cells from PTPN22°*°®V donors
had begun the process of apoptosis by cleaving/activating
caspase-3 when compared to PTPN22°*°"® donors (% of naive
B cells with cleaved/active caspase-3; PTPN22°2°"W ~109% vs.
PTPN22%%°R/R _189%) (98). Basal levels of the anti-apoptotic
protein, Bcl-2, were higher in transitional B cells from
PTPN22°°"W donors compared to PTPN22°2°"® donors
(Normalized BCL-2 MFI; PTPN222RW 20 vs. PTPN22620R/R
~12) with no alteration in the pro-apoptotic protein, Bim (98).
Healthy PTPN22%*'W'W and PTPN22*°"W donors had
increased frequencies of polyreactive and HEp-2-reactive
mature naive B cells (CD20"CD10 " CD21"IgM*CD27"). In
these donors ~30% of mature naive B cells were polyreactive
and ~45% were HEp-2-reactive. In contrast, healthy
PTPN22°°"® donors had ~10% polyreactive mature naive B
cells were and ~20% HEp-2-reactive (100). A unique subset of
autoreactive anergic B cells (naive IgD" B cells [Bypl:
CD19°CD27 IgD"IgM") are cells in the periphery thought to
be anergic due to low chronic antigen stimulation through the
BCR (109). Bnp cells were increased in healthy PTPN220620R/W
donors compared to healthy PTPN22°*°*® donors (% of CD19*
B cells that are Byp cells; PTPN22°2°%W 394 vs. PTPN22620R/R
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~2%) (98). PTPN22°*W donors had a lower percentage of
memory B cells compared to PTPN22°*°" donors (% of CD19"
B cells that are CD27*; PTPN22°""W ~359 vs. PTPN22°20%/R
~45%) (76). The reduced caspase-3 activation, increased levels of
Bcl-2, increased frequencies of Byp cells, HEp-2-reactive mature
naive B cells, and polyreactive mature naive B cells, and
decreased frequency of mature B cells found in PTPN2262°%W
and PTPN229°""W donors indicates that PTPN22%*°" alters the
peripheral B cell tolerance checkpoint (98, 100, 107). The
increase in autoreactive/polyreactive new emigrant/transition B
cells, all transitional B cells, By cells, and decrease in memory B
cells was also seen when comparing T1D donors regardless of
genotype to healthy PTPN22°*°"® donors and this may
represent a common B cell phenotype present in T1D patients
(98, 100). Currently, it is thought that the blunting of BCR
signaling by the gain-of-function PTPN22%**" allotype leads to
reduced negative selection and is responsible for the alterations
seen in central and peripheral B cell tolerance mechanisms (76,
98, 100, 107). These B cell phenotypes are observed in both
patients with autoimmunity and healthy controls that
encode PTPN22%2°W,

C57BL/6-Ptpn22~'~ as well as other strains of Ptpn22
knockout mice exhibit an altered B cell compartment. Deletion
of Ptpn22 increased age-associated B cells (ABCs), plasma cells,
autoantibodies, as well as germinal center activity and size when
compared to Ptpn22-intact mice. However, germinal center size
and activity appears to be partially dependent on an alteration in
T follicular helper cells (81, 101, 102). Unlike humans harboring
PTPN22°°W, alterations in the B cell compartment of the loss-
of-function PEP®"*" variant in mice is attributed to altered
positive B cell selection due to enhanced BCR signaling (103).
C57BL/6-PEP*"*Y mice have increased splenic transitional 1 B
cells, increased age-dependent B cells (ABCs), increased class-
switched B cells, increased germinal center B cells, and less
mature recirculating B cells when compared to C57BL/6 mice
(103). Like humans however, the enhanced positive selection
leads to increased self-reactive B cells, increased autoantibody
titers, and reduced apoptosis of T1 B cells in C57BL/6-PEP®**"
when compared to C57BL/6 mice (70, 71, 103). The similarities
between the B cell compartments of Ptpn22~'~ mouse strains and
C57BL/6-PEP®"*Y mice implies that PEP®'*" is a loss-of-
function variant in mice with respect to its effects on B cell
positive selection while PTPN22°*°" decreases human B cell
negative selection.

While PEP®**" mice do not display the same central B cell
tolerance phenotype as humans heterozygous or homozygous for
PTPN22°°Y, immunodeficient NOD.Cg-Prkdc*.112rg"! "
(NSG) mice engrafted with human CD34" hematopoietic stem
cells (HSCs) from either PTPN22°2°%W_ pTPN22°*W/W donors,
or with HSCs overexpressing PTPN22°*°" phenocopy humans
that are heterozygous or homozygous for PTPN22°"V. These
PTPN22%°°V HSC engrafted NSG mice display an increased
proportion of polyreactive and HEp-2-reactive new emigrant/
transitional B cells when compared to NSG mice engrafted with
HSCs from PTPN22°°"® donors or HSCs overexpressing
PTPN22%%% (100, 107). Importantly, inhibition of PTPN22 in

NSG mice engrafted with PTPN22°*°" HSCs reduced
polyreactive and HEp2-reactive new emigrant B cells to the
same levels as NSG mice engrafted with PTPN22%°% HSCs
indicating that PTPN22 is the main driver of this difference
(107). The increased numbers of transitional B cells and
polyreactive/HEp-2-reactive new emigrant/transitional B cells
in healthy PTPN229°"W and PTPN22°*"'V donors and in
PTPN22%°" HSC engrafted NSG mice indicates that the central
B cell tolerance checkpoint is altered by PTPN22%°V. This
alteration allows more polyreactive and autoreactive B cells to
escape central tolerance and proceed into the periphery. Overall,
PEP®"*" is a loss-of-function variant in mice with respect to its
effects on B cell positive selection while PTPN22°*°" decreases
human B cell negative selection; both of these alterations result in
more autoreactive B cells with increased autoantibody titers.

PTPN22 in B Cells and Impact on T1D

Autoantibodies produced by B cells are a prevalent feature of
T1D and remain the gold standard biomarker of islet
autoimmunity and T1D progression (110). The SNP in
PTPN22, rs2476601, is associated with increased risk of
persistent islet autoimmunity (i.e., autoantibodies directed
against insulin, GADG65, or IA-2) (111). While the role of
pathogenesis of human T1D remains controversial, the
importance of B cells has been demonstrated in preclinical
models and clinical trials. Depletion of B cells pauses the loss
of B cell function in some patients with recent onset T1D and can
prevent or reverse disease in NOD mice (97, 112). B cells are not
only capable of producing antibodies, they also act as APCs to
present antigen to T cells in a process called linked recognition
(113). In linked recognition, B cells uptake antigen recognized by
the BCR, process it, and load peptides derived from the antigen
on MHC-II to present to CD4" T cells (113). These responding
CD4" T cells must have already encountered antigen and been
activated by other APCs in the periphery before they can provide
T cell help to the B cells. The T cell help initiates class-switching
in germinal centers, while the B cells provide co-stimulatory
signals to the T cells capable of enhancing in-progress T cell
responses (114). In NOD mice, it is thought that B cells primarily
enhance autoreactive T cell function as APCs and through the
production of pro-inflammatory cytokines (115). PTPN22°2°%/W
and PTPN22°°"V/W donors have increased B cell surface
expression of CD40, SLAMF6, and BAFFR (Table 4), as well
as B cell mRNA expression of IL4R, ILI3R, ILI7R, IL21R
compared to PTPN22%?°"® donors. PTPN22%® is a negative
regulator of BCR signaling and PTPN22°*°V is a gain-of-
function variant that reduces signaling through the BCR. This
reduction in BCR signaling alters central and peripheral B cell
tolerance allowing more autoreactive and polyreactive B cells
into the periphery. The increased surface expression of CD40,
SLAMF6, and BAFFR (Table 4), as well as B cell mRNA
expression of IL4R, ILI3R, IL17R, IL2IR could enhance clonal
expansion of B cells, differentiation into plasma cells, class
switching, and cell survival in PTPN22°2°®W and
PTPN22°2°"WW humans (116-121). Increased SLAMF6 and
CD40 expression on B cells could also enhance/prolong B cell-
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T cell interactions leading to more T cell and B cell activation in
PTPN22%"W and PTPN22%®V" humans. The combination
of these phenotypes could lead to increased class switching of
autoreactive B cells and increased survival of autoreactive and
polyreactive B cells. These autoreactive/polyreactive B cells could
go on to increase or simply sustain activation of autoreactive T
cells. The increased/sustained activation of autoreactive T cells
by autoreactive/polyreactive B cells could explain why rs2476601
is associated with increased risk of persistent islet autoimmunity
(111) and why treatment with a B cell depleting therapy
(rituximab) can delay loss of, but not restore, the c-peptide
response in patients with recent onset T1D (97).

While adaptive immune cells are integral for targeting and
destroying P cells, they are not the only cells implicated in
development of T1D. The innate arm of the immune system is
generally required to initiate antigen-specific responses by T and
B cells. Monocytes, macrophages, and dendritic cells (DCs) are
all APCs capable of initiating these potent immune responses in
inflammatory contexts.

PTPN22 ALLOTYPES IN MONOCYTES,
MACROPHAGES, AND DENDRITIC CELLS

Monocytes, macrophages, and DCs are innate immune cells that
are a part of the front-line sentinels that sense (via conserved PRRs
such as TLRs and nucleic acid sensors) and eliminate invading
microbes. While the function of PTPN22%2°F and altered function
of PTPN22°*V have been extensively examined in T and B cells,
the roles of these allotypes in monocytes, macrophages, and DCs
have been less studied. In human DCs and macrophages,
PTPN22%*® is a positive regulator of TLR4-induced Type 1
interferon (T1-IFN) production while PTPN22%°W s less
effective at driving TLR4- and TLR7/8-induced TI1-IFN
production (35, 122). In macrophages, PTPN22%*® is a positive
regulator of NLRP3 inflammasome activation and PTPN22%*W is
a gain-of-function variant leading to more NLRP3 activation and
subsequent IL-1B release (36, 37). In monocytes, PTPN22%%R
negatively regulates NOD2-induced autophagy (39) and regulates
IFNy-induced signaling (29) while PTPN22°°V has not been
studied in the regulation of NOD2-induced autophagy or IFNYy-
induced signaling. When examining the polarization of
macrophages, PTPN22%%°F is a negative regulator of IL-23/IL-12
production following M1 induction (IFNY/LPS treatment) while
PTPN22%°" is a gain-of-function variant that reduces IL-21/IL-
12 production following M1 polarization. PTPN22% is a positive
regulator of IL-10 expression following M2 induction (IL-4/IL-13
treatment) and PTPN22°*®V does not alter this (38). As these
previous studies illustrate, PTPN22 plays diverse roles in
monocytes, macrophages, and DCs and the 620R to W
conversion alters function in many aspects.

TLR-Induced Type 1 Interferons
PTPN22%%F associates with TRAF3 following LPS stimulation
and promotes T1-IFN production while PTPN22°*°" does not

(Figure 4A) (35). This effect is not limited to TLR4 stimulation,
plasmacytoid dendritic cells (pDCs) from PTPN22°°V'W and
PTPN22%2°"W patients with SLE have reduced IFNo, production
following R848 (TLR7/8 agonist) stimulation compared to
PTPN22%2®R patients (PTPN22°2°MWpTPN2292W/W; 359
pDCs TFNo2+ with gMFI of ~250 vs. PTPN22%*°%%; 459% pDCs
IFNo2+ with gMFI of ~500) (122). STAT1 phosphorylation, a
marker of interferon receptor signaling, is significantly reduced
by about 50% in PBMCs from PTPN22°*°®V donors after LPS
treatment when compared to PTPN22°?°"® donors. T1-IFN-
inducible genes (IRF7, MXI, and ISG15) were also significantly
reduced by about 50% in PBMC-derived DCs from PTPN22%2°%W
donors compared to PTPN22%*°"® donors, probably due to
reduced production of T1-IFNs. TRAF3 is an adaptor protein
that links TLR4 and TLR7/8 signaling to induction of T1-IFNs.
PTPN22 co-immunoprecipitated TRAF3 from human monocyte
derived DCs (moDCs). In transgenic C57BL/6-Ptpn22~'~ mice
expressing either human PTPN22°%°% or PTPN22%°W,
PTPN22%%® associated with TRAF3 and promoted its poly-
ubiquitination and subsequent induction of Ifnbl while
PTPN22%" did not. C57BL/6-Ptpn22~'~ mice expressing
human PTPN22°°" had reduced LPS-induced T1-IFN
production [~50% of Ifnbl from bone marrow-derived dendritic
cells (BMDCs), and ~50% of Ifnbl/Ifna4 from bone marrow-
derived macrophages (BMM®)] compared to those expressing
human PTPN22F (35),

Like PTPN22°°Y in humans and transgenic mice, BMM®
from C57BL/6-Ptpn22~'~ mice had impaired TLR4-induced T1-
IFN (Ifnbl and Ifna4 mRNA production were ~50% less) and
decreased TLR4- and TLR3-induced IFN-f production (~60%
less) compared to WT BMM® (Figure 4A). BMM® from
C57BL/6 mice reconstituted with PEP*?”%, a phosphatase-
inactive mutant, restored TLR-induced Ifnbl expression
indicating that the phosphatase activity of PEP is not required
in this process. C57BL/6-Ptpn22~'~ BMM® have reduced K63-
linked polyubiquitination of TRAF3 following LPS stimulation
compared to WT BMM®. These data are not confined to mouse
BMM®, pDCs from C57BL/6-Ptpn22~'~ mice and BXSB/Mp]-
Ptpn22~'~ mice had fewer pDCs making IFNo, (~50% reduction)
and the pDCs that were making IFNo made less than pDCs from
WT mice (again ~50% reduction) (102). Also like PTPN2262°W
humans, C57BL/6-PEP®"*" mice had significantly reduced TLR-
7-driven TI1-IFN serum levels following injection of R848
compared to C57BL/6 mice (~3 ng/ml in C57BL/6-PEP®*W
mice vs. 5 ng/ml in C57BL/6 mice) (122). The combined data
from mice and humans shows that both PTPN22°°" and
PEP*"*Y are loss-of-function variants with respect to TLR-
induced T1-IFN resulting in reduced TI1-IFN following TLR
stimulation (Figure 4A) (35). TLR stimulation does not only
induce TI-IFN, it is also capable of priming the NLRP3
inflammasome for subsequent activation following an
inflammatory stimulus such as murmamyldipeptide (MDP), an
aganoist of nucleotide-binding oligomerization domain-
containing protein (NOD2) that is a component of bacterial
cell walls. The role of PEP/PTPN22 allotypes in NLRP3
inflammasome may also impact autoimmunity.
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FIGURE 4 | PTPN22 regulates TLR-induced T1-IFN secretion and NLRP3 inflammasome activation in macrophages and DCs. (A) PTPN2252°% and pEP®'9R
promote T1-IFN secretion in response to TLR-agonists by interacting with TRAF3 and promoting its autoubiquitination and subsequent induction of T1-IFN.
PTPN2262°W and PEP®2°" do not interact with TRAF3 and fail to support TLR-induced T1-IFN production. (B) PTPN22%2°% and PEP®'°R promote NLRP3

inflammasome activation by dephosphorylating NLRP3 and preventing its sequestration into the autophagosome. PTPN22%2°V is a gain-of-function variant
that has enhanced capacity to dephosphorylate NLRP3. This leads to increased NLRP3 inflammasome activation.
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NLRP3 and IL-1B

PTPN22%%°% positively regulates activation of NLRP3 and
subsequent release of IL-1B (Figure 4B). PTPN22°*° is a gain-
of-function variant that potentiates NLRP3 activity (Figure 4B)
(36, 37). PTPN22 dephosphorylates NLPR3 at Y861 which
prevents it from being sequestered into phagophores and
degraded via autophagy (36, 37). PTPN22 knockdown in THP-1
macrophages primed with ultrapure LPS (upLPS) led to increased
NLRP3 phosphorylation and increased NLRP3 sequestration in
autophagosomes, with a concomitant reduction in IL-1f secretion
ranging from about 50% with MDP treatment and up to 80% with
monosodium urate (MSU) treatment (36, 37). In support of this,
inhibiting autophagy restored IL-1f secretion from PTPN22
knockdown THP-1 cells (37). PTPN22°2°W is a gain-of-function
variant and is better able to dephosphorylate NLRP3 and prevents
its sequestration into phagophores and subsequent degradation
(Figure 4B). PTPN22°*°" has an enhanced capacity to
dephosphorylate NLRP3 in a cell free system compared to
PTPN22°R (36). When moDCs from PTPN22°**W donors
were primed with ultrapure LPS and treated with monosodium
urate (MSU) cleaved caspase-1 was increase by 500% and
produced 300% more mature IL-1B compared to PTPN22°2%/R
donors (36).

Much like THP-1 cells with PTPN22 knockdown, C57BL/6-
Ptpn22”"" mice exhibited a 50% reduction in MDP-, MSU-, and
ATP-induced IL-1P secretion from BMDCs compared to those of
Ptpn22-competent mice and this effect was abrogated by inhibition
of autophagy (Figure 4B) (37). This is due to the catalytic activity
of PTPN22. In C57BL/6-Ptpn22~'"~ BMDCs expressing the
catalytically dead human PTPN22 (PTPN22°%*Q) the same effect
was observed. Similar to moDCs from PTPN22°°"W donors,
BMDCs from C57BL/6-PEP®"*Y mice have less NLRP3 in
autophagosomes upon upLPS/MSU treatment and over 50%
increased IL-1P secretion compared to C57BL/6 mice (36, 37).
The same was seen when comparing BMM® from C57BL/6-
PEP***W mice with C57BL/6 mice (36). Taken together, these
data demonstrate that PTPN22%°V and PEP®"*" are gain-of-
function variants with respect to NLRP3 dephosphorylation and
enhance NLRP3-inflammasome activation and mature IL-1
release. While signaling via NOD2 is capable of activating the
NLRP3 inflammasome following priming with LPS, it also induces
autophagy and cytokine secretion.

NOD2-Induced Autophagy and

Cytokine Secretion

PTPN22 is a negative regulator of NOD2-induced autophagy
(Figure 5A). Knockdown of PTPN22 via shRNA in THP-1
monocytes enhanced NOD2-induced LC3B-II, a cleaved and
activated form of LC3B indicative of autophagosome formation.
There was also a decrease in p62 protein levels consistent with
enhanced autolysosome activity. Knockdown of PTPN22 via
shRNA in THP-1 monocytes also led to enhanced JNK, p38,
NF-kB-p65, and NF-kB-p50, activation downstream of NOD2
while reducing ERK activation. Enhanced NOD2-induced IL-6
and TNF mRNA expression and IL-6, IL-8, and TNF secretion
were also seen with PTPN22 knockdown (36, 39). In addition, the
reduction in PTPN22 resulted in decreased NOD2-induced
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FIGURE 5 | PTPN22 regulates NOD2 and IFNy signaling in monocytes.
(A) PTPN22529F and PEPS'9F negatively regulate NOD2-induced
autophagy and NOD2-induced IL-8, IL-6, and TNF secretion while
promoting NOD2-induced IFNy secretion. (B) PTPN22°2°% negatively
regulates p38, SOCS1, and C-SRC activation downstream of the IFNyR.
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ICAM1, NOD2, T-bet, and IFN-y mRNA expression as well as
reduced IFN-y secretion (39). Interestingly, the variant in PTPN22
is associated with reduced risk of Crohn’s disease while loss-of-
function mutations in NOD?2 are associated with increased risk of
Crohn’s disease (123, 124). This could indicate that the T1D-risk
allotype (PTPN22°°°") enhances NOD2 activity to suppress
gastrointestinal pathology, however, more studies are necessary
to clarify how PTPN22°*°" alters NOD2 response compared to
PTPN22°°R, These PTPN22 knockdown studies indicate that
PTPN22 negatively regulates NOD2-induced autophagy, IL-6,
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IL-8, and TNF production while positively regulating NOD2-
induced ICAM1, NOD2, and IFN-y production.

Like PTPN22 knockdown in THP-1 cells, C57BL/6-Ptpn22~"
mice demonstrate that PEP is a negative regulator of NOD2-
induced cytokine secretion in BMDCs of mice (Figure 5A).
BMDCs from Ptpn22~'~ mice treated with MDP had increased
p38, NF-xB p65, and NF-«B p50 phosphorylation, and decreased
ERK phosphorylation compared to Ptpn22-competent BMDCs.
MDP-treated BMDCs from Ptpn22~'~ mice had increased levels
of IL6 and TNF but decreased levels of NOD2, ICAM-1, and IFNy
mRNA compared to Ptpn22 competent BMDCs (39). MDP-
treated Ptpn22”'~ BMDCs had enhanced IL-6, IL-8, and TNF
secretion compared to Ptpn22-intact BMDCs (39). These data
closely mirror data from PTPN22 knockdown THP-1 cells and
demonstrate that PTPN22°°% and PEP'’® are negative
regulators of NOD2-induced autophagy and cytokine secretion
(Figure 5A). PTPN22 does not only influence signaling
downstream of TLRs and other pattern recognition receptors
in monocytes, macrophages, and DCs, it also influences cytokine
secretion and signaling in response to IFNY.

IFNy Receptor Signaling

PTPN22 regulates IFN-y receptor (IFNYR) signaling in human
monocytes (Figure 5B). PTPN22 knockdown in THP-1
monocytes followed by treatment with IFNy induced increased
SOCS1 phosphorylation and activity and reduced protein levels
of SOCS3 compared to control siRNA transfected cells. PTPN22
pulls down with SOCS1, suggesting that PTPN22 may be
responsible for dephosphorylating and inactivating SOCS1
when it is present. In agreement with this, PTPN22
knockdown reduced activation (phosphorylation) of known
SOCS1 targets, Jakl, STAT1, and STAT3 in response to IFNY.
It also reduced subsequent production of ICAMI (~70%
reduced), NOD2 (~15% reduced), and T-bet mRNA (~40%
reduced) when compared to control siRNA transfected cells.
Knockdown of PTPN22 also decreased IFNy-induced MCP-1
(~70% reduced), IL-8 (~50% less), and IL12p40 (~75% reduced)
secretion (29). These data indicate that PTPN22 is a positive
regulator of STAT1 and STAT3 activation following IFNy
treatment. Activation of STAT1 and subsequent gene
induction is the most well characterized portion of IFNYR
signaling, however, the signaling cascade activated by the
IFNYR includes many other signaling molecules. Treatment
with IFNYy also induces signaling via p38 MAPK and Src.
Upon knockdown of PTPN22 in THP-1 monocytes, IFNYy-
induced p38 MAPK activation and subsequent IL-6 mRNA
expression and protein production were enhanced compared
to control siRNA transfected cells. This suggests that PTPN22 is
negatively regulating p38 MAPK activation downstream of the
IFNYR. It is unknown how PTPN22 regulates p38 MAPK
activation downstream of the IFNYR, however, there are
several plausible targets. Current literature indicates that p38
MAPK is activated by the IFNYR via a signaling cascade
involving JAK2, Pyk2, MEKK4, MEKS6, and finally p38 MAPK
(125, 126). Pyk2, MEKK4, and p38 MAPK are attractive
potential targets of PTPN22 because they are all activated by
phosphorylation on a tyrosine residue. At this time, more

targeted research is necessary to define the PTPN22 target(s)
in this pathway. Similarly, PTPN22 knockdown induced basal
Src phosphorylation that increased after IFNYy treatment;
however, in control siRNA transfected cells there was no basal
Src phosphorylation nor was there IFNYy-induced Src
phosphorylation. This indicates that PTPN22 negatively
regulates basal Src activation and IFNYR-induced Src activation
(29). While PTPN22 influences response to IFNY treatment
alone it also influences macrophage cytokine secretion
following polarization in response to IFNY/LPS or IL-4/IL-
13 treatment.

Macrophage Polarization
In primary MDMs, PTPN22 is a negative regulator of IL-12 and
IL-23 production following M1 polarization (Figure 6A) and a
positive regulator of IL-10 production following M2 polarization
(Figure 6B). PTPN22 knockdown in MDMs led to increased IL-
23 (~60% more) and IL-12 (~30% more) secretion upon IFNY/
LPS treatment (M1 polarization) and decreased IL-10 expression
(~50% less) following IL-4/IL-13 treatment (M2 polarization).
PTPN22%*°W appears to be a gain-of-function negative regulator
of IL-12 and IL-23 production following M1 polarization (Figure
6A). M1 polarized macrophages from PTPN22°*VV' donors
expressed significantly less IL-12, IL-1f, and IL-6 than those
from PTPN22°°®® donors. It is thought that this gain-of-
function phenotype is due to enhanced expression of
PTPN22°*°" upon M1 polarization. M1 polarized
macrophages from PTPN22°*°"/W donors expressed
significantly more PTPN22 than those from PTPN22°20F/R
donors. PTPN22°%°" and PTPN22%°°® are comparable positive
regulators of M2 polarization with no differences in IL-10
expression following IL-4/IL-13 treatment (Figure 6B) (38).
Like PTPN22 knockdown in human MDMs, splenic
macrophages from C57BL/6-Ptpn22~'~ mice had increased
expression of IL-23 (~200%) and IL-12 (~250%) following M1
polarization (Figure 6A) and decreased expression of IL-10
(~50%) following M2 polarization (Figure 6B) compared to
those from Ptpn22-intact mice (38). These Ptpn22~'~ splenic
macrophages had increased NF-kB activity (~200%) compared
to Ptpn22-intact macrophages and this could explain the increase
in LPS/IFNYy-induced IL-12 and IL-23. Splenic macrophages from
C57BL/6-Ptpn22~"~ mice reconstituted in vitro with PEP®'® or
PEP*"*Y and then polarized to M1 or M2 macrophages had no
difference in gene expression. If the level of PEP expression is
important in mouse macrophages like the level of PTPN22
expression is in human MDMs, then reconstituting
macrophages with the same amount or PEP®*® and PEP®'*W
would not capture the effects seen in human MDMs where
PTPN22°°V and PTPN22°°R expression levels are different
(38). Like human PTPN22°°" M1 macrophages, M1 peritoneal
macrophages from C57BL/6-PEP®"”" mice had lower mRNA
levels for the M1 genes, iNOS (~50 fold less) and TNF (~2 fold
less), than those from WT mice (127). Overall, these data indicate
that PTPN22%°" and PEP®"" are gain-of-function negative
regulators of macrophage cytokine secretion following M1
polarization due to increased PTPN22 expression (Figure 6A).
PTPN22 has multiple roles in macrophage polarization and in fact
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influences diverse functions in monocytes, macrophages, and DCs.
The T1D-associated variant of PTPN22, PTPN22%*°", influences
a large number of these functions and these cellular phenotypes
could contribute to the pathogenesis of T1D.

PTPN22 in Monocytes, Macrophages, and
DCs and Impact on T1D

Monocytes, macrophages, and DCs are APCs that are all capable of
initiating and enhancing adaptive immune responses. The
precipitating events that lead to loss of tolerance and the
development of T1D are unknown; be it physiological B cell
death, viral infection, bacterial infection, or some other initiating
event, monocytes, macrophages, and DCs are the cells most likely to
sense P cell death/inflammation and initiate the adaptive immune
response. After APCs trigger the adaptive immune response, these
cells enhance and support the ongoing immune response against B
cells. In APCs, PTPN22°*°® plays a role in signaling downstream of
many PRRs [ie, TLR4 (35), TLR7/8 (122), NOD2 (36, 37, 39)],
cytokine receptors [i.e., IL-4R/IL-13R (38), and IFNYR (29, 128)].
PTPN22°" enhances NLRP3 activation and subsequent IL-1f
release following priming via TLR4 (LPS) and treatment with a
NOD?2 agonists (MDP) while dampening the T1-IFN response
following TLR4/7/8 stimulation. The combination of these
phenotypes renders APCs from PTPN22*"" and PTPN22%"V/
W humans more sensitive to NLRP3 activation while dampening
their ability to produce T1-IFNs in response to PRR signaling. IL-10
enhances naive and memory CD4 T cell expansion and this could
in turn exacerbate activation of autoreactive CD4 T cells during the
initiation of T1D (129). T1-IFNs enhance CD8 T cell activation and
support activated T cell survival and are considered a major feature
of the diabetic islet microenvironment where they enhance
expression of MHC-I on [ cells and expression of T cell
chemoattractants (e.g., CXCL10) (130-132). Importantly, the T1-
IFN phenotype results in a reduction of T1-IFN and not a complete
loss. This might reduce the induction of MHC-I and T cell
chemoattractants, however, it would not ablate them and in a
genetically predisposed individual this may still be more than
sufficient to help initiate and sustain T1D especially in
combination with enhanced IL-1p production.

NEUTROPHILS

While neutrophils are not essential for T1D pathology (133, 134),
they do play a role in other rs2476601-associated autoimmune
diseases (e.g., RA, SLE). Thus, it is paramount to consider how
PTPN22 influences neutrophil function (135). Importantly,
PTPN22 is expressed in neutrophils and PTPN22°* allotype
influences neutrophil function. This section will review what is
known about the function of PTPN22°*" and PTPN22°V in
human neutrophils. PTPN22 protein level does not vary when
comparing neutrophils from PTPN22%°®® and PTPN22%°"W
donors; however, at time of writing, PTPN222*Y'V donors have
not been assessed for neutrophil PTPN22 content (30). In human
neutrophils, PTPN22 plays a role in protein citrullination (30),
neutrophil extracellular trap formation (NETosis) (Figure 7A) (30),

transmigration across inflamed endothelium (31), and response to
N-formyl- Methionine-Leucine-Phenylalanine (fMLP) (Figure 7B)
(31). PTPN22°2R has been shown to interact with PAD4 in human
neutrophils and is a negative regulator of PAD4 activity and
NETosis while PTPN22°*% s a loss-of-function variant in this
process (Figure 7A) (30). PTPN22°°" potentiates neutrophil
calcium flux and ROS production in response to fMLP
stimulation (Figure 7B) as well as transmigration across inflamed
epithelium when compared to PTPN22%*% (31).

Protein Citrullination and NETosis
PTPN22 is a negative regulator of protein citrullination and NETosis
and PTPN22%"W s a loss-of-function variant (30) (Figure 7A).
Neutrophils from heterozygous PTPN22¢°"" donors displayed a
hypercitrullinated protein profile (~4 fold more in PTPN22%2°FW
neutrophils), they had enhanced citrullination of histone H3, a
marker of NETosis (~5 fold more in PTPN22%20RW neutrophils),
and they were more prone to NETosis (3%-15% of PTPN22°2%/W
neutrophils vs. ~2% of PTPN22%2*"® neutrophils) compared to those
from PTPN22%*"® donors (30, 136). PAD4 co-immunoprecipitated
PTPN22 in human neutrophils and PTPN22 allotype influences this
interaction; there is a significantly decreased amount of PTPN22 co-
immunoprecipitated with PAD4 in heterozygous PTPN22°*°FW
donors when compared to PTPN22°*°"® donors (~66%
decreased). The total PTPN22 protein level was the same between
donors implying that PTPN22° interacts with PAD4 more than
PTPN22°*°W. In C57BL/6-Ptpn22~'~ mouse macrophages
transfected with human PTPN22%*°% or PTPN22%"" expressing
constructs, PTPN22°*° but not PTPN22°°" reduced protein
citrullination and co-immunoprecipitated with PAD4 further
supporting the lack of association of PTPN22°**" with PAD4 (30).
Much like in human neutrophils, PEP in C57BL/6 mouse
neutrophils interacts with PAD-4. PEP co-immunoprecipitated
with PAD-4. The absence of PEP in C57BL/6 mice enhanced
protein citrullination by approximately 100%; however, the
enhanced protein citrullination was abrogated in the presence
of a catalytically dead PEP indicating that the catalytic activity of
PEP is not involved in this process. Unlike in humans, PEP does
not specifically impact histone H3 citrullination or NETosis in
mouse neutrophils (30). Taken together, these data indicate that
PTPN22%°% is a negative regulator of protein citrullination and
NETosis in human neutrophils and PTPN22°°"V is a loss-of-
function variant (Figure 7A).

Transmigration, ROS Production, and
Calcium Flux

PTPN22 plays a role in transmigration across inflamed
endothelium, as well as the response to fMLP, a highly
chemotactic n-formylated oligopeptide actively released by
invading bacteria or passively released by mitochondria of dying
host cells (31, 137, 138). Significantly more neutrophils from
PTPN22*°"W donors transmigrate across inflamed (TNF
treated) endothelium over 2 min than those from PTPN22°20R/R
donors (PTPN22%%W = 43 + 9% vs. PTPN22%%%% = 24 + 4%).
Stimulation of neutrophils from healthy PTPN22°***V donors
with fMLP resulted in increased calcium flux compared to
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FIGURE 7 | The function of PTPN22 in Neutrophils. (A) PTPN22%2°% and PEP®'“R are negative regulators of PAD4 activation and subsequent citrullination of target
proteins in neutrophils. PTPN22%29" is a loss-of-function variant that potentiates PAD4 activation and citrullination of PAD4 targets. (B) PTPN22%2% s a negative regulator of
MLP induced calcium flux and ROS production while PTPN22%2°" a loss-of-function variant that results in enhanced fMLP-induced calcium flux and ROS.
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neutrophils from healthy PTPN22°*®® donors (PTPN2252°%W =
0.28 +0.02 vs. PTPN22°°"'R = 0,24 + 0.02 Indo-1 ratio). Priming of
neutrophils from healthy PTPN22°**®" donors with TNF followed
by stimulation with fMLP resulted in significantly increased ROS
production (4-fold increase) compared to PTPN22°2**® donors
(Figure 7B) (31).

Unlike in humans, PEP does not appear to play a role in
transmigration across inflamed endothelium or the response to
fMLP in C57BL/6 mice. Ptpn22”"~ and Ptpn22-intact mouse
neutrophils migrated across TNF-treated endothelium at the same
rate (139). Ptpn22™"~ and PTPN22-intact neutrophils produce similar
amounts of ROS in response to fMLF (also called fMLP) and PMA
stimulation, however, they were not primed with TNF like the
human neutrophils which may explain why there was no difference
in ROS production. Neutrophils from C57BL/6-Ptpn22™"~ mice did
however exhibit decreased ROS production (~50% reduced) and
degranulation (~25% reduced) in response to FcyR and integrin
stimulation compared to neutrophils from C57BL/6 mice. These
pathways have not been investigated in the context of PTPN22 in
humans (139). In human neutrophils, PTPN22°**"V enhances
transmigration across inflamed endothelium, calcium flux in
response to fMLP stimulation, and ROS production in response to
TNEF priming followed by fMLP stimulation.

PTPN22 in Neutrophils and Impact on T1D
Current data indicates that neutrophils most likely do not play a
direct role in the pathogenesis of T1D in humans (133, 134) and it is
apparent that they do not influence pathogenesis in NOD mice;
depletion of neutrophils starting at 4 weeks of age does not impact
development of T1D in NOD mice (134). While data indicate that
neutrophils do not play a role in human T1D pathogenesis, many
neutrophil products (e.g., ROS, NETs, cytokines) are capable of
damaging tissues, including pancreatic B cells (140). Neutrophils
from PTPN22%°V donors had enhanced calcium flux and ROS
production in response TNF priming followed by treatment with
fMLP compared to those from PTPN22°°"® donors. These
PTPN22°*®W neutrophils also transmigrated across TNE-
inflamed epithelium faster than their PTPN22°2°*® counterparts,
displayed enhanced protein citrullination, and were more prone to
NETosis (30, 31, 136). The combined effects of these phenotypes
mean that PTPN22°"W and PTPN22°"'W patients with T1D
could display enhanced neutrophil accumulation in the exocrine
pancreas due to enhanced transmigration across inflamed
epithelium and increased frequency of these infiltrating
neutrophils releasing NETs and producing high amount of ROS.
More studies need to be undertaken to understand if neutrophils
participate in the pathogenesis of human T1D and if the influence of
PTPN22%% allotype effects their participation. Overall, it is clear that
PTPN22 plays diverse roles in many cell types that have the
potential to influence the pathogenesis of T1D.

CONCLUSIONS

PTPN22 acts as a negative regulator of TCR and BCR signaling
by preventing weak TCR/BCR ligation from activating T cells or

B cells. In addition, PTPN22 functions in diverse signaling
pathways in leukocytes. This phosphatase downregulates
signaling in the NOD2, IFNY/LPS, IFNYR, and fMLP receptor
signaling pathways. Conversely, PTPN22 positively regulates
NLRP3 inflammasome activation, TLR4/7/8 induction of T1-
IFN secretion, PAD4 activation, and IL-4/IL-13 signaling. There
are several rare genetic variants of PTPN22 in humans that are
associated with increased or decreased risk of autoimmune
diseases. Also, 752476601 marks the PTPN22%***V variant that
is associated with increased risk for T1D and many other
autoimmune diseases (28, 51-59). The 620R->W conversion
creates a gain-of-function variant that suppresses TCR/BCR
signaling and impacts autoimmunity by increasing the number
of autoreactive T cells and B cells that escape central tolerance.
Similarly, rs56048322, marks the variant, PTPN22%"°°N, and is
associated with increased risk of T1D. The 750K->N conversion
induces alternative splicing of PTPN22 that results in a novel
isoform that competes with other PTPN22 isoforms for CSK
binding causing T cell hyporesponsiveness and, like rs2476601,
could allow more autoreactive T cells to escape central tolerance
(48). In contrast, rs33996649, encodes the variant, PTPN22%2%3Q
which has diminished phosphatase activity and reduces risk for
SLE and RA possibly by enhancing T cell central tolerance
(49, 50).

The mouse orthologue of PTPN22, Ptpn22 encoding PEP,
plays similar roles to human PTPN22 and is even included in
one of the insulin-dependent diabetes (Idd) intervals, Idd18.2
(141). While rodent models, especially the NOD mouse, have
been integral to furthering our understanding of T1D, the
analogous mutation to PTPN22R*OW  pEPRSIW j5 not
naturally present in NOD and does not induce the same
phenotype as observed in humans. This is not entirely
surprising, PTPN22 and PEP are two of the most divergent
phosphatase orthologues between humans and mice (38, 142).
PTPN22 and PEP share 70% amino acid identity overall and
only 61% amino acid identity in the c-terminal domain, where
rs2476601 lies (38, 45, 51, 142).

PTPN22 is also expressed in NK cells, monocytes,
macrophages, DCs, and neutrophils where it influences
diverse signaling pathways (28, 68). The expression of
PTPN22 in APCs adds another layer of possible confounding
factors when interpretting data in TCR and BCR signaling due
to the fact that APCs directly influence T cell and B cell
activation. Data describing the influence of PTPN22 on
interactions of APCs with T cells in humans is lacking, but
there are hints in both human and mouse data that can inform
future studies. T cell/macrophage interactions are largely
mediated by IFNY/IFNYR and CD40L/CD40 in an antigen-
dependent context (143, 144). PTPN22 knockdown in THP-1
monocytes had diverse effects on the IFNYR signaling pathways.
PTPN22 knockdown increased activation of SOCSI, and
predictably led to lower activation of JAK1, STATI, and
STAT3, known SOCSI1 targets, as well as lower mRNA
expression of ICAM-1, NOD2, and T-bet. PTPN22
knockdown also enhanced IFNYR-induced p38 activation and
subsequent IL-6 mRNA and protein expression (29). There have
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not been any studies of the impact of PTPN22 on human CD40
signaling however heterozygous and homozygous PTPN22%°W
donors have increased CD40 expression on their immature B
cells compared to PTPN22°°°% donors promoting speculation
that CD40 signaling would be enhanced in these cells (100, 103).
All of these data emphasize the need to elucidate how
PTPN22%%°"Y influences human macrophage and DC
expression of CD40, MHC-II, CD80 and CD86.

At this time, there are more questions than answers
pertaining to the influence of 752476601 on TCR signaling and
the interface of the innate and adaptive arms of the immune
system. More studies aimed at illucidating the impact
PTPN22%°" has on TCR signaling and innate immune cell/
adaptive immune cell interactions and crosstalk in humans need
to be undertaken, especially in light of the conflicting data
between mouse PEP®**Y and human PTPN22%*°" studies, to
answer these questions.
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T-cell responses to insulin and its precursor proinsulin are central to islet autoimmunity in
humans and non-obese diabetic (NOD) mice that spontaneously develop autoimmune
diabetes. Mice have two proinsulin genes proinsulin -1 and 2 that are differentially
expressed, with predominant proinsulin-2 expression in the thymus and proinsulin-1 in
islet beta-cells. In contrast to proinsulin-2, proinsulin-1 knockout NOD mice are protected
from autoimmune diabetes. This indicates that proinsulin-1 epitopes in beta-cells maybe
preferentially targeted by autoreactive T cells. To study the contribution of proinsulin-1
reactive T cells in autoimmune diabetes, we generated transgenic NOD mice with
tetracycline-regulated expression of proinsulin-1 in antigen presenting cells (TIP-1 mice)
with an aim to induce immune tolerance. TIP-1 mice displayed a significantly reduced
incidence of spontaneous diabetes, which was associated with reduced severity of
insulitis and insulin autoantibody development. Antigen experienced proinsulin specific
T cells were significantly reduced in in TIP-1 mice indicating immune tolerance. Moreover,
T cells from TIP-1 mice expressing proinsulin-1 transferred diabetes at a significantly
reduced frequency. However, proinsulin-1 expression in APCs had minimal impact on the
immune responses to the downstream antigen islet-specific glucose-6-phosphatase
catalytic subunit-related protein (IGRP) and did not prevent diabetes in NOD 8.3 mice
with a pre-existing repertoire of IGRP reactive T cells. Thus, boosting immune tolerance to
proinsulin-1 partially prevents islet-autoimmunity. This study further extends the previously
established role of proinsulin-1 epitopes in autoimmune diabetes in NOD mice.

Keywords: type 1 diabetes, proinsulin-1, CD4+ T cells, immune tolerance, NOD mice

INTRODUCTION

Recognition of proinsulin by the immune system is a major determinant in the pathogenesis of
autoimmune diabetes in both humans and non-obese diabetic (NOD) mice (1, 2). A polymorphic
variable number of tandem repeats (VNTR) located in the promoter region of the insulin locus controls
the transcription level of the Ins gene and is strongly associated with susceptibility to type 1 diabetes
(T1D) in humans (3-5). Mice do not have a VNTR upstream of the insulin locus; however, they have
two Insulin genes, InsI and Ins2 encoding proteins that are highly homologous with 92% identity at the
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amino acid level. Proinsulin 1 and 2 proteins have identical A
chains but differ by two amino acids in the B chain, three amino
acids in the connecting peptide (C-peptide) and six amino acids in
the leader peptide (6). The two proinsulin isoforms are
differentially expressed with proinsulin 1 (PInsl) predominantly
expressed in the pancreatic beta-cells and proinsulin 2 (PIns2)
being the predominant isoform detected in the thymus (7-9).

Immune responses to native insulin peptides, in particular the
B chain amino acids 9-23 (Ins B:9-23), are essential for
autoimmune diabetes in NOD mice (10, 11). The two
proinsulin isoforms differ by a single amino acid in the B: 9-23
region (PInsl: B9 proline, PIns2: B9 serine) and strong cross-
reactivity of T cells for the Ins B: 9-23 epitope in both proinsulin
molecules has also been reported (12). Despite the high degree of
homology in the B:9-23 epitope and cross-reactivity of T cells for
the Ins B: 9-23 epitope, a divergent immune response was
observed when NOD mice were immunized with either Insl
B:9-23 or Ins2 B:9-23 peptides, with Ins2 peptide conferring
protection from diabetes onset, whereas Insl peptide did not
prevent disease (13, 14). Further differences in cellular and
humoral immune responses to both proinsulin isoforms have
been highlighted by individual gene knockouts. NOD mice
lacking Ins2 gene develop accelerated diabetes, ascribed to loss
of central tolerance to insulin peptides; however, development of
insulin autoantibodies (IAA) in Ins2 -/- mice suggests that
immune responses against PInsl epitopes are intact (15). In
contrast, genetic deletion of Insl or replacement of murine Insl
with human insulin gene (INS) in NOD mice provides significant
protection from diabetes (16, 17). Protection from diabetes in
NOD mice lacking Insl is likely due to the absence of cognate
antigen in the target tissue, indicating that PIns1 peptides may be
primarily targeted by insulin reactive T cells. Immunogenic
epitopes in the PInsl molecule have been reported (18), and
T cells recognizing PInsl amino acids 47-64 in the C-peptide
region induce diabetes in NOD.SCID recipients (19). Thus,
epitopes in PIns1 molecule may contribute to islet autoimmunity.

In contrast to NOD mice, non-autoimmune strains lacking
Ins2 globally (20), or in medullary thymic epithelial cells
(mTECs) did not develop pathological islet destruction
however, when C57Bl/6 mice lacking Ins2 in mTECs were
crossed to Insl knockout mice, the progeny developed
spontaneous autoimmune diabetes within 3 weeks after birth
(21). These studies suggest that thymic expression of PInsl may
add to the effect of PIns2 in eliminating insulin-specific
autoreactive T cells. Constitutive or temporal expression of
PIns2 in APCs induces recessive tolerance to PIns2 as it
provides lasting protection from autoimmune diabetes in NOD
mice (22). These mice were also thought to be tolerant to PInsl
epitopes because of cross-reactivity of the T cells to the conserved
Ins B: 9-23 epitope. However, the role of PInsl specific immune
responses in pathogenesis of islet autoimmunity in NOD mice
remains unclear, given the differential immune response
observed upon immunization with Insl B:9-23 or Ins2 B:9-23
peptide. To resolve this, we investigated the impact of induced
PInsl expression in APCs on the development of antigen-specific
T cells as well as insulitis and diabetes in NOD mice.

MATERIALS AND METHODS

TetO-Ins1 Mice

To generate the TetO-Insl construct, a 411 bp cDNA fragment
spanning the coding region of murine PInsl was amplified by
PCR using NOD pancreatic islet cDNA as a template and cloned
into HindIIl and EcoRV sites of the pTRE-tight plasmid
(Clontech). A 1100 bp transgene cassette comprising of the
TetO-minimal CMV promoter, followed by the PInsl gene
and a polyA signal was excised between Xho I sites and
purified for injection into fertilized NOD/Lt ova using
standard techniques. Founders and transgene positive oftspring
were screened by PCR using primers spanning the PInsl gene
(5-TTAAGATATCTTCATTCATTATAGAACTC -3’) and the
tetO-CMV promoter (5-TCAGTGATAGAGAACGTATGTCG -3)).

Other Mice

NOD/Lt mice were bred and housed at the bioresources center
St. Vincent’s Hospital, Fitzroy. The NOD-IEo-tTA mice that
drive the expression of tetracycline transactivator (tTA) under
the control of MHC class II IEo. promoter have been previously
described (23) and were obtained from Prof. C. Benoist and Prof.
D. Mathis (Dept of Pathology, Harvard Medical School, Boston,
Massachusetts, USA). Generation of NODS8.3 mice, which
express the TCRof rearrangements of the H-2Kd-restricted,
B cell-reactive, CD8+ T cell clone NY8.3, was previously
described in detail (24). TIP-1/8.3 mice were generated by
crossing NOD-IEa-tTA-TetO-Insldouble transgenic TIP-1
mice with TCR transgenic NOD8.3 mice. All mice were bred,
maintained and used under specific pathogen free conditions at
St Vincent’s Institute (Melbourne, Australia). All experimental
procedures followed the guidelines approved by the institutional
animal ethics committee.

Doxycycline Treatment

Untreated TIP-1 mice constitutively express proinsulin-1 in
antigen presenting cells (APCs). To turn-off proinsulin-1
expression, doxycycline hyclate (Dox) (Sigma-Aldrich) was
administered via drinking water at concentration of 2mg/ml.
Water bottles were changed thrice weekly.

RT-PCR

For total RNA extraction, whole spleen and thymus were harvested
in cold Phosphate Buffered Saline (PBS). Tissue homogenates were
prepared in RNA lysis buffer RA1 (Macherey-Nagel) from a 15mg
slice of tissue using a tissue homogenizer. RNA was isolated using
Nucleospin RNA II-isolate kits (Macherey-Nagel), and first strand
cDNA was generated from 500ng RNA using High Capacity cDNA
Reverse Transcription kits (Applied Biosystem) according to the
manufacturers’ instructions. cDNA was diluted (1:20) and Real-
time PCR analysis was performed using Rotor-Gene-RG-3000
cycler (Corbett Research, Sydney, Australia). Tagman gene
expression primers murine insulin 1 (Insl; Mm01950294_s1),
murine B-actin (Actb; Mm00607939_s1) and murine
Glyceraldehyde 3-phosphate dehydrogenase (Gapdh;
Mm99999915_gl) were purchased from Applied Biosystems. To
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determine relative expression, Ct values of Insulin were subtracted
from Ct values of reference genes for each sample and the difference
(dCt) was plotted to determine the abundance of the gene
of interest.

Histology and Immunohistochemistry

For immunohistochemistry, pancreata were snap-frozen in
optimal cutting temperature compound (OCT Compound;
Sakura Finetek, Torrance, CA) and stored at —80°C. For
histological analysis 5-um frozen sections of pancreas were
prepared from three levels (200 um apart), acetone fixed,
stained with guinea pig anti-insulin followed by horseradish
peroxidase—conjugated anti-guinea pig Ig (Dako Cytomation,
Carpenteria, CA) and counterstained with hematoxylin. Insulitis
was graded using the following scale: 0 = no infiltrate, 1 = peri-
islet infiltrate, 2 = extensive (>50%) peri-islet infiltrate, 3 =
intraislet infiltrate, and 4 = extensive intraislet infiltrate (>80%)
or total B-cell loss. The percentage of islets with each grade per
pancreas was calculated by addition of the grades for the three
sections. Individual insulitis scoring for each mouse was
performed as previously described (22).

Incidence of Diabetes and Insulitis

Diabetes onset was monitored by weekly measurement of urine
glucose levels using Diastix (Bayer Diagnostics). Blood glucose
levels were measured in mice with glycosuria using Advantage II
Glucose strips (Roche). Animals displaying two consecutive
blood glucose measurements of > 15mmol/L were considered
diabetic. For adoptive transfer of diabetes, 2 x107 splenocytes
from 13-17 week old pre-diabetic TIP-1 mice or control NOD
mice were transferred (i.v.) into 9-12week old NOD Rag-/-
recipients and diabetes development was monitored as above.

Flow Cytometry

Antibodies used were anti-CD4 (RM4-5) conjugated to
PerCpCy5.5, anti-CD3 (145-2C11) conjugated to FITC or anti-
CD3 (500 A2) V500, anti-CD44 (1M7) conjugated to
AlexaFlour700 (all BD Biosciences), anti-CD11c (N418), anti-
B220 (RA3-6B2), anti-CD11b (M1/70), anti-F4/80 (BMS)
conjugated to eFlour450 and anti-FoxP3 (FJK-16S) conjugated
to APC (all eBiosciences), anti-CD8a (5H10) conjugated to Pacific
Orange (Invitrogen) or anti-CD8a (53-6.7) conjugated to PE-Cy7,
anti-CD62L (MEL-14) conjugated to APC-Cy7 (BD Biosciences).
FoxP3 was stained intracellularly using FoxP3/Transcription
Factor Fixation/Permeabilization kit (eBiosciences). Data were
collected on an LSR Fortessa flow-cytometer (BD) and analyzed
using FlowJo (Treestar) software.

Tetramer and Magnetic

Bead-Based Enrichment

The tetramer and magnetic bead-based enrichment method was
previously described (25). I-Ag7 tetramers were obtained from
NIH tetramer core facility (Emory University, Georgia, USA),
Kd-tetramers were obtained from ImmunolD (Parkville,
Victoria, Australia). To enrich insulin-specific CD4+ T cells
single cell suspensions from peripheral lymphoid organs
(PLO), (pooled spleen and non-draining lymph nodes), were

stained with phycoerythrin (PE)-conjugated I-Ag7-INSBig.,3
(HLVERLYLVCGGEG) tetramer for 1 hour at room
temperature. The Ins Bjq,; peptide in the I-Ag7-INSBg ,;
tetramer has been mutated (Glutamic acid to Glycine (E-G) at
position 20 and Arginine to Glycine (R-G) at position 21) to
improve its binding to the I-Ag7 molecule, which allows for better
detection of insulin-specific CD4+ T cells (26). Insulin-specific
CD8+ T cells were enriched from pooled PLO by staining the cell
suspensions with APC-conjugated H-2Kd- INSB;5 53
(LYLVCGGEQ) tetramer for 1 hour on ice. Hen Egg Lysozyme
I-Ag7-HEL (AMKRHGLDNYRGYSL) tetramer or H-2Kd-TUM
(KYQAVTTTL) were used as controls. Cells were then washed
and stained with anti-PE or anti-APC microbeads (Miltenyi
Biotec) followed by magnetic separation using an
AutoMACSpro (Miltenyi Biotec) according to manufacturer’s
instructions. IGRP,¢¢.514 specific CD8+ T cells (H2-Kd,
VYLKTNVFL) were stained and enriched as previously
described (27). The separated fractions were stained and
analyzed by flow cytometry. Gating strategy for tetramer
enrichment was as follows: single cells were gated on forward
and side scatter, and dead cells excluded using propidium iodide.
From the live cell population, CD11c-CD11b-B220-F4/80-CD3+
cells were gated as the T cell population for analysis. Further
selection of CD4+ T cells or CD8+ T cells was followed by analysis
of the insulin or IGRP tetramer positive population respectively.

Insulin Autoantibody (IAA) Assay

A non-competitive IAA assay was performed in a 96 well ELISA
format as previously described (28, 29). Briefly, an ELISA plate
(Costar) was coated with or without human insulin (10 pg/ml,
Actrapid, Novo Nordisk) overnight at 4°C. Wells were blocked
with PBS containing 2% BSA for 2 hours and room-temperature
and then probed with sera from 12-15 weeks old TIP mice, NOD
or C57BL/6 mice (1:10 dilution) for 2 hours. Wells were washed
4 times and a biotinylated anti-mouse IgG1l (AbCam, 1:10000
dilution) antibody was added for 30 minutes. After washing,
horse-radish-peroxidase conjugated streptavidin (BioLegend)
was added for 15 minutes. The plate was washed five times,
TMB substrate solution (BioLegend) was added and absorbance
was measured at 450 nm using a Polarstar (BMG labtech)
microplate reader. Each sample was run in duplicate and
absorbance (450 nm) of test sample without plate bound
insulin was subtracted from absorbance of test sample with
plate bound insulin to calculate the actual absorbance value for
each sample.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8
Software (GraphPad, San Diego, CA, USA). Pooled data are
shown as dot-plots with individual mice and the mean + SEM.
Data were tested for normal distribution using D’Agostino-
Pearson omnibus normality test or Shapiro-Wilks test.
Comparisons between two groups were performed using two-
tailed unpaired student t-tests. Multiple comparisons were
performed using One-way ANOVA with Sidak’s post-hoc test.
Survival curves were compared using Log-Rank (Mantel-Cox)
test. Statistical significance was defined as P < 0.05.
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RESULTS

Conditional Expression of Proinsulin-1

in NOD Mice

To test whether inducing immune tolerance to proinsulin-1
(PInsl) influenced autoimmune diabetes we generated
transgenic NOD mice to facilitate conditional expression of
PInsl in the antigen presenting cells (APCs). Reporter NOD
mice expressing PInsl under the control of the tetracycline-
responsive CMV promoter (TetO-Insl mice) were bred with
previously described driver NOD mice expressing TetR-VP16
tetracycline transactivator protein (tTA) under the control of
IEa-MHC-II promoter referred to as TA-NOD mice (23). Bi-
transgenic progeny referred to as TIP-1 (Tet Inducible PInsl)
mice (Figure 1A) express Pinsl in the APCs, which can be
turned-off upon doxycycline (Dox) treatment. Analysis of PInsl
expression in TIP-1 mice revealed that PInsl transgene was
expressed in the thymus and spleen as measured by RT-PCR
(Figure 1B). After one week of Dox treatment, PIns] expression
dropped to baseline levels (Figure S1). Thus, PIns1 expression in
TIP-1 mice was conditional, and tightly regulated.

TIP-1 Mice Have Reduced Insulitis

and Insulin Autoantibody Expression

We recently reported that constitutive or temporal expression of
PIns2 (PIns2) in the APCs limited to the perinatal period prevented
insulitis and diabetes in NOD mice (22). To test whether PInsl
expression in the APCs influenced the progression of islet
autoimmunity, we examined the immune infiltrate (insulitis) in
the pancreata of TIP-1 mice expressing PInsl continuously. At 12-
14 weeks of age, insulitis was significantly reduced in TIP-1 mice
expressing PInsl compared to age matched NOD mice or TIP-1
mice fed dox to suppress Plnsl expression (Figures 2A-C).
Analysis of pancreas histology from TIP-1 mice at 20-25 weeks of
age revealed that approximately 50% of the islets examined were
free of insulitis, whereas more than 80% of the islets examined from
non-transgenic littermates were infiltrated (Figures 2D, E and

Table S1), indicating that PInsl expression in the APCs
decreased but did not completely abolish development of insulitis,
which progressed over time. Production of insulin autoantibodies
(TAA) indicates spontaneous anti-insulin autoimmunity and IAA
are frequently detected prior to diabetes onset in both humans and
NOD mice (30, 31). We examined whether induced Plnsl
expression in TIP-1 mice influenced B cell mediated humoral
responses against insulin by measuring IAA in TIP-1 mice. IAA
was significantly reduced in 12-15 weeks old TIP-1 mice as
compared to age matched non-transgenic NOD mice (Figure
2F). Previously described PIns2 tolerant NOD-PI mice that are
protected from diabetes and non-autoimmune prone C57BL/6 mice
were used to set the baseline. Collectively, these results indicate that
immune tolerance to PInsl influenced progression of insulitis and
reduced the development of TAA.

PIns1 Overexpression Partially Suppresses
Spontaneous Diabetes in NOD Mice

Reduced insulitis and TAA suggest that diabetes development
may be altered in TIP-1 mice. A cohort of female TIP-1 mice
expressing PInsl continuously and control NOD mice were
observed for incidence of spontaneous diabetes. TIP-1 mice
developed diabetes but at a significantly reduced incidence
compared to non-transgenic control NOD mice. By 300 days
of age 40% of TIP-1 mice and 65% of the control mice developed
diabetes (Figure 3A). In addition, we investigated whether PIns1
expression in TIP-1 mice influenced the pathogenic potential of
effector T cells. Splenocytes from 15-18 weeks old TIP-1 mice
with ongoing expression of PIns1 and age matched control NOD
mice were transferred into NOD.Ragl -/- recipients. All recipient
mice receiving control splenocytes developed diabetes between
50-70 days post-transfer, whereas only 2 out of 6 (33%) animals
that received splenocytes from TIP-1 mice developed diabetes
70-90 days post-transfer (Figure 3B). Taken together these
results suggest that overexpression of PInsl in APCs is able to
partially dampen immune responses against insulin and reduce
diabetes incidence in NOD mice.

multiple comparisons test.
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FIGURE 1 | Conditional proinsulin 1 expression in TIP-1 mice (A) Scheme of generation of tetracycline regulated NOD.|Ea-tTA (TA-NOD) and tetO-Ins1 dual
transgenic mice referred to herein as TIP-1 mice. TA-NOD mice were crossed with tetO-Ins1 mice. Bi-transgenic animals constitutively express PIns1 in APCs

(B) Quantitative RT-PCR was performed using Tagman probes for Ins7 and Gapdh in thymic and splenic lysates of WT-NOD mice TIP-1 mice. Data represent dCT
values (Mean + SEM) from 2-3 independent experiments run in duplicate for each probe. ***P < 0.0001. Data compared using One-way ANOVA with Sidak’s
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Proinsulin-Specific Tolerance

in TIP-1 Mice

The partial protection from insulitis and diabetes in TIP-1 mice
expressing PInsl in the APCs could be due to immune tolerance
to PInsl epitopes. To demonstrate tolerance to Plnsl, we
enumerated the frequency of Insulin B ¢,3 reactive CD4+ T
cells and Insulin B ;5 ,3 reactive CD8+ T cells in the peripheral
lymphoid organs (PLO) (pooled spleen and non-draining lymph
nodes) of 20-25 weeks old non-diabetic TIP-1 mice and age

in TIP-1 is suggestive of deletional tolerance, it is possible that
transgenic antigen expression in APCs may induce regulatory T
cells (Tregs) that confer dominant tolerance and prevent diabetes
in TIP-1 mice. We examined the expression of Foxp3 on insulin
Biy.os specific CD4+ T cells in PLO of TIP-1 mice and non-
transgenic controls and did not observe any significant differences
(Figure S2A, B), In addition we examined the frequency of Foxp3+
CD4+ Tregs in the thymus and pancreatic lymph node (PLN).
The proportion of Tregs was similar in both TIP-1 and control
mice (Figure S2C, D).Taken together our data indicate that
ectopic PInsl expression induces deletion of cognate CD4+
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T cells, but does not induce antigen specific Tregs. The few
remaining insulin reactive CD4+T cells could not be activated
by the expressed antigen, whereas the low-affinity insulin
B:15,3 reactive CD8+ T cells (33) are not influenced by
transgenic PInsl expression.

Downstream Responses to IGRP

Are Delayed in TIP-1 Mice

Previous work from our group has demonstrated that
autoreactive responses to islet-specific glucose-6-phosphatase
catalytic subunit-related protein (IGRP) are dependent upon
immune response to PIns2 (1). To investigate if tolerance to
PInsl influenced the immune response to IGRP we examined the
frequency of pathogenic IGRP 504514 reactive CD8+ T cells in
TIP-1 mice. The number of IGRP 546,14 specific CD8+ T cells
was significantly reduced in 12-14 weeks old TIP-1 mice
expressing PInsl as compared to age matched controls.
However, the frequency of IGRP 506214 specific CD8+ T cells
in TIP-1 mice expressing PIns1 did not differ from age-matched
controls at 20-25 weeks of age (Figures 5A, B). This indicates

that tolerance to PInsl delays but does not prevent the spreading
of immune responses to downstream antigen IGRP.

Immune Response to Proinsulin-1 Is Not
Required for Diabetes in NOD 8.3 Mice
Autoreactivity to PIns2 is required for diabetes development in
NOD 8.3 mice that have a pre-existing repertoire of IGRP
specific T cells (34). Since we observed reduced frequency of
IGRP reactive CD8+ T cells in 12-14 weeks old TIP-1 mice, we
wished to know if immune responses to PIns1 were necessary for
diabetes development in NOD 8.3 mice. TIP-1 mice were crossed
with NOD 8.3 mice to generate offspring that were TIP-1/
NOD8.3 double transgenic or NOD 8.3 transgenic alone. TIP-
1/8.3 mice developed diabetes with significantly delayed kinetics
(median survival 97 days) compared to NOD8.3 mice (median
survival 70 days) but all mice eventually developed disease
(Figure 5C). The frequency of insulin specific T cells is very
low even in NOD mice and with a skewed T cell repertoire in
NOD 8.3 transgenic mice it is not possible to detect any insulin
specific T cells. We were unable to detect insulin-specific T cells
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FIGURE 5 | Enumeration of IGRP specific CD8+ T cells in TIP-1 mice IGRP 206.214-specific CD8+ T cells were stained with Kd- IGRP tetramer and enriched from
pooled peripheral lymphoid organs (PLO) of 12-14 weeks and 20-25 weeks old NOD mice and TIP-1 mice. Representative FACS plots (A) and quantification (B) of
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in TIP-1/8.3 mice (data not shown). Therefore, tolerance to
PInsl significantly delays but does not prevent diabetes
development in NOD 8.3 mice.

DISCUSSION

In this study we generated transgenic NOD mice to induce PInsl
expression in the APCs and examined the impact of antigen
specific tolerance on autoimmune diabetes. The main findings of
this study are 1) TIP-1 mice expressing PInsl in the APCs show
significantly reduced incidence of diabetes, which is associated
with reduced insulitis and insulin autoantibody (TAA)
expression. 2) Proinsulin specific CD4+ T cells are detectable
in TIP-1 mice at a reduced frequency and are not activated.
3) Immune responses to downstream antigen IGRP are delayed
but not absent in TIP-1 mice.

Given the high degree of homology between proinsulin 1 and
2 proteins, especially in the immunodominant insulin B chain
epitope Ins B:y.,3 we expected to achieve robust protection from
diabetes onset in TIP-1 mice, similar to previously described
proinsulin-2 tolerant NOD mice (35); however, the partial
protection from insulitis and diabetes observed in TIP-1 mice
points to the existence of distinct pathogenic peptide epitopes in
the PIns2 protein that can precipitate autoimmunity in NOD
mice. A previous study characterizing immunogenic epitopes in
NOD mice reported existence of multiple epitopes on both PInsl
and PIns2 molecules recognized by CD4+T cells (18).
Importantly, epitopes outside of the highly homologous Ins
B:g.3 peptide were identified in the leader and A chain
sequences of PIns2 molecule. Thus, it is likely that PIns2
reactive T-cells recognizing these unique epitopes may induce
islet destruction and subsequent diabetes onset in TIP-1 mice.

Our data complement the previous observations that reported
detection of PIns1 reactive T cells (18, 19) in NOD mice. While the
previous studies did not directly demonstrate the role of PInsl-
reactive T cells in spontaneous disease, the significant reduction in
diabetes incidence in TIP-1 mice suggests that PInsl specific T
cells participate in autoimmune destruction of beta cells. On the
other hand, development of IAA and diabetes in TIP-1 mice may
be related to ongoing immune responses to PIns2 epitopes.

A drawback of our study is that we have analyzed a single
transgenic founder line expressing PInsl in the APCs. Varying
levels of transgenic insulin expression in the thymus may
influence the diabetes progression in NOD mice. PIns2 levels
were 7-fold higher in the spleen (~140 pmol/L) as compared to
thymus (~20pmol/L) in the partially protected Pins2 tolerant
mice previously described by Jaeckel et al. (12), whereas in the
recently described TIP mice with robust protection from
autoimmune diabetes upon conditional PIns2 expression in
APCs, the level of thymic Pins2 expression (100pmol/L) was 5-
fold more compared to peripheral tissues(20pmol/L) (22). TIP-1
mice may have relatively reduced transgenic expression of PInsl
in the thymic APCs as compared to transgenic PIns2 expression
in the previously described TIP mice, thus imparting incomplete
protection from autoimmune diabetes. Chentoufi and

Polychronakos previously reported that Ins2 is expressed at a
level more than 3-fold higher than Insl in the thymus of NOD
mice (9). In TIP-1 mice analyzed here, induction of PIns1 results
in approximately 5-fold higher expression as compared to non-
transgenic NOD mice or uninduced TIP-1 mice. Moreover,
protection from insulitis in TIP-1 mice is associated with the
expression of PInsl transgene, as TIP-1 mice fed doxycycline to
suppress PInsl expression develop islet infiltration comparable
to non-transgenic controls indicating that ectopic PInsl
expression in APCs influences anti-islet immunity.

Does the reduction in the incidence of spontaneous diabetes in
TIP-1 mice correlate with deletion of PInsl specific T cells? Insulin
B:j.23 and Insulin B:;s »3 specific tetramers used in our study are
likely to detect both PInsl and 2 reactive CD4+ and CD8 +T cells,
due to the invariant nature of the Insulin B:y_,; peptide between
the two isoforms. Immune responses to Insulin B:y_,; epitope are
required for both priming and effector phase of islet autoimmunity
in NOD mice. Moreover, Insulin B:g_,; primed CD4+ T cells are
able to induce islet autoimmunity evidenced by IAA production
(36). The significant reduction in absolute number of Insulin B:g_,3
tetramer binding CD4+T cells, and the antigen-experienced subset
of tetramer binding CD4+ T cells, coupled with reduced TAA
production in TIP-1 mice is suggestive of antigen-specific
tolerance. While Tregs are an important tolerance mechanism,
we did not find any evidence to suggest that the partial protection
from diabetes in TIP-1mice is due to antigen-specific Tregs. We
are currently unable to conclude whether central or peripheral
tolerance mechanisms regulate the insulin specific T cells in TIP-1
mice; however, future studies with ectopic antigen expression
induced after the exit of antigen-specific T cells from the
thymus may resolve this question.

Autoimmunity to insulin determines immune responses to
other downstream antigens such as IGRP (1). IGRP ,¢ 514 reactive
CD8+ T cells were reduced in TIP-1 mice at 12-14 weeks; but
ongoing tolerance to PInsl did not prevent development of
diabetes onset in TIP-1/8.3 mice. The precursor frequency of
IGRP reactive CD8+ T cells is low in NOD mice (27), and the
residual immune response to PIns2 in TIP-1 mice may be reduced
as compared to control mice. The reduced CD4+ T cell help
possibly accounts for the delayed expansion of IGRP specific T
cells seen in TIP-1 mice. However, the residual immune response
to PIns2 in TIP-1/8.3 mice with a pre-existing repertoire of IGRP
specific T cells may be sufficient to help IGRP specific CD8+ T
cells to mediate beta-cell destruction.

In summary, we find that immune tolerance to PInsl, whilst
partly protective, is not sufficient to prevent spontaneous
diabetes in NOD mice. Our data clarifies the role of PInsl in
the pathogenesis of autoimmune diabetes in NOD mice and
extends the previously established role of PIns1 in autoimmune
diabetes. The experimental model we have presented here, with
its conditional gene-expression system, has the potential to
delineate whether antigen-specific interventions can induce
immune tolerance after islet autoimmunity is well established.
Understanding this is important for development of strategies to
induce antigen-specific tolerance clinically in people with stage 1
or 2 type 1 diabetes (37).
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The T cell antigens driving autoimmune Type 1 Diabetes (T1D) have been pursued for
more than three decades. When diabetogenic CD4 T cell clones and their relevant MHCI
antigen presenting alleles were first identified in rodents and humans, the path to
discovering the peptide epitopes within pancreatic beta cell proteins seemed
straightforward. However, as experimental results accumulated, definitive data were
often absent or controversial. Work within the last decade has helped to clear up some
of the controversy by demonstrating that a number of the important MHCII presented
epitopes are not encoded in the natural beta cell proteins, but in fact are fusions between
peptide fragments derived from the same or different proteins. Recently, the mechanism
for generating these MHCII diabetogenic chimeric epitopes has been attributed to a form
of reverse proteolysis, called transpeptidation, a process that has been well-documented
in the production of MHCI presented epitopes. In this mini-review we summarize these
data and their implications for T1D and other autoimmune responses.

Keywords: antigen presenting cell, transpeptidation, immune tolerance, type 1 diabetes mellitus, chimeric peptide,
CDA4 T cell, beta cell, antigen

INTRODUCTION

In the Non-Obese Diabetic (NOD) mouse model of T1D, a variety of CD4 T cell clones or T cell
hybridomas were prepared that responded to antigens within the secretory granules of the beta cells
of pancreatic islets of Langerhans (1, 2). In some cases, the protein source of the stimulatory activity
was identified (1, 3), but in others, no target could be identified. A particularly stringent test for the
relative contribution of these T cells to the disease came from introducing the T cell clones into
immunodeficient NOD-SCID mouse lacking T cells and observing whether the clone was sufficient
to induce T1D (4). A number of T cell clones failed this test, but others, originally isolated by
investigators at the Barbara Davis Center (BDC) (1, 2) were very active. It has now taken an effort of
more than two decades to identify the functional peptide epitopes recognized by these BDC CD4 T
cells. This work has now identified diabetogenic CD4 T cell epitopes derived in part from three beta
cell proteins - insulin, chromogranin A (ChgA) and islet amyloid polypeptide (IAPP). In each case a
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fusion to the N- or C-terminus fragment of these proteins to a
peptide from another or the same protein was required to
construct a fully stimulatory chimeric epitope. We begin with a
short review of how these three altered antigenic epitopes
were discovered.

IDENTIFICATION OF EPITOPES FOR
DIABETOGENIC T CELLS

Insulin

Insulin has become recognized as a major CD4 T cell target in
TID in humans and the NOD mouse model of the disease,
reviewed in (5). In the 1990’s at the BDC, a series of CD4 T cells
clones were produced from the NOD mouse, including the
prototypical BDC-12-4.1 and BDC-12-4.4 clones, that were
reactive to a peptide from the insulin B chain, B:9-23,
presented by the NOD MHCII allele, IA®” (2, 3). Many of
these clones were diabetogenic when introduced into NOD
mice. Subsequently, the BDC (6) and other institutions (7, 8)
went on to produce many other T cell clones and T cell
hybridomas reactive to this peptide. Later, similar T cells were
identified in human T1D reactive to the same peptide presented
by human DQ8 (9-11). In IA¥ (12, 13), HLA-DQA1*03:01/
DQB1*03:02 (HLA-DQS8) (14) and other MHCII alleles, the core
of the peptide binding groove accepts 9 amino acids in the p1 to
p9 positions. Therefore the 15 amino acid B:9-23 peptide could
theoretically bind in multiple positions or “registers” (Regs) in
the MHCII groove, each with different amino side chains
interacting within anchoring pockets in the binding groove
versus appearing on the surface for T cell receptor (TCR)
recognition. Three registers for this peptide have been studied
the most. The 9 amino acid cores of these epitopes are: Regl-
B:12-20, VEALYLVCG, Reg2-B:13-21, EALYLVCGE and Reg3-
B:14-22, ALYLVCGER. Several studies proposed Regl or Reg2
bound epitopes as the relevant peptide register for two groups of
B:9-23 reactive T cells (termed Type B and Type A, respectively
after the nomenclature of the Unanue laboratory) (7, 8, 15).
However, we performed many experiments that have led us to
conclude that the relevant register for both types of T cells is
actually Reg3.

To study these registers, we made versions of the B chain
peptide in which the amino acids predicted at the pl and p9
positions in the various registers were mutated to optimize
binding to IA®” in that register, but to inhibit T cell
recognition if bound in a different register (16). When tested
with the BDC-12-4.1 T cell, as well as others reported to respond
to the peptide in bound in Regl and Reg2 (7), only the peptide
forced to bind in Reg3 stimulated these T cells. Additional
experiments established that the key modification to the
peptide for Reg3 binding was the mutation of B:22R to E at
p9, thus changing a very unfavorable amino acid for the IA® p9
pocket for an optimal acidic one (12, 13, 17). Similar experiments
with human T cells responding to B:9-23 bound to HLA-DQ8
established that the B:22R to E mutation at p9 greatly improved

T cell reactivity. Eventually, crystal structures of the peptide
bound to TIA®¥ or DQ8 confirmed the Reg3 binding of the
mutated peptide (10, 11). This modified peptide has been used
as a tolerogen for in vivo prevention of T1D in NOD mice (18).

We subsequently performed other experiments (19) showing
that, while the peptide with p9R to E mutation strongly
stimulated Type A T cells, it remained a weak antigen for Type
B T cells. This was eventually tracked to interference of the Type
B T cell responses by the exposed side chain of B:21E at p8 in
Reg3. Combining the p9R to E with a p8E to G mutation to
remove the interfering p8 side chain created a strong agonist for
Type B T cells, but reduced the Type A T cell responses.
Subsequently, crystal structures of these complexes and of
Type A and Type B TCRs bound to them explained the Type
A vs. Type B discriminating activity of the Reg3 mutations (10,
11). These studies also showed that, for a subset of Type B T cells,
changing the p8E to V or L, rather than G, resulted in epitopes
that were even stronger stimulators, sometimes even 100-fold
better than the p8G modified version (11). Therefore, creating
the appropriate CD4 T cell epitopes from the B:9-23 peptide
required modifications of the peptide at B:22R (p9) to greatly
improve IA® binding and sometimes also at B:21E to greatly
improve TCR interaction.

Chromogranin A

A similar multi-decade effort led to the identification of the
epitope for other T cells identified at the BDC, BDC-2.5 and
BDC-10.1 (1, 20). These T cell clones were shown to be extremely
diabetogenic in NOD mice (4, 21) and responded to pancreatic
islets in vitro, but the source of the antigen and the target epitope
of these clones eluded researchers for many years. The first clues
to its nature came from the identification of stimulatory epitopes
for these T cells in various types of peptide libraries (22-25).
These independently discovered “mimotopes” eventually
pinpointed ChgA as the likely source of the natural antigen
(25), since they bore a C-terminal 5 amino acid (p5-p9) motif
that was similar to a sequence in ChgA (WSRMD).

A synthetic 9 amino acid ChgA peptide KDRKWSRMD was
synthesized, which placed the WSRMD in p5 to p9 positions to
mimic the active library mimotope peptides, but this peptide had
no activity with the T cells, which we attributed to inhibitory
amino acids for T cell recognition (p3R) (25) and IA¥ binding
(p4K) (17)within the KDRK portion of this peptide. However, we
noticed that there was a conserved 14 amino peptide (WE14)
(26) released from ChgA during prohormone convertase
processing leaving the WSRMD sequence at its C-terminus,
while removing the inhibitory amino acids. This peptide
stimulated BDC-2.5 and BDC-10.1 weakly, presumably because
of the missing p1 to p4 amino acids, but we found that pancreatic
islets from mice lacking a functional ChgA gene failed to
stimulate these T cell leading us to the conclusion that, while
the WE14 peptide was in some way involved in the ChgA
derived epitope, a post-translational modification was likely
required to make up for the loss at the pl to p4 positions in
the epitope (25).
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Delong et al. pursued the idea that the modification was due
to the action of the tissue transglutaminase enzyme (TG) on the
glutamine within WE14 (27, 28). However, reminiscent of our
results with the insulin B:9-23 peptide, we postulated that a more
likely modification was one that would change the pl to p4
positions with optimal TCR and 1A% amino acids. To test this
idea, we replaced the natural amino acid extension of WE14
peptide with the N-terminal fragment (RLGL) from our library
mimotope peptide (19, 25, 29). This peptide remarkably
improved the stimulatory activity of the peptide nearly a
million-fold. A crystal structure of this RLGL extended WE14
peptide bound to IA® confirmed the positions of these amino
acids in the peptide binding groove (29). Therefore, we
concluded that, in the reciprocal case to that of the insulin B:9-
23 derived epitopes, the major epitope for ChgA specific T cells
required replacement of the natural ChgA amino acids at the N-
terminus, rather than the C-terminus, of the epitope with
optimal ones.

Islet Amyloid Polypeptide (IAPP)

The BDC-6.9 T cell was produced at the BDC at about the same
time as the insulin and ChgA specific clones (1). As with the
BDC-2.5 and BDC-10.1 clones, it was highly diabetogenic in vivo
(30), but the source and nature of the epitope was not known. In
this case the clue to the source came from the fact that the
stimulatory activity was absent in the islets of BALB/c mice (20).
Genetic analyses of the stimulatory activity in backcrossed
mice mapped it to a section of NOD chromosome 6 and
pointed to the IAPP gene as the likely source (30). Several
polymorphisms in the IAPP gene coding region between NOD
and BALB/c strengthened this idea (31, 32). Disappointingly in
vitro stimulations at the time with overlapping peptides
throughout the IAPP protein failed to identify a stimulating
epitope, but experiments in which NOD mice bred to carry the
BALB/c genomic region were protected from T1D induction by
the BDC-6.9 clone (33) leading to the conclusion that the
functional epitope was probably a post-translational modified
form of an IAPP peptide. It has taken several decades to confirm
this idea.

CHIMERIC PEPTIDES LIKELY ACCOUNT
FOR THE INSULIN, CHGA AND IAPP
EPITOPES

The results of the studies above, led to the idea that the functional
epitopes for these diabetogenic CD4 T cells were likely post-
translational versions of the natural peptides, derived from these
proteins. Post-translational modifications of CD4 T cell epitopes
had been well-established in other autoimmune diseases, for
example, conversion of arginines to citrullines by
peptidylarginine deiminases (PADs) in rheumatoid arthritis
(34-37) and of glutamines to glutamic acids by tissue
transglutaminase (TG) in celiac disease (38). In fact, the

presence of these modified amino acids as well as antibodies to
the modification or to the modifying enzyme has become
diagnostic markers of the diseases.

In TID, neither of these two types of post translational
modification has been established to be a component of the
disease driven by the three CD4 T cell specificities discussed here.
While Delong, et al. demonstrated an increase in the stimulatory
activity of the WE14 peptide after in vitro TG treatment (27, 28),
the active products of the treatment have not been identified nor
did the simple conversion of the glutamine to glutamic acid in
the peptide account for the increased activity. Furthermore, the
increase in activity was orders of magnitude less than that seen
with the library mimotopes (22, 24, 25).

An alternate hypothesis has arisen from studies of post-
translationally modified MHCI bound epitopes generated in
the proteasome. During the 2000’s a series of studies
documented the creation of chimeric MHCI epitopes by the
fusion of peptides from the same or different proteins (39, 40)
through a form of reverse proteolysis often referred to as
“transpeptidation” (41-43). Subsequently, new methods
developed to look for these chimeric peptides among those
eluted directly from MHCI molecules revealed that they are
much more frequent than previously appreciated (44, 45), raising
the question that mass spectrometry methods that simply match
MHCI bound peptides to sequences in naturally encoded
proteins may miss many important MHCI epitopes. These
results spurred us (11, 29, 46) and others (33, 47, 48) to test
whether synthetic versions of chimeric peptides between pieces
of beta cell proteins could create MHCII compatible chimeric
epitopes for the diabetogenic CD4 T cells discussed here.

In our studies on the B:9-23 peptide, a scan of the sequence of
proinsulin C-peptide revealed short sequences that when
synthetically added to the C-terminus of fragments the B:9-23
peptide truncated to B:21 or to B:22 would be predicted to create
chimeric peptides with the amino acids at p8 and/or p9 required
for stimulation of Type A or Type B insulin reactive T cells (11).
In vitro testing of synthetic versions of these chimeric epitopes
showed strong activation of the appropriate Type A and Type B
CD4 NOD T cells and Type A human CD4 T cells. These results
are summarized in Table 1. For ChgA, based on the highly
stimulatory activity of the RLGL when added to the N-terminus
of WE14 (19, 29), we looked in well expressed beta cell granule
proteins for similar sequences that could be added to WE14 to
make similar complete epitopes predicted to stimulate the BDC-
10.1 and/or BCD-2.5 T cell (29). When synthesized, many of
these chimeric peptides stimulated BCD-10.1 and or BDC-2.5 T
cells, bearing out the predictions (46). These results are
summarized in Table 1. One of the predicted epitopes
involving a fragment of C-peptide with an C-terminal TLAL
added to the N-terminus of WE14 has been shown by Delong
and colleagues not only to be active, but also present in
pancreatic beta cell tumors and in the islets of Langerhans in
mouse pancreata (47). This approach of testing candidate fused
peptides also turned up the long-sought IAPP-derived epitope
for the BDC-6.9 diabetogenic T cell (33). In this case, the same
C-peptide fragment ending in TLAL that was used to complete
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TABLE 1 | Chimeric Peptides Derived from Insulin B:9-23, ChgA-WE14 or pro-IAPP.

Acceptor Donor Fusion Epitope Active T Synthetic Chimeric Fused by Ref
Sequence Cell Clone chimeric peptide found | cathepsin L
Sequence Source Sequence Source peptide in beta cells in vitro
active in vitro
VEALYLVCGE | m/h Insulin B:9-23 EVE mC-peptide VEALYLVCGEEVE 12-4.1 + - - (11)
PCR1-10
" " DLQ VEALYLVCGEDLQ 129 + - - (1)
AS150
" ! EAE hC-peptide VEALYLVCGEEAE T1D3 + - - (11)
. . T1D4
EDG VEALYLVCGEEDQ T1D10 + - - (11)
" " ELG VEALYLVCGEELG + - - (1)
VEALYLVCG ! GDLQ mC-peptide | VEALYLVCGGDLQ 8F10 + - - (11)
8-1.1
AS91
12-4.4
" ! VEQL VEALYLVCGVEQL 12-4.4 + - - (11)
AS91
" ! LEVA VEALYLVCGLEVA + - - (11)
TLAL mC-peptide WSRMDQL | mChgA-WE14 |  TLALWSRMDQL BDC-10.1 + + + (46, 47)
‘ . BDC-2.5
QLAL mSecretogranin2 QLALWSRMDQL G7W-120 + - - (46)
RIPV " ! RIPVWSRMDQL BDC-2.5 + - - (46)
TIAL mSecretogranin3d " TIALWSRMDQL BDC-10.1 + - + (46)
. , BDC-2.5
TLTL TLTLWSRMDQL GTW-120 + - + (46)
ERIL mChgA ! ERILWSRMDQL BDC-2.5 + - + (46)
ILSI ! ! ILSIWSRMDQL BDC-10.1 + - - (46)
. . BDC-2.5
DLAL DLALWSRMDQL GTW-120 + - + (46)
TLAL mC-peptide NAARD NOD IAPP TLALNAARD BDC-6.9 + + + (46)
! ! NAAGD BALB/c IAPP TLALNAAGD + - + (33, 46)

This is a list of chimeric peptides derived from Insulin B:9-23, ChgA-WE14 or pro-IAPP and whether these peptides are capable of stimulating a panel of Diabetogenic T cell clones in vitro,
have been discovered in Beta cells, and whether they are capable of being generated by Cathepsin L in vitro. The full length, stimulatory fusion epitope and cognate T cell(s) are listed.

the ChgA WE14 epitope was fused to N-terminus of a peptide
released from prolAPP during its natural processing to mature
IAPP. This epitope was a very strong agonist for the BDC-6.9 T
cell. Importantly the G (p8) from the donor fragment is an R in
the corresponding peptide in the BALB/c prolAPP, accounting
for the difference between the strains in creating the epitope. As
with ChgA, this chimeric peptide has been identified in NOD
beta cell tumors and in pancreatic islets (33).

Recently, numerous chimeric epitopes have been reported by
others for mouse and human CD4 and CD8 T cells in T1D
[reviewed in (49, 50)]. The presence of CD4 and CD8 T cells
responding to fusion peptides in mouse and human have now all
been described and these findings have bridged the gap in our
understanding of the T cell mediated pathogenesis in both the
mouse and human diseases (51-53). Additionally, the use of
these hybrid peptides as therapeutics to tolerize the cognate T
cells and prevent the onset of disease has gained a lot of traction
(54), but significant limitations still exist in translating these
findings to humans.

TRANSPEPTIDATION: THE PROCESS OF
REVERSE PROTEOLYSIS AND ITS
IMPLICATIONS FOR MHC I/ll EPITOPES

These accumulating results with chimeric peptides make it
highly likely that addition of amino acids to the N- or C-
terminus of fragments of insulin B:9-23, WE14 or IAPP
derived peptides create the functional epitopes for the
corresponding CD4 T cells in T1D. This conclusion begs the
question of what mechanism can lead to the generation of these
chimeric epitopes in vivo. As mentioned above, the best clues
comes from the expanding work on the role of proteasomal
transpeptidation in creating many chimeric peptides for MHCI
presentation (39, 40, 44, 45, 55-58).

Transpeptidation is an inevitable side reaction during
digestion of proteins with proteases with a catalytic serine,
threonine or cysteine in the protease active site [reviewed in
(43, 56)] (Figure 1). During the protein cleavage reaction these
amino acids attack the peptide bond at the cleavage site forming
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Islets of Langerhans
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...-". .,.-"" Generation of Dlabetogenlc g
N o CD4 T cell Neo-epitopes 5 .
‘u"e\ QO e e, 2
\ N Terminal Acceptor Peptide
H (ex. Proinsulin/C-peptide)
Cathepsin L

Cathepsin L:Peptide
Covalent Intermediate

Secretgry Granule

o
S s C-terminal ® 0 - ¢ chimeric Neo” Ev\‘zgranm A)
Cleavage Nearby Donor Peptide (ex. G -peptide chron'\
Product (ex. Chromogranin A)

Beta Cell Crinophagic Body

. . Phagocytosis of Liposomes
Activation of the CD4 T cell Response for Antigen Presentation to
® ® Granule Specific CD4 T cells

Exit Lymphatics |
and Return to the
Pancreatic Islets to /A
Attack Beta Cells

/ Diabetogenic CD4
T cells are Activated .
Against Transpeptidation EXOCYtOSIS of Exosomes

Mediated Neo-Epitopes Containing Neo-Epitopes into
- o ‘ the Draining Lymph Nodes
Pancreatic Draining Lymph Node

FIGURE 1 | How Transpeptidation in Crinophagic Vesicles Could Create the Chimeric Epitopes Driving T1D. Within the pancreas exist a specialized multicellular
network referred to as the Islets of Langerhans. Contained within these islets are the Insulin producing beta cells responsible for maintaining stable blood glucose
levels among other neuroendocrine processes. The secretory granules within the beta cells contain prohormones like Proinsulin, Chromogranin A and ProlAPP, and
their levels are continually regulated through a catabolic recycling process called crinophagy, whereby secretory granules are fused with lysosomes and their
contents are degraded, recycled and secreted. Due to the high concentrations of beta cell hormone donor and acceptor proteins present within these crinophagic
bodies, the biochemical conditions are optimal for the reverse proteolysis reaction, transpeptidation to occur. Cathepsin L is a protease capable of cleaving the
hormone acceptor peptides (ex. Proinsulin C-peptide) and creating an enzyme linked intermediate complex with the acceptor peptide. Water is generally responsible
for breaking this transient bond between the carbonyl carbon of the acceptor peptide and the a sulfur or oxygen in enzyme to complete the digestion, however when
high concentrations of a donor peptide with a free N-terminus are present they can outcompete water and generate a new peptide product through
transpeptidation. We propose these neo-peptides can be exocytosed and secreted out of the beta cells and to be taken up antigen presenting cells to and
presented to diabetogenic CD4 T cells. These peptides are considerably more active than their germline encoded parental counterparts and their presentation can
lead to T cell activation and destruction of the beta cells in the islets. This figure was created with Biorender.com.

a covalent bond between the oxygen or sulfur in the protease  proteolysis. Especially effective is a high concentration of the
active site and the carbonyl carbon in the peptide bond, while =~ donor peptide in close proximity to the cleavage site and a
releasing the C-terminal fragment of the digestion. This transient  relatively low concentration of the competing water during the
covalent bond is usually broken by water to complete the  reaction. Under ideal conditions, transpeptidation can be
cleavage by releasing the N-terminal fragment of the digestion  efficient enough to be an important mechanism for natural
and restoring the protease active site, but this bond can also be  processing of functional proteins in various organisms (43, 59).

broken by attack with the N-terminus of a nearby donor peptide The proteasome has a milieu very favorable for
restoring a peptide bond and replacing the original C-terminal ~ transpeptidation. It contains threonine proteases (60) and has
fragment with a new one to create a chimeric peptide.  asteady high concentration of cytoplasmic proteins directed into

Transpeptidation is generally a predictable, but minor, side  the organelle for degradation [Reviewed in (61)]. It has an
reaction in protease digestions, but its efficiency can be greatly =~ encapsulated interior containing low water content. It is the
improved by adjusting the conditions present during the  main source of protein digestion products destined to the
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endoplasmic reticulum for further processing and MHCI
loading. These ideal conditions perhaps explain the high
proportion of chimeric peptides found in those eluted from
surface expressed MHCI molecules (44, 58). While the
conditions in the proteasome may be ideal to catalyze these
reactions, the spatial constraints of the proteasome have been
shown to prefer Cis-splicing events, where internal deletions are
made within the same protein, instead of fusion events between
two different proteins (Trans-splicing) (62).

THESE DIABETOGENIC CHIMERIC
EPITOPES CAN BE PRODUCED BY
LYSOSOMAL PROTEASE MEDIATED
TRANSPEPTIDATION

A parallel pathway involving lysosomes exists in pancreatic islet
beta cells and can be predicted to favor the generation of
chimeric peptides. In beta cells, secretory granules have a high
concentration of insulin and other proteins, including ChgA and
IAPP [Reviewed in (63)]. Convertase proteases in the granules
convert the precursor forms of these proteins into their mature,
active forms, by releasing protective prohormone fragments, as
well as additional active hormone fragments by internal
cleavages (64). The number of granules in a beta cell is strictly
regulated (63). Therefore, since new granules are constantly
being formed, excess granules need to be eliminated to
maintain the optimal number. This is accomplished by a form
of autophagy called crinophagy (65), in which granules are fused
with lysosomes and their proteins denatured and degraded by a
variety of enzymes including cathepsins and other cysteine or
serine proteases. Thus, ideal conditions for transpeptidation are
set up - a high concentration of actively degrading proteins
encapsulated in a vesicle with multiple proteases that are capable
of the transpeptidation reaction. Exosomes from these
crinophagic vesicles carrying antigenic fragments of insulin
and other granule proteins can be released from beta cells and
into circulation (66), providing a pathway for chimeric peptides
to reach the pancreatic draining lymph nodes for activation of
diabetogenic CD4 T cells (67) (Figure 1). While these findings
are considered circumstantial by some, these extracellular
vesicles have been shown to carry cargo relevant to T1D in the
form of prohormone proteins for both CD4 and CD8 T cells, and
miRNAs, all of which have been implicated in multiple facets of
the disease [reviewed in (68)]. Since the lysosomal/endosomal
pathway in MHCII bearing antigen presenting cells (APCs) is the
primary site for proteolytic generation of peptides for MHCII
presentation [reviewed (69)], a number of laboratories have
studied this antigen processing reaction in vitro, by exposing
proteins to various lysosomal proteases under lysosomal
conditions and testing the products of the digestion for
antigenic activity (46, 70-72). We have used this system to see
if any of the active chimeric epitopes identified in the beta cells
mentioned above could be generated in vitro during lysosomal
protease digestion of a suitable acceptor protein fragment in the

presence of a donor peptide that when fused to a site within the
acceptor would form the active diabetogenic epitope (46).

We tested a number of cathepsin proteases, we settled on
cathepsin L for these experiments, due to its ability to generate
the necessary complimentary Proinsulin acceptor peptide. In
looking for an active WE14 containing chimeric epitope, we used
a fragment of C-peptide containing the previously documented
TLAL sequence discussed above (47), as well as fragments of
other granule proteins with embedded sequences that also were
active when fused to the N-terminus of WE14 (46). In each case
an internal cleavage at the C-terminus of the embedded fragment
was required to create a site for transpeptidation fusion to an N-
terminal fragment of WE14. Cathepsin L digestions were
performed at lysosomal pH with a molar excess of a WE14
donor fragment to favor the transpeptidation reaction.

When the digests were used to stimulate the prototypical
NOD WE14-specific CD4 T cells, BDC-10.1 and/or BCD-2.5,
five (Table 1) were active with one or both T cells (46). Tandem
mass spectrometric analysis (MS-MS) of the digests revealed the
presence of the predicted chimeric peptide in the digests.
Synthetic versions of the identified epitope had the same
stimulating specificity as the digests. In each case the
identification was further confirmed by showing that the MS-
MS fractionation pattern of the synthetic peptide was virtually
identical to that seen in the corresponding peptide found in
the digest.

The MS-MS analyses also showed that these functional
peptides were by no means the only chimeric peptides detected
in the digests. Hundreds of additional chimeric peptides were
identified involving many combinations of the input acceptor
and donor peptides. In the case of joining of the WE14 fragment
to sites within the input acceptor peptide precursor, fusions were
detected at nearly every position (46), but strikingly, the
positions that contained a preferred cathepsin L cleavage
sequence were highly favored. A similar digestion with the C-
peptide fragment containing TLAL using a donor peptide from
NOD proIAPP (NAARD) generated the previously reported
functional chimeric peptide for the BDC-6.9 T cell (46).
Substituting the equivalent donor peptide from BALB/c IAPP
(NAAGD) also generated the predicted chimeric peptide, but as
expected this peptide was 10x less active than the NOD
derived one.

Cysteine proteases have been implicated in disease resistance
in Type 1 Diabetes (73), however further investigation by other
groups determined that the effect was indirect, due in part to T
cell repertoire changes resulting from Cathepsin L being absent
during thymic selection. They observed a 2 fold higher incidence
of regulatory T cells in the knockout mice compared to their
CatL sufficient counterparts, which they attributed to the disease
protection (74). Although splenocytes from NOD mice are
capable of mounting a response against the CatlL-/- islets, it is
not clear whether the absence of CatL has allowed for a
compensatory mechanism whereby alternative proteases are
utilized to generate these fusion peptides, or if another
protease is responsible for it altogether. To date, we have not

Frontiers in Immunology | www.frontiersin.org

47

April 2021 | Volume 12 | Article 669986


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

Reed and Kappler

Transpeptidation Mediated Diabetogenic Neo-Epitopes

discovered another protease capable of generating these fusions
other than Cathepsin L.

FINAL THOUGHTS

After a decades-long struggle to understand the structures of the
diabetic CD4 T cells epitopes in T1D, the door has cracked open
with the discovery of the functional chimeric epitopes and their
formation by transpeptidation. As more acceptor-donor pairs are
tested with multiple lysosomal proteases, it seems likely that this
form of post-translational modification will play an important
role in epitope formation in other CD4 T cell driven
autoimmune diseases, especially those of other neuro-
endocrine tissues containing secretory granules. This
phenomenon may also contribute to epitopes for CD4 T cells
derived from foreign (viral/bacterial) and tumor antigens. As
with MHCI, these MHCII results point out that existing peptides
databases for MHCII bound to peptides directly encoded in the
genome may be incomplete and need to be updated to include
chimeric peptides found directly bound to MHCII molecules.
One can hope that the computational methods for identifying
chimeric epitopes bound to MHCI molecules can be adapted to
those bound to MHCIL. The variable lengths of MHCII bound
epitopes presents a challenge in approaching this task, but the
longer MHCII bound peptides may also be an advantage. They
could make it easier to identify independently the N- and C-
terminal components of a chimeric peptide among the MS-MS
generated b-ion versus y-ion fragments. The similarities between
these recent findings within the MHCI and MHCII epitope fields
might also provide reason to reexamine old data sets for MHC
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Gut-associated lymphoid tissue (GALT) is crucial for the maintenance of the intestinal
homeostasis, but it is also the potential site of the activation of autoreactive cells and
initiation/propagation of autoimmune diseases in the gut and in the distant organs. Type 3
innate lymphoid cells (ILC3) residing in the GALT integrate signals from food ingredients
and gut microbiota metabolites in order to control local immunoreactivity. Notably, ILC3
secrete IL-17 and GM-CSF that activate immune cells in combating potentially pathogenic
microorganisms. ILC3 also produce IL-22 that potentiates the strength and integrity of
epithelial tight junctions, production of mucus and antimicrobial peptides thus enabling the
proper function of the intestinal barrier. The newly discovered function of small intestine
ILC3 is the secretion of IL-2 and the promotion of regulatory T cell (Treg) generation and
function. Since the intestinal barrier dysfunction, together with the reduction in small
intestine ILC3 and Treg numbers are associated with the pathogenesis of type 1 diabetes
(T1D), the focus of this article is intestinal ILC3 modulation for the therapy of T1D. Of
particular interest is free fatty acids receptor 2 (FFAR2), predominantly expressed on
intestinal ILC3, that can be stimulated by available selective synthetic agonists. Thus, we
propose that FFAR2-based interventions by boosting ILC3 beneficial functions may
attenuate autoimmune response against pancreatic B cells during T1D. Also, it is our
opinion that treatments based on ILC3 stimulation by functional foods can be used as
prophylaxis in individuals that are genetically predisposed to develop T1D.

Keywords: type 3 innate lymphoid cells (ILC3), type 1 diabetes (T1D), gut-associated lymphoid tissue (GALT),
regulatory T cells (Treg), interleukin-22 (IL-22), interleukin-2 (IL-2)

INTRODUCTION

Type 1 diabetes (T1D) is an autoimmune disease that is characterized by low insulin concentration
and hyperglycemia. The autoimmune process in pancreatic islets can last for years before the
clinical signs of the disease appear. This process is initiated by autoreactive effector T cells
including CD4" and CD8" cells and it is characterized by high levels of proinflammatory cytokines
IL-1B, TNF and IFN-y (1). The described events are accompanied by decreased numbers and/or
defective function of regulatory T cells (Treg) that have an immunosuppressive role and maintain
immune tolerance by producing IL-10 and TGF- and by other mechanisms (2). The overall
outcome is the destruction of pancreatic 3 cells that leads to reduced or completely absent insulin
production (1, 3).
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ILC3 Modulation in Diabetes

Many environmental factors including food ingredients (B-
casein or bovine insulin from cow’s milk, gluten), exposure to
infectious agents (enteroviruses), and intestinal microbiota
dysbiosis (due to antibiotics, alcohol abuse, inadequate diet or
chronic diseases) are believed to be the reason for the dramatic
increase in T1D incidence in people under the age of 18, but also
in older adults (4-6).

It is becoming increasingly clear that T1D pathogenesis is
linked to the complex interaction between the gut-associated
lymphoid tissue (GALT) and the gut microbiota (7). Intestinal
barrier serves as an integrator of signals coming from the gut
lumen and it is comprised of mucus layer leaning on tightly
connected epithelial cells (physical border) and mediators
secreted by epithelial cells and immune cells (functional
border). GALT cells maintain immune tolerance to food
constituents and commensal microbes. The reduction or
improper function of GALT-residing tolerogenic dendritic cells
(DC) and Treg enables the impairment of oral tolerance (8-10),
that may lead to T1D initiation mediated by autoreactive T cells
present in the intestinal lamina propria (11, 12). In such case,
antigens sampled from the gut might activate B cell-reactive
immune cells directly via molecular mimicry or indirectly by the
bystander activation during the immune response towards gut
microorganisms (13). The close link between the gut and the
pancreas is exemplified in the finding that pancreatic lymph
nodes can drain antigens from the duodenum that leads to Treg
induction in GALT and development of oral tolerance (14).
Therefore, maintaining a balance between effector T cells and
Treg in the gut and pancreatic lymph nodes is essential for
sustaining tolerance to islet antigens and prevention of
autoreactive T lymphocytes activation and migration to the
pancreas where they can initiate B-cell destruction.

GUT-PANCREAS AXIS

The impaired function of the intestinal barrier and dysbiosis
precede the development of T1D both in humans and mice. The
loss of gut barrier integrity and low-grade intestinal inflammation
were discovered in first-degree relatives of T1D patients that are at
high-risk of disease development (15-17). The same was confirmed
in new-onset and long-term T1D patients (17, 18). The altered
microbiota content in T1D patients were found in many studies
worldwide as reviewed by Marietta et al. (19).

Increased intestinal permeability and the lack of oral
tolerance to ovalbumin was found in 4-6 weeks old, insulitis-
free nonobese diabetic (NOD) mice that spontaneously develop
T1D (10). Also, these mice had diminished mucus production,
lower levels of secretory IgA and increased Th17 and type 3
innate lymphoid cells (ILC3) numbers in the small intestine
lamina propria. This coincided with the significant reduction of
tolerogenic DC and Treg in the gut-draining lymph nodes during
prediabetic stage (10).

There are very few studies that address the activation of
autoreactive cells in GALT and their causal link to pancreas

autoimmunity. Our recent study implies that activation of
insulin-specific CD4" T cells can occur in the GALT as these
cells are present in Peyer’s patches of prediabetic NOD and
healthy C57BL/6 mice (11). Also, a study that used a B cell-
specific TCR-transgenic mouse model has shown that islet-
specific T cells activated in the intestinal lamina propria
migrated to the pancreatic lymph nodes and the islets causing
autoimmune diabetes (20). Further, it was demonstrated that the
infection with Fusobacteria activates P cell-reactive CD8" T cells
by molecular mimicry within GALT of transgenic NOD mice
(12). In addition to the possibility of autoreactive cell activation
in the GALT, it was shown that gut microbiota can migrate to the
pancreatic lymph nodes where it acts through NOD2 receptors
to accelerate the onset of streptozotocin-induced T1D in mice
(21). Human studies about the autoreactive cells activation
within the GALT indirectly suggest that ingested food or
bacterial antigens stimulate the production of B cell-specific
autoantibodies via molecular mimicry. Examples can be found
in reports of Auricchio et al. (22) and Niegowska et al. (23) where
data about crossreactivity between [3 cell antigens and antigens
derived from gluten or Mycobacterium avium subspecies
paratuberculosis, a bacterium found in cow’s milk, were
suggested. Also, higher density of intraepithelial CD3" and &
cells and activated CD25" in lamina propria and lower numbers
of FoxP3" cells in the jejunal mucosa of T1D patients were found
(22, 24, 25). In general, individuals with T1D exhibit increased
markers of inflammation within GALT suggesting its association
with disease development (26).

Prevention or treatment of human T1D through diet-based
interventions proved to be very difficult (27). However, a forced
change in microbiota content through fecal microbiota
transplantation from healthy donors to early-onset T1D
patients successfully halted a decline in endogenous insulin
production and down-regulated colonic CD4" cell count, thus
further confirming the importance of microbiota content for
T1D control (28). In contrast to scarce data in humans,
numerous studies provide evidence about prevention or
treatment of animal T1D through diet or modulation of
microbiota (29, 30). To mention a few: NOD mice fed with a
fiber-rich diet had decreased T1D incidence and lower
proportion of autoantigen-specific CD8" lymphocytes in the
spleen (31), supplementation with bacterial metabolite butyrate
decreased severity of insulitis in NOD mice and their offspring by
promoting Treg proliferation in GALT and their migration to the
pancreas (32, 33), administration of probiotics exerted beneficial
effects in T1D in mice (34-36).

The majority of available data point to the importance of
intestinal Treg and their suppressive properties in the
prevention and/or treatment of T1D (8, 9). ILC3 have
recently been identified as cells critical for maintenance and
regulation of mucosal homeostasis in mice and humans (37),
but their role in the initiation or development of T1D is largely
unknown. This Perspective review will specifically discuss ILC3
biology and their hypothetical role in pancreatic autoimmunity
along with possibilities of ILC3-targeted therapies.
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INTESTINAL ILC3

Immature ILC develop in bone marrow from common lymphoid
progenitor and they generally migrate to mucosal tissues, but can
also be found in other lymphoid tissues such as spleen and lymph
nodes and non-lymphoid organs skin, liver, brain and pancreas
(38-41). As reviewed by Guia et al. (42), ILC3 differentiation
process is similar in humans and mice. ILC3 can be identified as
the innate counterpart of Th17 cells due to their mandatory
expression of retinoid-related orphan receptor yt (RORyt). ILC3
exist in at least two subsets that differ developmentally,
transcriptionally and functionally: lymphoid tissue inducer
cells (LTi)-like ILC3 (characterized by surface expression of
CCR6) and natural cytotoxicity receptor (NCR)" ILC3 that
express NKp46 in mice (43) and NKp44 in humans (44).
However, human ILC3 can also express NKp46 and their
distribution in skin and intestine was found very similar in
humans and mice (45). ILC3 are generally sedentary (46, 47),
although in some human pathological conditions differentiated
ILC3 were found in the bloodstream (48). Therefore, their
regular divisions driven by different internal and
environmental signals is essential for their maintenance in the
tissues. ILC3 proliferation is stimulated by cytokines, such as IL-
18 in human tonsils (49), or combination of tumor necrosis
factor-like cytokine 1A, IL-1f, IL-23 and IL-2 in both human
and mouse intestinal tissue (50, 51). The major environmental
stimuli for murine intestinal ILC3 proliferation are short chain
free fatty acids (SCFA) and vitamins A and D (52, 53).

Mature ILC3 develop in the lamina propria of the intestine
due to specific differentiation factors (retinoic acid, polyphenols
and microbiota) (37). Mouse studies indicate that intestinal ILC3
express integrin 04f7. Their specific signature is the expression
of GPR183, a receptor for oxysterols that recruits ILC3 to the
small intestine and regulates their migration to the cryptopatches
and positioning in the mesenteric lymph nodes. The expression
of GPR109A (a receptor for butyrate) dictates ILC3 distribution
in Peyer’s patches, while distinct pattern of chemokine receptors
drives their migration to the specific sites in the GALT such as
mesenteric lymph nodes (CCR7), microvilli (CXCR6) or lamina
propria (CCR9) (reviewed in 54). In addition, intestinal ILC3
exhibit high free fatty acid receptor (FFAR) expression in
contrast to spleen ILC3, for example (55).

Intestinal human and mouse ILC3 are critical for the
generation of the organized lymphoid tissue in the intestinal
wall during development (LTi-like cells) and they regulate
microbiota content and the integrity of the intestinal barrier
(46, 56). Mouse ILC3 sense environmental cues either coming
from the food or microbiota metabolism products by expressing
numerous receptors: retinoic acid receptor (RAR) (57), vitamin
D receptor (VDR) (58), aryl hydrocarbon receptor (AhR) (56,
59), or FFAR (55). Also, gut ILC3 respond to cytokines
predominantly produced by myeloid cells (IL-1B, IL-23, IL-18
and TNF). In response to these triggers, ILC3 produce several
cytokines, including IL-22, IL-17A/F, GM-CSF and IL-2.

IL-22 maintains barrier integrity through stimulation of
epithelial cells turnover (60, 61), induction of tight junction
proteins production, anti-bacterial peptides and mucins (62, 63).

Vitamins A or D are potent inducers of IL-22 production by
murine ILC3 (57, 58), while human ILC3 produce IL-22 after
microbial stimulation of phagocytes (64). AhR activation is
mandatory for IL-22 expression in mouse ILC3 due to its
protein-protein interaction with RORyt (59). For example, L-
kynurenine (produced by gut epithelial cells) after ligation to
AhR stimulates the proliferation of IL-22" ILC3 (65). Another
stimulus for IL-22 production is the activation of G-protein-
coupled receptors FFAR on murine ILC3 by the action of SCFA
(66, 67). The signaling cues that come from FFAR2 can indirectly
affect IL-22 through augmenting expression of the IL-1 receptor
and ILC3 responsiveness to IL-1B (66). What is more, IL-23
produced by myeloid cells as a part of an anti-microbial response
has the same effect on ILC3 (68).

ILC3-mediated production of IL-17A/F is important for the
induction of antimicrobial peptides and tight junction proteins
in epithelial cells (69). However, data obtained from both human
and murine studies imply that the major role of ILC3-derived IL-
17 is to attract neutrophils to the intestinal tissue in response to
bacterial (Mycobacterium tuberculosis and Clostridium difficile)
and fungal infections (70-72).

Secretion of GM-CSF and IL-2 from ILC3 is triggered by IL-
1B from intestinal macrophages. Mouse ILC3-derived GM-CSF
was shown to act upon intestinal macrophages and dendritic
cells to promote their production of IL-10 and retinoic acid, that
in turn stimulate the induction and enable maintenance of Treg
(73). However, ILC3 in the intestine of inflammatory bowel
disease patients produce large amounts of GM-CSF that causes a
loss in ILC3 and exacerbation of the disease (74). Recently, a very
interesting finding was published identifying a population of
mouse and human ILC3 that produce IL-2 and are involved in
the preservation of oral tolerance through stimulation of Treg
differentiation (51). Along with cytokine-mediated activity, ILC3
can modulate adaptive immune response through antigen
presentation via class II MHC. Namely, ILC3 have the ability
to present microbial antigens and to limit CD4" cell response by
inducing their cell death (75). The reduction in the specific
MHCII" ILC3 population in the intestine is associated with
Crohn’s disease in pediatric patients (76).

ILC3IN T1D

The precise contribution of intestinal ILC3 to the onset and
progression of T1D has not been investigated, so far. However,
there are some data that emphasize ILC3 as important players in
shaping GALT environment for T1D initiation or progression.
First, decreased frequency of ILC3 was found in the duodenum
of T1D patients (77). The human data are in contrast to total
ILC3 increase found in small intestine lamina propria of
prediabetic NOD mice (10) and in 20 weeks old NOD mice
(our unpublished data). So, the second key statement for
hypothetical ILC3 relation to T1D pathology comes from the
investigation of ILC3 function. Namely, our preliminary data
show lower numbers of potentially protective IL-2-producing
ILC3 in small intestine lamina propria in 20 weeks old NOD
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mice with insulitis and in diabetic C57BL/6 mice with  encephalomyelitis, Graves’ and Hashimoto’s thyroiditis (52,
streptozotocin-induced T1D. This was accompanied by down-  80-82). Still, further investigation will discriminate whether
regulation of FoxP3" Treg number and IL-22 and GM-CSF  ILC3 reduction precedes or is the result of ongoing
mRNA expression in the intestine suggesting a causal inflammation during T1D pathogenesis.
relationship between IL-2" ILC3 and Treg (unpublished
results). Higher number of ILC3 and lower of IL-2-producing
ILC3 could point to the pro-inflammatory environment in ~PERSPECTIVES FOR ILC3
GALT that is related to T1D pathogenesis. The observed ILC3 ~ MODULATION IN T1D
reduction in human intestinal biopsies from patients with T1D
(77) could be associated with ILC3 ability to convert to IFN-y-  There are at least three key ILC3 activities that can counteract
producing ILC1 in the inflammatory environment, a process  initiation and/or progression of T1D: 1. Maintenance of gut
found both in humans and mice (78, 79). That was surely the  barrier integrity; 2. Regulation of gut microbiota homeostasis; 3.
case in these TID patients, as the numbers of ILC1 were  Stimulation of Treg proliferation and suppressive function.
significantly increased in the intestinal tissue (77). Therefore, the preserved abundance and function of ILC3
The close relationship between gut microbiota and proper ~ within the intestine could largely aid T1D prevention. The
function of ILC3 within the pancreas in the prevention of TID  hypothetic model of ILC3 role in protection from autoimmune
development in mice was identified by Miani et al. (41). TID in ~ process during T1D is shown in Figure 1.
NOD mice was found to be associated with reduced numbers of As previously stated, there is a number of external stimuli that
ILC3 in the pancreas and their down-regulated IL-22 production ~ can be used for ILC3 modulation (Figure 2). In addition to
that led to compromised expression of antimicrobial proteins in  stimulation of IL-22 production, vitamin A attracts specifically
the pancreas. In the same study, low IL-22-producing ILC3 were ~ ILC3 to the intestinal tissue in both mouse and humans (83, 84).
found in pancreatic and mesenteric lymph nodes of diabetic ~ Although there are no data about the influence of retinoids on
NOD mice. Instead of IL-22, they produced rather significant ~ ILC3 during T1D pathogenesis, their effect on Treg stimulation
levels of IFN-yand TNF. All mentioned findings indicate that the ~ and suppression of pro-inflammatory adaptive and innate
transition from prediabetes to diabetes in NOD mice is  immune cells both systemically and within the pancreas was
associated with impaired ILC3 function that could lead to firmly established (85, 86). Indeed, the oral or intraperitoneal
reduced numbers of Treg and imply the protective role of IL-  application of retinoids showed a significant preventive effect in
2" and IL-22" ILC3 against T1D. In general, there are many NOD and streptozotocin-treated C57BL/6 mice (85, 86).
pathological conditions where ILC3 play a role such as  Similarly, vitamin D3 (calcitriol) supplementation led to
inflammatory bowel disease, experimental autoimmune  reduced T1D incidence in NOD mice through generation of

Pancreatic
. lymph node

e

IL-18

7

mf/DC

Pancreas

Small intestine
lamina propria

FIGURE 1 | The hypothetical model of ILC3-mediated effects on autoimmune process during T1D. Under the influence of gut microbiota, their metabolites and food
ingredients, intestinal ILC3 produce IL-22 that stabilizes the gut barrier and GM-CSF that influences dendritic cells (DC) and macrophages (Mf). Upon activation by
microbial cues, Mf produce IL-1p that stimulates ILC3 to increase their production of IL-2 and thus promote intestinal Treg stability and proliferation. Intestinal Treg
are able to migrate to the pancreatic lymph nodes and modulate the autoimmune response by providing a suppressive environment in which cytotoxic CD8" cells,
Th1 and Th17 cells are inhibited. The final outcome is the blockade of T cell-mediated autoimmune destruction of pancreatic 3 cells.
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FIGURE 2 | Receptor-ligand interactions relevant for therapeutic targeting of ILC3. ILC3 express receptors for retinoic acid (RAR) and vitamin D (VDR) that upon
activation with respective vitamins instigate ILC3 proliferation and/or secretion of IL-22. In addition, ILC3 express AhR transcription factor that can ligate to versatile
indol-containing compounds. The activation of AhR is mandatory for the development of mature ILC3 in the intestinal lamina propria, their proliferation and IL-22
secretion. Finally, ILC3 express FFAR2 at very high levels. SCFA (propionate and acetate) as well as several synthetic compounds bind to FFAR2 with high affinity,
while Compound 1 and CTMB are selective FFAR2 agonists that promote beneficial ILC3 functions. ATRA, all trans retinoic acid; FICZ, 6-formylindolo[3,2-b]
carbazole; CFMB, S)-2-(4-chlorophenyl)-3,3-dimethyl- N-(5-phenylthiazol-2-yl)butamide; 4-CTMB, (S)-2-(4-chlorophenyl)-3- methyl-N-(thiazol-2-yl)butanamide;
SCA14, propiolic acid; SCA15, 2-butynoic acid.

suppressive environment, including the promotion of Treg (87,  and proliferation through Notch-dependent pathways (56, 59). The
88). Again, similarly to vitamin A, it remains unknown whether ~ presence of AhR is mandatory for the development of ILC3 in the
the beneficial effect of vitamin D can be attributed to the  intestine as AhR-deficient mice show reduced numbers intestinal
modulation of ILC3. ILC3, resulting in increased susceptibility to Citrobacter rodentium
Another way of intestinal ILC3 modulation is the application of ~ infection (56, 59). Several studies show that AhR activation can
AhR ligands. The examples of endogenous AhR ligands are  prevent T1D and they point to either Treg-dependent mechanisms
eicosanoids, indirubin, bilirubin, or 6-formylindolo[3,2-b] (90) or Treg-independent mechanisms (91). Again, the role of ILC3
carbazole (89), while exogenous ligands are mainly derived from  in AhR-mediated protection from T1D remains unknown.
cruciferous plants (indole-3-carbinol derivatives) (Figure 2). In Finally, SCFA can be potent stimulators of ILC3 function.
addition to IL-22 stimulation, AhR ligands promote ILC3 survival ~ Acetate, propionate and butyrate, gut microbiota metabolites
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that are released during the digestion of fibers, bind to FFAR2
and FFAR3 expressed on ILC3 surface. FFAR2 is predominantly
expressed on intestinal ILC3, compared to other ILC in the gut
(55). FFAR2, unlike FFAR3 exerts higher affinity for acetate and
propionate, than for butyrate (92).

To date, there are numerous studies that explored the role of
SCFA in the prevention of T1D. Oral intake of fibers or purified
SCFA decreased disease severity in animal models of T1D. This
specialized diet even prevented T1D initiation in the offspring of
treated female NOD mice (31, 32, 93-95). In general, the
mechanism of SCFA action is mainly attributed to Treg
induction. Although considerably effective in animal models,
administration of oral butyrate for one month did not affect
autoimmune response in individuals with longstanding T1D
(27). This effect might be due to the butyrate higher affinity of
binding to FFAR3 (92), and its differential effect on different
subsets of ILC3 (96). Specifically, butyrate stimulates NKp46
ILC3 that, in addition to IL-22, produce pro-inflammatory
cytokines IFN-y and IL-17 (96).

The fact that FFAR2 is predominantly and highly expressed
in the small intestine and colon ILC3 (55) suggests that FFAR2 is
the most fitted target for the specific modulation of ILC3. As the
highest FFAR2 expression was detected in CCR6" ILC3 subset
that predominantly produces IL-22 in response to SCFA (52), the
application of FFAR2 ligands implicate even more stringent
control of ILC3-mediated immune response within the GALT.
The importance of stimulation of ILC3 for autoimmunity
prevention or treatment resides in their FFAR2-mediated IL-22
production and proliferation, but also in the fact that this
FFAR2-mediated stimulation will not initiate IFN-y production
(97). In addition to natural ligands, several synthetic FFAR2
agonists have been identified so far: class of phenylacetamides
that include (S)-2-(4-chlorophenyl)-3,3-dimethyl- N-(5-
phenylthiazol-2-yl)butamide (CFMB) and (S)-2-(4-
chlorophenyl)-3- methyl-N-(thiazol-2-yl)butanamide (4-CTMB),
TUG-1375, propiolic acid (SCA14), 2-butynoic acid (SCA15) and
Compound 1 (patent no. WO 2011/076732 A1) (98) (Figure 2).

Application of agonists that preferentially bind FFAR2 (such
as Compound 1 and 4-CTMB) would increase the probability of
beneficial ILC3 activation (52). In contrast to SCFA that activate
FFAR2 in such a manner that it couples to either Gy, or Gq
proteins, Compound 1-activated FFAR2 on ILC3 binds to both
proteins (52). The consequence of such FFAR2 activity is
increased AKT and STAT3 phosphorylation that lead to up-
regulated IL-22 expression in mouse colonic ILC3 (52). FFAR2
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Microbiota have been identified as an important modulator of susceptibility in the
development of Type 1 diabetes in both animal models and humans. Collectively these
studies highlight the association of the microbiota composition with genetic risk, islet
autoantibody development and modulation of the immune responses. However, the
signaling pathways involved in mediating these changes are less well investigated,
particularly in humans. Importantly, understanding the activation of signaling pathways in
response to microbial stimulation is vital to enable further development of
immunotherapeutics, which may enable enhanced tolerance to the microbiota or prevent
the initiation of the autoimmune process. One such signaling pathway that has been poorly
studied in the context of Type 1 diabetes is the role of the inflammasomes, which are
multiprotein complexes that can initiate immune responses following detection of their
microbial ligands. In this review, we discuss the roles of the inflammasomes in modulating
Type 1 diabetes susceptibility, from genetic associations to the priming and activation of the
inflammasomes. In addition, we also summarize the available inhibitors for therapeutically
targeting the inflammasomes, which may be of future use in Type 1 diabetes.

Keywords: inflammasomes, microbiota, type 1 diabetes, NOD mice, humans

INTRODUCTION

Inflammasomes, a term first coined by Dr. Jurg Tschopp in 2002, are multiprotein complexes found
in the cytosol, which mediate the activation of inflammatory caspases (1). Inflammasome formation
is driven (“primed”) by activation of the pattern-recognition receptors (PRRs) in response to
pathogen-associated molecular patterns (PAMPs) or damage signals (e.g. damage-associated
molecular patterns that are also known as danger-associated molecular patterns, DAMPs) in the
cytosol (2-4) (Figure 1). In some inflammasomes, the inflammasome adaptor protein designated as
Apoptosis-associated Speck-like protein, containing a Caspase activation and recruitment domain
(ASC), aids in the oligomerization of the inflammasome components and links the upstream
inflammasome sensor molecules to procaspase 1 (21). In ASC-independent inflammasomes,
interactions occur between inflammasome components, which can alter the protein structure e.g.
NLRC4 can be activated by Neuronal apoptosis inhibitory proteins (NAIPs), resulting in the
formation of the disk-like inflammasome (22, 23). In both ASC-dependent and -independent
inflammasomes, procaspase 1 becomes dimerized and through autoproteolysis forms catalytically-
active caspase 1, which subsequently induces IL-1B and IL-18 cytokine release, as well as inducing
pyroptosis, a form of lytic cell death. There are many different types of proteins involved in the
formation of the inflammasomes, including the NBD leucine-rich repeat-containing receptor (NLR)
family (e.g. NLRP1) and the PYHIN protein families [e.g. absent in melanoma 2 (AIM2)]. In humans,
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there are 22 NLRs but only NLRP1, NLRP3, NLRP6, NLRP7,
NLRP12 and NLRC4 have been shown to form inflammasomes
(24-30). Structural and functional differences between the
inflammasome proteins result in differences in their ability to
bind their respective ligands, and thus each can be activated by
different mechanisms (Figure 2). In the case of NLRP3, multiple
types of ligands can be recognized, which induce disassembly of
the trans-Golgi network, leading to the recruitment and binding
of NLRP3 via its lysine motif (between the PYRIN and NACHT
domain) to the phosphatidylinositol-4-phosphate on the
disassembled trans face of the golgi (39). However, it is unclear
whether there are additional mechanisms, including the question
of whether other factors contribute to the Golgi network
disassembly, or protection from disassembly, or whether similar
mechanisms exist for other inflammasomes.

Inflammasomes can be activated by a number of components
released during cell/tissue damage, metabolism, infection or by
commensal bacteria. Microbial ligands from host commensals or
infectious organisms e.g. type 3 secretion system proteins,
flagellin, and DNA/RNA can all activate inflammasome
proteins. Furthermore, aggregates of Lipopolysaccharides (LPS;
specifically, the Lipid A component), an endotoxin present in the
outer membrane of gram-negative bacteria, can directly bind to
and activate non-canonical inflammasome caspases 4 and 5
(humans) and 11 (mice) (40-43). Importantly, this process 1) is

1. Priming | 2. Activation
iLigands (@)
-9 ® O
. ® O
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| II || | ll || 1 11 || [ II H | || ll I || || || [ || Il | || | || Il I | || || Il 1§ | ll I
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FIGURE 1 | Inflammasome priming and activationinflammasome-related genes e.g. NLRP3, NLRC4 are transcribed following PAMP/DAMP recognition by their
respective receptors e.g. bacterial Lipopolysachharide (LPS) recognition by TLR4 pathogen-associated molecular patterns. This “priming” step alerts the cells to
potential dangers and prepares the inflammasome machinery to be translated. Upon recognition of additional activating signals (Figure 2), the infammasome
proteins oligomerize and form a wheel/disk-like structure. The formation of these inflammasome complexes enables the activation of caspase 1 from its precursor
form (procaspase 1), which in turn activates other cytokines including IL-1f and IL-18 (5, 6). Inflammasome-associated proteins can also activate other caspases
including caspase 4, 5, 8 and 11 (7-20).

independent of Toll-like receptor (TLR) 4, which can also bind
LPS (40, 42), and 2) promotes protection from cytosolic invading
pathogens (40-43). Together, these suggest an important role for
microbial modulation of inflammasome responses.

Studies using inflammasome-deficient mice have
demonstrated that inflammasomes can influence disease
susceptibility to inflammatory bowel disease (IBD) (27, 44),
cancer (44, 45), obesity (46, 47), viral/bacterial infection (38,
48-53) and type 1 diabetes (T1D) (34, 54, 55). To date, few studies
have functionally investigated the mechanistic role of
inflammasomes in T1D; however, there are studies indicating a
link to inflammasomes and susceptibility to T1D. As
susceptibility to T1D can be modulated by microbial
components, as discussed later, we highlight the role of
inflammasomes as important microbial sensors in the context
of T1D.

SINGLE NUCLEOTIDE POLYMORPHISMS
LINK INFLAMMASOMES TO TYPE 1
DIABETES SUSCEPTIBILITY

Genetic analyses often provide important insight into genes or
mutations that may be associated with disease susceptibility in
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FIGURE 2 | Inflammasome protein sensors and adaptors recognize a variety of ligands, either directly or indirectly. Upon ligand binding, the sensors and adaptors
interact via PYD-PYD domain interactions to form the oligomers prior to ASC-mediated recruitment of the Procaspase via CARD-CARD interactions (5-11, 21, 25,
31, 32). NAIP1, 2 and 5/6 bind bacterial-derived Type 3 Secretion system (T3SS) rod or needle proteins or flagellin respectively, prior to activation of the NLRC4
inflammasome (12, 13). NLRP1 can be activated by double stranded RNA (dsRNA; human only) or muramy! dipeptide (MDP) bound to the Nuclear oligomerization
domain-containing 2 (NOD2) protein (14, 33). Numerous ligands for NLRP3 have been found including K+, Ca2+, reactive oxygen species (ROS), Adenosine
triphosphate (ATP), uric acid crystals, cholesterol crystals, double-stranded RNA (dsRNA) bound by DExD/H-box helicase (Dhx) 33 and mitochondrial DNA (mtDNA)
(7, 16, 34-37). Single stranded RNA (ssRNA) bound to Dhx15, lipoteichoic acid (LTA) as well as spermine, taurine and histamine can all activate the NLRP6
inflammasome (32, 35, 38). To date, double stranded DNA is the only ligand known for AIM2 (10, 19, 20). PYD, Pyrin domain; HIN200, Hematopoietic expression,
interferon-inducible nature, and nuclear localization 200 domain; NACHT, Nucleotide binding and oligomerization domain; LRR, Leucine-rich repeat; FIIND, function
to find domain; CARD, Caspase recruitment domain; BIR, Baculovirus IAP-repeat domains.

humans. Gene mutations in NLRP3, resulting in a gain of
function and thus increased IL-1P secretion, were initially
linked to a number of inherited autosomal dominant
inflammatory diseases e.g. Muckle-Wells syndrome and
familial cold autoinflammatory syndrome and chronic infantile
neurological cutaneous articular syndrome (56). Since then,
single nucleotide polymorphisms (SNPs) in NLRPI, NLRP3
and NLRC4 have been associated with many autoimmune
diseases including IBD (57), celiac disease (58), multiple
sclerosis (59) and autoimmune diabetes (60-64). Table 1
summarizes the SNPs in NLRPI1, NLRP3 and NLRC4 genes
that have been investigated in individuals with Type 1 diabetes.
Of these SNPs, only 2 are within the coding region of NLRPI and
NLRP3 genes (rs12150220 and rs35829419 respectively) and
both have been linked to a gain of function and excessive IL-
1B and IL-18 secretion in other disease settings (67, 68). The
other SNPs that are located in the promoter region may influence
gene regulation, but this has not yet been fully elucidated. As
Table 1 illustrates, not all populations studied show the same
SNP associations in individuals with Type 1 diabetes. For
example, the SNP rs12150220, located in the NLRPI gene
region, was increased in a Norwegian population with T1D
(60); however, no associations were identified in either a Polish
(65) or Brazilian (62) population with T1D, compared to their
controls. There may be many reasons for this, including
population-based genetic differences, the presence of other
comorbidities or the microbiota composition. Two studies

conducted in the Han Chinese population also showed SNP
associations in NLRP3 and NLRC4 gene regions with clinical
characteristics, including the age of diabetes onset, 2-hour
postprandial c-peptide and the presence of anti-glutamic acid
decarboxylase (GAD) autoantibodies (63, 66). These suggest a
potential link to altered immunity; however, larger scale studies
are needed to help us to better understand the association of
different allelic variants and combinations of haplotypes in the
inflammasome-related genes and susceptibility to Type 1
diabetes. Studies using knock-in mice, in which the SNPs can
be introduced into the gene, may provide valuable tools to
elucidate the functional consequences of these SNPs.

ALTERED MICROBIAL COMPOSITION
MAY DRIVE INFLAMMASOME
ACTIVATION IN TYPE 1 DIABETES

Environmental factors, e.g. the microbiota (referring to all
microorganisms including bacteria, viruses, fungi, protozoa
and archaea), have gained significant traction as modulators of
susceptibility to T1D. In turn, it is clear that genes involved in the
genetic susceptibility to T1D are important modulators of the
bacterial composition in humans and animal models (69, 70).
Furthermore, altered gut bacterial composition has been found
in individuals diagnosed with T1D (71-75), in Bio-breeding (BB)
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TABLE 1 | SNPs in inflammasome genes that have been investigated for associations with autoimmune diabetes in humans.

Gene and SNP (and Study population Association Reference
location alleles)
NLRP1 rs12150220 Norwegian population; T1D: n=1086 with disease onset before 17 years  rs12150220 increased in individuals with T1D vs (60)
(17p13.2) (T/A) of age; Controls n=3273 controls - OR=1.16, p=0.006
rs6502867
©m
rs2670660 No differences between individuals with T1D and
(G/A) controls in any of the other SNPs
rs878329
(C/G)
rs6502867  Polish population; T1D: n=221 with disease onset before 13 years of No differences between individuals with T1D and (65)
(G/A) age; Controls: n=254 controls in any of the SNPs
rs12150220
(T/A)
rs2670660
(T/0)
rs878329
(C/G)
rs8182352
(AG)
rs4790797
©m
rs12150220 Pediatric Brazilian population; T1D: n=196 (n=136 with T1D only, n=50 No differences between individuals with T1D and (62)
(A/T) with T1D and Celiac disease and/or Thyroiditis); Controls n=192 controls in any of the SNPs
rs2670660
(G/A)
rs11651270 Chinese Han population; T1D: n=510; Sex-matched controls n=531 rs11651270 CT frequency lower in T1D population (63)
C/T) vs controls — OR=0.714 p=0.002
rs2670660 rs2670660 GA frequency lower in T1D population
(G/A) vs controls — OR=0.706 p=0.026
rs11651270 TT genotype associated with younger
age at onset vs rs11651270 CT and CC genotypes
in T1D cohort p=0.001
NLRP3 rs10754558 Pediatric Brazilian population; T1D: n=196 (n=136 with T1D only, n=50 rs10754558 G minor allele frequency lower in T1D (62)
(1g44) (C/G) with T1D and Celiac disease and/or Thyroiditis); Controls n=192 population vs controls p=0.004
rs35829419
(C/A
rs10802501 No differences between individuals with T1D and
(T/A) controls in the other SNPs.
NLRC4 rs212704  Chinese Han population; T1D: n=510; Sex-matched controls n=531 No differences between individuals with T1D and (66)
(2p22.3) (T/C) controls in any of the SNPs
rs385076 rs212704 genotype vs 2 hour postprandial c-
cm peptide, p=0.003

rs385076 genotype vs Onset age, p=0.031
rs385076 genotype vs GADA+ (%), p=0.041

rs12150220 and rs35829419 SNPs encode coding sequence variants. Many of the other SNPs are located within the promoter regions.OR, Odds Ratio at 95% confidence interval.

rats (76), and in Non-obese diabetic (NOD) mice (77, 78),
compared to non-diabetic controls. In addition, in individuals
who are at genetic risk of developing T1D, changes in gut
bacteria are associated with the early development of B-cell
autoimmunity (74, 75, 79-81). As mentioned, microbial
ligands are one activator of the inflammasomes; changes in the
microbial composition and thus the availability of microbial
ligands may alter inflammasome activation (Figure 3), and this
may be one way in which microbes influence pathogenesis of
type 1 diabetes.

Viruses have also been implicated in the pathogenesis of T1D.
Coxsackie viruses and Rotaviruses have been implicated in the

development of TID due to 1) their association with the
development of autoantibodies (82, 83), which are predictive
biomarkers for immune progression and T1D development (84);
2) viral proteins e.g. enteroviral capsid protein vpl can be
identified in the islets (85-89); 3) susceptibility to T1D in
animal models can be modulated by viral infections (90-98);
and 4) an oral Rotavirus vaccine has shown potential to protect
individuals at risk of developing T1D from future development of
the disease (99). We recently demonstrated that a mouse
norovirus infection in NOD mice modulated susceptibility to
T1D, mediated through changes in the gut microbiota (100),
highlighting the necessity for increased understanding of
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FIGURE 3 | Microbial influences on inflammasome priming and activation in type 1 diabetes. Microbial interventions e.g. fecal microbiota transplants, antibiotic, probiotic
and prebiotic usage can all influence the microbial composition, subsequently altering the availability of microbial ligands involved in both the priming, and canonical and
non-canonical activation of inflammasomes (as shown by *). Studies of single PRR or inflammasome (nlrp3) gene-deficient mice have shown that these proteins would be
needed to promote the development of T1D (shown in red); however, Tir4-deficient and c-Rel-deficient NOD mice (c-Rel is a subunit of the NFkB protein) promote
tolerance and limit the development of T1D (shown in blue). In addition, some gene-deficient mice showed no significant effect on mediating susceptibility to T1D (shown in
purple). A number of planned studies are currently underway using a number of gene-deficient mice to assess their ability to alter susceptibility to T1D development, as shown
by the black dotted boxes. Paradoxically, the gene-deficient mice are also likely to have altered microbial composition, contributing to the protection against/susceptibility to
disease. Studies of these gene-deficient mice will need to evaluate the contribution of the gene independently from any alterations to the microbial composition.

broader microbial community interactions. Changes in the viral
DNA and RNA abundance, alongside any virus-induced bacterial
changes, would also potentially alter inflammasome activation.
Both fungal glucans and parasite/helminth antigens can also
stimulate inflammasomes and these may modulate susceptibility
to T1D in animal models (101-104); however, few studies have
been conducted in humans. Individuals with T1D have greater
fungal species diversity compared with healthy controls (105).
Others demonstrated that individuals with islet autoimmunity,
who later progressed to T1D, had a higher abundance of
Sacchromyces and Candida, compared to those who did not
progress to T1D over the 8-9 years of follow up (106). There has
been much debate about whether parasitic infection modulates
autoimmunity in T1D. One study in Norwegian children showed
fewer Enterobius vermicularis (a pinworm) infections in children
at high genetic risk for TID (107), while another study in
Sweden, suggested no association with worms and the
development of T1D in children (108). It is possible that
parasites may contribute to the reduction in autoimmunity, as
parasite-endemic areas have lower incidences of T1D in their
populations, compared to non-parasite endemic areas (109).
Whilst this may be because parasitic infections promote Th2
immune responses, other factors are likely to be involved
including the lower genetic susceptibility to T1D of the
populations living in parasite endemic areas. Thus far,
although work in animal models has suggested that helminths,
and other parasites like schistosomes or their antigenic products
(101, 102, 110) could have a beneficial effect on autoimmunity,

these have not yet been translated into therapeutics for humans
with type 1 diabetes.

Most of the studies mentioned above focus on the microbiota
composition and association with the development of either islet
autoimmunity or T1D; however, understanding the mechanisms
by which the immune system is activated by the microbiota is
important. Furthermore, all of these changes in microbial
composition may have profound impacts on inflammasome
activation (Figure 3).

INFLAMMASOME PRIMING IS LINKED TO
TYPE 1 DIABETES SUSCEPTIBILITY

Microbial recognition by PRRs expressed by immune cells are key to
regulating crosstalk between immune cells and the microbiota.
PRRs such as Toll-like receptors (TLRs), of which there are 10 in
humans (TLR1-10) and 12 in mice (TLR1-9, 11-13), selectively bind
to their unique microbial ligands, leading to the downstream
activation of proinflammatory cytokines (111). These TLRs can
be found on different immune and non-immune cells, including the
islet B-cells in both humans and mice (112). Studies using TLR-
deficient NOD mice have identified that signaling through TLR2, 3,
7 and 9 (97, 113-116) are important for promoting disease, while
TLR4 signaling prevents disease development (117). These TLRs
signal through one of two key adaptor proteins: Myeloid
differentiation primary response 88 (MyD88, which all TLRs
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utilize except TLR3) or TIR domain-containing adaptor inducing
IFN-B (TRIF, which only TLRs 3 and 4 utilize). Deficiencies in
either (118, 119), or both (120), of these two key genes results in
significant protection of the NOD mice from the development of
diabetes, indicating a reliance on downstream-mediated signaling
to induce the proinflammatory immune response. Interestingly,
only MyD88-deficient mice, but not MyD88 and TRIF double-
deficient mice, were protected from immune infiltration in the
islets, suggesting that TRIF-mediated signaling, most likely due to
TLR4 signaling, was responsible for inducing tolerance (120). TLR4
signaling in human monocyte-derived DCs, stimulated by E.coli
lipopolysaccharide [LPS; a TLR4 ligand (121)], induced immune
tolerance, unlike the effect seen from stimulation with LPS derived
from B.dorei (122). As Finnish children have a higher abundance of
B.dorei,and a higher incidence of Type 1 diabetes, compared to their
genetically-similar Russian neighbors, it is likely that LPS-induced
tolerance is important for modulating susceptibility to T1D in
humans (122). TLR activation is also important for priming the
inflammasome proteins and thus, changes to the TLR stimulation
highlighted above are likely to modulate inflammasome activation
as well. It is unclear, at present, whether any of these studies of TLR-
deficient mice, or studies of TLR stimulation of cells from
individuals with Type 1 diabetes, will differentially influence the
activation of the inflammasome and how the functional
consequences of this could influence susceptibility to T1D.

In addition to the TLRs, there are also other microbial sensors
that can prime the inflammasome complexes, including the
cytosolic Nucleotide-binding oligomerization domain (NOD)
proteins, NOD1 and NOD2. NOD1 and NOD?2 both recognize
bacterial peptidoglycan moieties (123, 124) and upon binding,
oligomerize and signal through the Receptor-interacting-serine/
threonine-protein kinase 2 (RIP2) resulting in the activation of
NFxB and production of inflammatory cytokines (125). Using a
streptozotocin (STZ)-induced type 1 diabetes model, NOD2
deficiency, but not NOD1 or RIP2 deficiency, protected the
mice from disease development (126). These findings were also
supported by other studies in NOD mice, demonstrating that
NOD2-deficient NOD mice were protected from type 1 diabetes
development, and this was dependent on the gut microbiota
composition (127), whereas RIP2-deficient NOD mice were not
protected (120). Interestingly, both NOD1 and NOD2 appear to
have RIP2 independent functions; NOD2 binds CARD9 to
mediate downstream signaling independent of RIP2 (128),
while NOD1 regulates MAPK signaling independent of RIP2
(129). It is still unclear what the role, if any, NOD1 has in the
immunopathogenesis of autoimmune Type 1 diabetes.
Importantly, following muramyl dipeptide (ligand) binding,
NOD2, complexed with NLRPI, promotes inflammasome
activation (33), independent of NOD1 activation (25).
Furthermore, in NOD2-deficient mice, induction of intestinal
inflammation by dextran sodium sulfate (DSS) resulted in
elevated NLRP3 inflammasome formation, suggesting that NOD2
may interact with and/or modulate NLRP3 inflammasome
formation (130). Thus, understanding NOD2 activation and its
role in modulating inflammasome formation in relation to T1D
pathogenesis will need further mechanistic investigation.

It should be noted that in most studies using PRR-deficient
NOD mice, the microbiome can be altered by the gene
deficiency, which promotes a tolerizing influence and
suppression of type 1 diabetes development, as in the case with
NOD2-deficient NOD mice (127). Thus, in evaluating studies
using these models, it is vital to control for environmental
variables such as cage effects (i.e. comparisons between mice in
different cages) and legacy effects (i.e. comparisons between mice
bred from different breeders), both of which can substantially
alter the bacterial composition (131, 132). Failure to consider
these variables can promote non-reproducible data and thus
future studies need to 1. be transparent in the reporting of these
elements in their animal experiments, and 2. Control for
these variables.

INFLAMMASOME PROTEIN
DEFICIENCIES ALTER SUSCEPTIBILITY
TO TYPE 1 DIABETES

To date, only two inflammasome-associated proteins (NLRP3 and
AIM2) have been studied for their role in modulating susceptibility
to T1D using gene-deficient mice (34, 54, 55). NLRP3-deficient
NOD mice were protected from the development of T1D compared
to wild-type littermates, as were wild-type NOD mice treated with
an NLRP3 inhibitor (parthenolide; 10mg/kg body weight, twice a
week for 4 weeks from 10-12 weeks of age) (54). NLRP3-deficient
C57BL/6 mice were also protected from diabetes development
following STZ treatment, whereas ASC-deficient C57BL/6 mice
were not (34). NLRP3 deficiency in NOD mice was found to reduce
T cell activation and Th1 differentiation, as well as reducing T cell
expression of both the chemokines CCR5 and CXCR3, and ccl5 and
cxcl10 gene expression from the islet 3-cells, resulting in poor T cell
chemotaxis into the islets and protection from T1D development
(54). Furthermore, diabetic NOD mice exhibited increased Nlrp3
and pro-il-1P gene expression in the pancreatic lymph nodes,
compared to pre-diabetic NOD mice, suggesting an increasing
role for inflammasome activation (shown to be mediated by
circulating mitochondrial DNA) with disease progression (34). In
contrast to NLRP3-deficient C57BL/6 mice, AIM2-deficient
C57BL/6 mice had accelerated STZ-induced diabetes
development, compared to wild-type control mice (55), implying
that ASC regulates inflammasome activation. This acceleration in
STZ-induced diabetes development in AIM2-deficient mice
occurred through enhanced gut permeability and increased
bacterial translocation to the pancreatic lymph nodes. These
findings were similar to those from the STZ-induced NOD2-
deficient mouse study (126), with the inference that NOD2
activation of inflammasomes may be ASC-dependent. In humans,
Aim2 gene expression was increased in the pancreas but not in
peripheral blood mononuclear cells (PBMCs) in individuals with
T1D compared to healthy controls (55); however, the data from the
pancreas was only available in a small group (n=4-8) and thus needs
to be confirmed in larger cohorts, ideally separating infiltrating
immune cells from the islet B-cells. Another study in humans found
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that NLRPI and NLRP3 gene expression was reduced in PBMCs
and granulocytes in individuals with newly diagnosed T1D (less
than 6 months), compared to healthy controls (133). While these
studies indicate an important involvement of two of the
inflammasome proteins in the development of T1D, further
studies are needed to evaluate the other inflammasome-related
proteins and how different types of stimulation may influence their
function. More studies both in animal models, particularly those
developing spontaneous autoimmune diabetes, and in humans, are
needed to better understand inflammasome involvement and
modulation during diabetes development. Finally, identifying the
role of inflammasomes in individual cell types will be pivotal for
understanding the key players in inflammasome activation and
regulation. Thus, cell-specific gene knock out mice may be valuable
tools for such studies.

THERAPEUTIC INTERVENTION - A ROLE
FOR TARGETING INFLAMMASOMES?

Inflammasome activation induces IL-1f and IL-18 cytokine release
following Caspase activation. Both IL-1f and IL-18 cytokines
increase with progression to diabetes and destruction of the islet
B-cells (134-136). To further investigate whether blocking these
pathways could be therapeutically useful, studies targeting the IL-1
pathway were conducted in individuals with recent-onset T1D.
Two Phase 2a randomized, multicenter, double-blind, placebo-
controlled trials were carried out in which Canakinumab (a human
monoclonal anti-IL-1 antibody), or Anakinra (a human IL-1
receptor antagonist), were administered (137). Contrary to
expectations, these single immunotherapy interventions failed to
prevent the ongoing autoimmunity. This result was concordant
with data from NOD mouse models that included IL-1 receptor-
(138), Caspase-1- (139, 140), IL-1B- (140) and IL-18- (141)-
deficient NOD mice, where no significant changes to diabetes
protection were observed with any of these mutations. However,
a study combining anti-CD3 treatment with either Anakinra or an
anti-IL-1 antibody resulted in reversal of diabetes in recent-onset
T1D NOD mice (142), suggesting that combined therapy may also
improve clinical efficacy in humans. Given the success of
Teplizumab (anti-CD3) in delaying the development of T1D in
relatives at risk (143, 144), a combined study evaluating the role of
Teplizumab with IL-1 blockade may further enhance clinical
efficacy. It is intriguing that NLRP3-deficient NOD mice were
protected from T1D, while IL-1 receptor-, Caspase-1/11-, IL-1B-
and IL-18-deficient NOD mice were not. There could be multiple
reasons for this including: 1. Altered microbiota caused by the gene
deficiency, influencing priming/activation of inflammasomes, 2.
Promotion of other inflammasome signaling when Nlpr3 is
deficient, 3. Effects on other caspases, for example Caspase 8 can
also regulate inflammasome activation (145, 146), 4. Effects on other
proteases which can process IL-1 (147, 148), and 5. Other unknown
protein interactions may be involved. It is clear that further study of
multiple pathways of influence is needed to fully comprehend and
understand these differences.

Modulation of inflammasomes has had some therapeutic
success in autoimmune diseases. A small-molecule inhibitor
(MCC950), specifically targeting NLRP3 inflammasome
activation (ASC oligomerization) but not AIM2, NLRC4 or
NLRP1 inflammasomes, was able to attenuate mouse models
of multiple sclerosis (149) and Parkinson’s disease (150).
Additional NLRP3 selective inhibitors have been developed,
which inhibit ATPase activity (151, 152), or oligomerization of
NLRP3 (153), and these inhibitors prevented or ameliorated the
development of joint inflammation in arthritis (154), metabolic
perturbation in high fat diet-fed mice (151, 153), and
autoinflammatory syndromes (151-153). There are also less
selective natural inflammasome inhibitors including Genepin, a
component of Gardenis fruits (155), which can inhibit NLRP3
and NLRC4 inflammasome activation via inhibiting autophagy,
the eicosanoid 15-deoxy-A(12,14)-PGJ2 (15d-PGJ2) and related
cyclopentenone prostaglandins (156), which inhibit the NLRP1
and NLRP3 inflammasomes and thence conversion of
procaspase 1 to caspase 1. Parthenolide inhibits NLRPI,
NLRP3 and NLRC4 inflammasomes (but not AIM2) (157-
160), by alkylating the cysteine residues in Caspase 1 and in
the ATPase domain of NLRP3 and inhibiting IxB kinase
function required for NF-kB activation. As previously
mentioned, Parthenolide prevented the development of T1D in
10-12-week old prediabetic NOD mice after 4 weeks of treatment
(54). Thus, further investigation of inflammasome inhibitors as a
potential therapeutic intervention in T1D is needed. More
inflammasome regulators and inhibitors have been studied in
different diseases, and which have been reviewed elsewhere (161—
163). Future studies should focus on the more selective
inflammasome inhibitors, as these will likely have minimal
effects on other inflammasome pathways, thereby minimizing
detrimental impacts on host defense. Initiating these studies will
be vital to fully determine their potential clinical benefits and
long-term safety.

Microbes contain multiple ligands that can promote
inflammasome activation, thus, therapies targeting the
microbiome may also modulate inflammasome responses.
Therapies employing microbes or their metabolites have shown
some promise in modulating T1D development in animal models
(164-168). While supplementation with bacterial-derived
short chain fatty acids (SCFAs) protected NOD mice from
the development of T1D (164, 168), a human intervention
study in which butyrate was administered to longstanding T1D
participants was found to have minimal immunological or
metabolic effects compared to placebo-treated individuals (169).
The human studies were not comparable with the NOD mouse
studies however, and further investigation of SCFA administration
including dose, duration and timing of treatment should be
conducted in those at risk of developing T1D, if the human and
mouse investigations are to be compared. In children, early
probiotic administration (at the age of 0-27 days) was associated
with reduced islet autoimmunity (autoantibodies), compared with
children receiving probiotics later than 27 days of age, or those
who had never received them (170). A recent study showed that 3
cell function could be preserved in newly diagnosed T1D patients,
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who were recipients of an autologous fecal microbiota transplant,
when compared to recipients of an allogeneic (healthy donors)
fecal microbiota transplant (171). Together, these studies highlight
the potential of harnessing the microbiota as a therapy to
modulate ongoing immunity in T1D; however, these studies
have not yet evaluated the involvement of the microbial-sensing
pathways such as inflammasomes for their ability to modulate the
development of diabetes or improved B-cell survival and function.

SUMMARY

Inflammasomes are important activators of the innate immune
response, leading to subsequent adaptive immune responses,
particularly in response to microbial ligands. There has been a
clear knowledge gap in understanding these inflammasomes in
the context of Type 1 diabetes, but more studies are emerging
highlighting the importance of the following areas - 1) single
nucleotide polymorphisms in inflammasome genes; 2) priming
of the inflammasome and 3) the function of the inflammasome
proteins in modulating susceptibility to Type 1 diabetes.
Together these studies indicate a need to better understand the
role of inflammasomes in responding to the microbiota in Type 1
diabetes. At present, to achieve this would require investigators
to 1) enlarge the sample sizes for the SNP association studies and
investigate the mechanisms behind their association with disease;
2) decipher TLR signaling and inflammasome crosstalk in
disease development; 3) investigate how inflammasomes
specifically modulate microbial composition and 4) further
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Type 1 diabetes (T1D) is an autoimmune disorder with unambiguous involvement of both
innate and adaptive immune mechanisms in the destruction of pancreatic beta cells.
Recent evidence demonstrated that neutrophils infiltrate the pancreas prior to disease
onset and therein extrude neutrophil extracellular traps (NETs), web-like structures of DNA
and nuclear proteins with a strong pro-inflammatory biologic activity. Our previous work
showed that T1D NETs activate dendritic cells, which consequently induce IFNy-
producing Th1 lymphocytes. The aim of this study was to assess direct ex vivo
biomarkers of NETosis in the serum of recent onset and long-term pediatric T1D
patients, their first-degree relatives and healthy controls. To this end we evaluated
serum levels of myeloperoxidase (MPO), neutrophil elastase (NE), proteinase 3 (PR3),
protein arginine deiminase 4 (PAD4), LL37 and cell-free DNA-histone complexes in sex-
and age-matched cohorts of T1D first-degree relatives, recent-onset T1D patients, and in
patients 12 months after clinical manifestation of the disease. Our data shows that disease
onset is accompanied by peripheral neutrophilia and significant elevation of MPO, NE,
PR3, PAD4 and cell-free DNA-histone complexes. Most biomarkers subsequently
decrease but do not always normalize in long-term patients. First-degree relatives
displayed an intermediate phenotype, except for remarkably high levels of LL37.
Together, this report provides evidence for the presence of ongoing NETosis in
pediatric patients with T1D at time of clinical manifestation of the disease, which partly
subsides in subsequent years.

Keywords: type 1 diabetes, neutrophils, NETosis, PAD4, pediatric, neutrophil extracellular trap, NET, ELISA
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INTRODUCTION

Type 1 diabetes (T1D) is an autoimmune disease resulting
from the destruction of insulin-producing beta cells in the
pancreas, which involves both innate and adaptive immunity.
Neutrophils in particular enjoy the interest of the scientific
community, with both reduced (1-3) and elevated (4, 5)
neutrophil counts being reported in T1D patients. While it has
been shown that neutrophils can infiltrate the pancreas and
initiate the autoimmune response driving its destruction in mice
(6), their precise role in the pathogenesis of T1D is still
under debate.

Neutrophils are able to extrude web-like structures called
neutrophil extracellular traps (NET) in a process of specific cell
death called NETosis (7). Even though NETosis is an essential
part of host defense against infection, it can also be involved in
the pathogenesis of autoimmune diseases. We and others have
shown the involvement of NETs in the pathogenesis of
autoimmune diabetes (6, 8-10), where neutrophils and NET-
related products act as drivers of inflammation (11), Thl
polarization and type II interferon production (10).
Conversely, the inhibition of NET formation is able to
attenuate the development of T1D (6).

In previous studies, increased circulating levels of neutrophil
elastase (NE) and proteinase 3 (PR3), both serine proteinases
produced by neutrophils and stored in their primary azurophilic
granules, as well as increased levels of myeloperoxidase (MPO)-
DNA complexes, were reported in patients with T1D (12),
suggesting enhanced NET formation. However, another
study refuted this observation and documented significantly
decreased levels of NE and PR3 (9) in patients within 3 years
of diagnosis, a finding possibly related to the previously shown
gradual decrease of neutrophil counts after clinical onset of the
disease (13).

In this study we aim to expand the spectrum of investigated
NETosis related products to NE, PR3, MPO, peptidyl arginine
deiminase 4 (PAD4) - an enzyme which facilitates chromatin
decondensation vital for NET formation, LL37 - an
antimicrobial cathelicidin, and DNA-histone complexes and
assess their levels in the serum of a cohort of patients at the
onset of T1D, with well-established disease and in their first-
degree relatives, both autoantibody positive and negative.

METHODS

Cohort Description

Peripheral blood neutrophil counts were measured as part of
complete blood count with differential, using routine in-house
methods in 333 patients with long-term T1D at an average of
5.73 + 3.82 years since clinical manifestation of T1D, 172 patients
with newly diagnosed T1D sampled within 7 days of
manifestation, 51 antibody positive [at least one of the
following: anti-glutamic acid decarboxylase 65 (anti-GAD65),
anti-tyrosine phosphatase-like insulinoma antigen 2 (anti-IA2),
anti-indole-3-acetic acid (anti-IAA), anti-zinc transporter
protein 8 (anti-ZNT8)] first-degree relatives of T1D patients,
122 antibody negative first-degree relatives of T1D patients and
17 healthy children.

Serum neutrophil products were measured in a subset of 31
patients with newly diagnosed T1D [8 who presented with
diabetic ketoacidosis (DKA, pH < 7.3)], 32 patients at one year
since clinical manifestation of T1D. Additionally, we investigated
32 antibody negative and 32 antibody positive healthy first-
degree relatives. The control group with no personal history of
autoimmune disease comprised 32 age and sex-matched
healthy children.

Detailed cohort description data can be inspected in Tables 1
and 2.

Legal guardians of all study participants signed a written
informed consent prior to entering the study. The study was
approved by the institutional Ethics Committees of the
University Hospital Motol and 2nd Faculty of Medicine,
Charles University in Prague, Czech Republic and was
conducted in accordance with the Declaration of Helsinki.

Neutrophil Counts and Autoantibody
Determination

Anti-GADG65, -1A2, -IAA autoantibodies were measured using
radioimmunoassay (RIA) based on 125I-labelled antigens
(Medipan GmbH, Berlin, Germany). All three assays were
evaluated using the Islet Autoantibody Standardization Program
2015. The following assay cut-offs were determined with receiver
operating characteristic (ROC) plots using all the samples: 0.4 U/ml
for anti-IAA, 1.0 U/ml for anti-GAD65 and 0.9 U/mL for anti-IA2.
Anti-ZnT8 were examined by ELISA (RSR Limited, Wales, UK) as

TABLE 1 | Cohort description — neutrophil counts.

Number Age (years, mean + SD) Sex (n) Time since diagnosis of T1D (years, mean + SD) HbA1c (mmol/mol, mean + SD)
(n) (range) (range) (range)
Healthy 17 14.29 + 1.87 5 male, 12 female NA NA
(11.81-17.37)
Ab- relatives 122 9.11 +£4.48 61 male, 61 NA 34.77 £ 2.76
(0.3-20.7) female (27-39)
Ab+ relatives 51 9.07 +4.37 29 male, 22 NA 32.83 + 3.57
(2.7-25.6) female (25-40)
Recent 172 9.19 £+ 4.44 85 male, 87 NA 97.68 + 29.83
onset (1.1-18.27) female (83-172)
Long-term 333 12.61 £ 4.21 168 male, 165 5.73 £ 3.82 64.48 + 15.42
T1D (2.28-24.58) female (0.71-17.5) (35-143)
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TABLE 2 | Cohort description — serum neutrophil products.

Number (n) Age (years, mean x SD)
Healthy 32 9.6+42
(3.8-17.9)
Ab- relatives 32 9.5 +41
(2.0-17.4)
Ab+ relatives 32 99+42
(3.2-17.6)
Recent onset 31 9.6+42
(8.3-17.5)
Long-term T1D 32 101 +4.3
(8.2-17.5)

Sex (n) HbA1c (mmol/mol, mean = SD) (range)
16 male, 16 female NA
16 male, 16 female 33 + 4.1
(28-43)
16 male, 16 female 33+4.38
(27-40)
15 male, 16 female 106.5 + 25.5
(59-156)
16 male, 16 female 50 +22.8
(82-125)

described previously (14). Complete blood count with differential
was analysed on the Sysmex XN-3000 platform (Sysmex Europe,
Norderstedt, Germany).

NET Components

Commercially available ELISA kits were used to quantify
myeloperoxidase, neutrophil elastase, proteinase 3 (Abcam,
Cambridge, USA), LL37 (Hycult Biotech, Wayne, USA), DNA-
histone complexes (Sigma-Aldrich, St. Luis, USA) and PAD4
(LSBio, Seattle, USA) according to manufacturer’s instructions.

Statistics

Statistical analyses were performed using Brown-Forsythe and
Welch one-way analysis of variance (ANOVA), unpaired t-tests
with Welch’s correction and linear regression using GraphPad
PRISM 8.0 (San Diego, CA, USA). Values of p=0.01-0.05 (*),
p=0.001-0.01 (**), p<0.001 (***) and p<0.0001 (****) were
considered statistically significant.

RESULTS

T1D Onset Is Accompanied by

Transient Neutrophilia

In this study we observed substantial changes in absolute circulating
neutrophil counts between healthy controls, first-degree relatives of
T1D patients both negative and positive for T1D-specific
autoantibodies, patients at clinical onset of the disease and
patients with long-term disease (Figure 1A, Brown-Forsythe and
Welch ANOVA p < 0.0001, summary data for other leukocyte
populations shown in Supplementary Table 1).

In particular, we saw a modest but statistically insignificant
decrease of neutrophils in relatives regardless of seropositivity
and in patients with long-term disease, compared to healthy
controls (Figure 1A), which was independent from age
(Figure 1B). In contrast, patients at the onset of clinical
disease had elevated absolute neutrophil counts compared to
first-degree relatives (p < 0.0001 for antibody negative and p =
0.001 for antibody positive, unpaired t-test with Welch’s
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FIGURE 1 | Peripheral blood neutrophils. Absolute neutrophil counts in the peripheral blood of healthy controls, antibody negative and antibody positive first-degree
relatives of T1D patients, T1D patients at the clinical onset of the disease and T1D patients with long-term, well-established disease (A). Temporal development of
absolute neutrophil counts in the peripheral blood of healthy controls, antibody negative and antibody positive first-degree relatives of T1D patients, T1D patients at
the clinical onset of the disease and T1D patients with long-term, well-established disease (B). Healthy in-house reference range visualized with dashed line.
Unpaired t-test with Welch’s correction p-values shown, p=0.01-0.05 (*), p=0.001-0.01 (**), p<0.001 (***), p<0.0001 (****).
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correction), long-term T1D patients (p < 0.0001) and healthy
controls (p = 0.014).

Increased Circulating Levels of NET-
Associated Biomarkers Are a Hallmark of
Recent Onset T1D Patients

Since the process of NETosis has previously been implicated in
the pathogenesis of T1D and our patients displayed a discrete
transient neutrophilia upon reaching clinical onset of T1D, we
hypothesized that NET-associated biomarkers should be elevated
in the serum of T1D patients, especially at the time of clinical
manifestation of the disease.

Indeed, we were able to detect high levels of myeloperoxidase
(MPO) (Figure 2A, Brown-Forsythe and Welch ANOVA p =
0.0024), neutrophils elastase (NE) (Figure 2B, p = 0.0005) and
proteinase 3 (PR3) (Figure 2C, p < 0.0001), enzymes widely
present in NET structures and released during the degranulation
process, in the sera of T1D patients and their relatives, compared
to healthy controls.

Antibody positive relatives (Ab+) also exhibited significantly
elevated levels of LL37 (cathelicidin), an antimicrobial peptide
commonly present in NET structures (Figure 2D, p = 0.0058).
There was no relationship between a number of autoantibodies
and NET-related products (Supplementary Figure 1).

Patients at the clinical onset of T1D displayed increased levels
of cell-free DNA-histone complexes (Figure 2E, p = 0.0031) and
peptidyl arginine deiminase 4 (PAD4), an enzyme which
facilitates protein citrullination and has been intricately linked
to NET formation (Figure 2F, p < 0.0001).

We did not observe significant difference in serum levels of
any of the analytes and absolute circulating neutrophil counts in
recent onset patients who presented with and without diabetic
ketoacidosis (DKA), defined as pH < 7.3 (Supplementary
Figure 2). MPO and DNA-histones levels significantly
correlated with blood pH and MPO was slightly higher in
patients with DKA but showed high variance (unpaired t-test
with Welch’s correction p = 0.046).

None of the NET-associated biomarkers was significantly
associated with age (Supplementary Figure 3) or sex
(Supplementary Figure 4). There was also no significant
correlation between their serum levels and absolute counts of
circulating neutrophils (Supplementary Figure 5).

Residual beta-cell activity was not directly quantified through
the measurement of fasting or stimulated C-peptide, however
there was no correlation between the metabolic control of
T1D measured as glycated hemoglobin fraction HbAlc
(Supplementary Figure 6) and NET-associated biomarkers in
either recent onset or long-term patients.

Healthy Ab-

relatives relatives

p=0.001-0.01 (*), p<0.001 (***), p<0.0001 (***). O.D. = optical density.
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FIGURE 2 | Serum products of NETosis. Products of NETosis (A) myeloperoxidase, (B) neutrophil elastase, (C) proteinase 3, (D) LL37, (E) DNA-histone complexes
and (F) peptidyl arginine deiminase 4) in the serum of healthy controls, antibody negative and antibody positive first-degree relatives of T1D patients, T1D patients at
the clinical onset of the disease and T1D patients with long-term, well-established disease. Unpaired t-test with Welch’s correction p-values shown, p=0.01-0.05 (),
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DISCUSSION

In this brief report we demonstrate the elevation of neutrophils
and indirect serum biomarkers of neutrophil NETosis - the
enzymes myeloperoxidase (MPO), proteinase 3 (PR3),
neutrophil elastase (NE) and protein arginine deiminase 4
(PAD4), the active form of the antimicrobial peptide
cathelicidin, LL37, and cell-free DNA-histone complexes - in
the blood of pediatric patients with recent onset type 1 diabetes.

Our study builds on and expands the previous works by Wang
et al,, who have shown similar results, but whose analysis was
limited to PR3 and NE (12). We show for the first-time elevated
serum levels of cell-free DNA and MPO. At the same time, the
elevated concentration of PAD4 provides mechanistic insight into
the process of NETosis in diabetic patients, as PADA4 citrullinates
arginine residues on histones, reducing their positive charge
and allowing chromatin decondensation vital for NET
formation (15). LL37, which apart from its antimicrobial
activity can suppress neutrophil apoptosis (16), was highest in
antibody positive relatives, but quite normal in recent onset
patients, suggesting concurrent activity of several pathways
involving neutrophils.

The data concerning neutrophils and NETosis-biomarkers in
T1D are not homogeneous. A study by Qin et al. (9) reported
reduced NE and PR3 in T1D patients, which was associated with
decreased neutrophils. While we too observed some correlation
between MPO, NE, LL37 and neutrophil counts in T1D patients,
this was not apparent in first-degree relatives and was driven by a
single data point in each cohort. A possible explanation for these
diverging results are the different inclusion criteria, as Qin’s
“recent-onset” cohort included patients up to 3 years after
disease manifestation and featured mainly adults, whereas our
recent onset cohort was sampled within 7 days of the clinical
manifestation of the disease and comprised chiefly children under
10 years of age. A closer comparison may be drawn to the study
by Valle et al., which reported decreased neutrophil counts in
newly diagnosed pediatric T1D patients (1). The potential effect
of recent metabolic stress on circulating neutrophils and NETosis
cannot be discounted and presents a unique and currently
unresolved challenge in determining which of these two is the
initial driving factor, which will require further study. The slight
neutropenia we reported in first-degree relatives is in agreement
with previous observations by Vecchio et al. (2), suggesting that
despite the absence of overt endocrinopathy, abnormalities in
neutrophil biology are already present in at risk subjects. Further
work on neutrophil phenotype in recent onset patients and at-risk
relatives is warranted and could elucidate their activation status,
maturity and more.

While we have already previously shown that TID NETs
activate dendritic cells and drive T cell polarization towards the
IEN-y Thl response in a series of in vitro studies performed on
material from patients with well-established disease (10), here for
the first time we show NETosis biomarkers directly ex vivo and
expand the studied cohorts to include recent onset patients and
their relatives. As the current literature lacks any data analyzing
the enzymatic activity of MPO, PAD4 and other enzymes, or the

serum concentration of NET-derived citrullinated proteins in
T1D patients, this report provides first indirect evidence of their
role in T1D pathogenesis.

The double-edged role of NETosis in driving not only
antimicrobial host defense, but also pathological inflammation,
remains highly topical and has recently been shown in COVID-
19, where elevated neutrophil counts predicted worse clinical
outcome and serum MPO and cell-free DNA were elevated in
patients requiring mechanical ventilation (17). The mass egress
of proteolytic enzymes from neutrophils into circulation can
trigger a proteolytic storm, drive activation of pro-enzymes
and result in proinflammatory cytokine release and host
damage (18).

We thus hypothesize that a yet unidentified trigger, perhaps a
subclinical viral infection (19), contributes to the ongoing
neutrophil activation and low-grade NETosis that we show
already in antibody-positive relatives. The biological activity of
NETs may then result in further accentuation of the
inflammation, egress of neutrophils from the bone marrow -
reflected in the transient neutrophilia we show - and neutrophil
infiltration into the pancreas as documented by Diana
et al. Ultimately, this vicious cycle leads to the destruction of
insulin-producing beta-cells and clinical manifestation of
diabetes mellitus.
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Single-cell molecular tools have been developed at an incredible pace over the last five
years as sequencing costs continue to drop and numerous molecular assays have been
coupled to sequencing readouts. This rapid period of technological development has
facilitated the delineation of individual molecular characteristics including the genome,
transcriptome, epigenome, and proteome of individual cells, leading to an unprecedented
resolution of the molecular networks governing complex biological systems. The immense
power of single-cell molecular screens has been particularly highlighted through work in
systems where cellular heterogeneity is a key feature, such as stem cell biology,
immunology, and tumor cell biology. Single-cell-omics technologies have already
contributed to the identification of novel disease biomarkers, cellular subsets,
therapeutic targets and diagnostics, many of which would have been undetectable by
bulk sequencing approaches. More recently, efforts to integrate single-cell multi-omics
with single cell functional output and/or physical location have been challenging but have
led to substantial advances. Perhaps most excitingly, there are emerging opportunities to
reach beyond the description of static cellular states with recent advances in modulation
of cells through CRISPR technology, in particular with the development of base editors
which greatly raises the prospect of cell and gene therapies. In this review, we provide a
brief overview of emerging single-cell technologies and discuss current developments in
integrating single-cell molecular screens and performing single-cell multi-omics for clinical
applications. We also discuss how single-cell molecular assays can be usefully combined
with functional data to unpick the mechanism of cellular decision-making. Finally, we
reflect upon the introduction of spatial transcriptomics and proteomics, its complementary
role with single-cell RNA sequencing (scRNA-seq) and potential application in cellular and
gene therapy.

Keywords: cell therapy, gene therapy, single-cell sequencing, scRNA-seq, multimodal omics, multiomics, CAR T
cell therapy, disease heterogeneity
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INTRODUCTION

The crucial role that single-cell approaches play in
understanding cell function has been recognised for decades.
Early advances in immunology, and particularly hematopoiesis,
have demonstrated the power of such approaches for ascribing
functional properties to a single cell. Pioneering work by Till and
McCulloch uncovered functional heterogeneity of hematopoietic
stem cells (HSCs) by performing single cell-derived assays
termed colony-forming unit spleen, or CFU-S, assays (1, 2).
Similarly, early studies of single multipotent progenitors
provided insights into the progenitor cell commitment and the
development of mature immune cells, such as T and B
lymphocytes (3, 4). Perhaps most transformative was the
introduction of fluorescence activated cell sorting (FACS)
which enabled the near-ubiquitous adaption of single-cell
functional assays in immunology, hematopoiesis, and beyond
(5-7).

Efforts to characterize the cellular function of single cells have
fuelled an increased desire to understand detailed molecular
mechanisms, but the technologies to do so in single cells have
lagged substantially. The development of the polymerase chain
reaction (PCR) for amplifying DNA ultimately paved the way for
the first glimpse into the transcriptome of single cells (8, 9). The
initial protocol for the amplification of cDNA using PCR from
single macrophages was introduced by Brady et al. (10), where
robust exponential amplification was achieved without
disturbing the relative abundance of mRNA sequences,
enabling the inspection of rare transcripts in a complex single
cell-derived ¢cDNA library. In parallel, Eberwine and colleagues
developed a linear RNA amplification approach, based on the
amplification of antisense RNA using a T7 RNA polymerase (11,
12). By inspecting mRNAs from single pyramidal neurons
isolated from rat brains, they provided the first evidence for
global molecular heterogeneity between morphologically similar
cells (11).

While targeted single-cell PCR-based molecular screens
revolutionized molecular biology, the low throughput and
hypothesis-driven nature prevented unbiased exploratory
screening. In 1991, Fodor and colleagues developed a novel
photolithography-based approach for efficient synthesis of
complex oligonucleotides on the microscale (13). This
pioneering work would lead to the development of microarray
technology where several years later, Schena et al. first applied
this method for monitoring gene expression, examining the
expression of 45 Arabidopsis genes from total mRNA (14). The
following decade saw a rapid expansion of the technology,
resulting in genome-wide genomic, transcriptomic and
epigenetic screening using microarrays [reviewed elsewhere:
(15-18)]. This ultimately enabled microarray analysis at single
cell level (19), leading to insights into the molecular pathways
governing cell fate (20, 21).

Microarrays, a hybridisation-based approach, assayed the
known transcriptome and was therefore unsuitable for
unbiased detection of novel transcripts. In 1977, Sanger and
colleagues published the first genome to be sequenced (22) and

soon after early generation sequencing methods began to rapidly
develop (23). However, these approaches were extremely costly
and time consuming (23). This opened up space for next
generation sequencing (NGS) to lead to a revolution in
molecular profiling, enabling low-cost, high-throughput and
highly parallelised sequencing of nucleic acids. To date, a wide
variety of NGS platforms have been developed [reviewed in (24,
25)] and in all cases, sheared DNA is bound to adapter sequences
which are immobilised within flow cells, facilitating the synthesis
of complementary DNA fragments for subsequent amplification
(26). By using fluorophore-labelled nucleotides and
simultaneous fluorescence readouts across the entire flow cell,
the respective sequences can be determined and ultimately
mapped against the reference genome (24, 27, 28). NGS for
routine DNA and RNA sequencing provides multiple advantages
over microarray technology, including reduced background
noise, an increased dynamic range and the detection of novel
transcripts (25, 29, 30).

For these reasons, NGS was rapidly adapted to a variety of
model systems, including the inspection of rare cell types at
single cell resolution (31-36). Tang et al. pioneered the first
protocol for single-cell RNA sequencing (scRNA-seq) in single
mouse blastomeres with improved performance compared to
microarray-based single-cell protocols (36). Following this there
has been an explosion of single-cell molecular technologies,
enabling unbiased screening of the transcriptome (37, 38),
genome (39, 40), DNA methylation (41), chromatin
accessibility (42) and spatial resolution of gene expression (43).
While these methods provide comprehensive snapshots of
molecular states, their integration with cellular phenotype and
function is less common and remains vital to the inspection of
tissue complexity, disease progression, therapeutic intervention,
and beyond. To achieve this goal, pioneering work to integrate
omics protocols led to the development of several multimodal
technologies. These include simultaneous screening of I) cell
surface proteins and mRNA (44, 45), IT) DNA methylation and
mRNA (46), III) perturbations and mRNA (47), IV) DNA and
mRNA (48), V) lineage tracing and mRNA, and VI) cellular
function and mRNA (44, 49, 50).

Single-cell technologies have thus provided insight into a
wide-range of disease mechanisms, especially in illnesses with
significant heterogeneity (51), leading to a long list of potential
new therapeutic options. In recent years, the fields of cellular and
gene therapy have been steadily evolving for treatment of some
monogenic diseases (gene therapy) and B cell leukemias (cell
therapy) in particular (52, 53). However, to enable further
improvements and applications to other more complex disease
types such as autoimmune type 1 diabetes, key aspects such as
characterizing target tissues, identifying novel targets in
heterogeneous diseases and assessing efficacy of therapeutic
interventions all require deeper interrogation. Recent advances
in single-cell technologies are ideally positioned to address a
number of these unmet needs (51).

In this review, we outline a wide range of recent technologies
for screening the genome, epigenome, transcriptome and
proteome of single cells and the multimodal integration of
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these platforms. We focus on the integration of functional
cellular phenotypes with molecular profiles and emphasise the
use of single-cell technologies in gene and cell therapies.

A GOLDEN AGE FOR GENE THERAPY -
RECENT SUCCESSES IN TREATING
MONOGENIC DISORDERS

In its simplest form, gene therapy aims to cure a patient’s disease
by introducing a normal or corrected copy of a gene into target
cells. In 1972, Friedmann and Roblin first proposed the concept
of gene therapy as a treatment for inherited genetic defects that
largely affected children, many of whom experienced severe, life-
threatening symptoms (54). Initially, HSC transplantation
represented the primary curative option for many of these
disorders, but the availability of matched sibling donors and
the risk of severe graft-versus-host disease were barriers for many
patients (55). To circumvent these issues, the first gene therapy
clinical trials used patient-derived differentiated (T lymphocytes)
or immature (hematopoietic stem and progenitor cells, HSPCs)
cells that were engineered ex vivo to express a disease-correcting
transgene (56, 57). Pioneering studies in the late 1990s and early
2000s initially reported successful treatment of adenosine
deaminase-deficient severe combined immunodeficiency
(ADA-SCID) and other hematological disorders (56-59);
however, these successes were soon overshadowed by reports
of patients who experienced significant adverse events including
the development of treatment-related leukemias and severe
immune reactions (60-65). Many of these unanticipated
biological effects were later directly linked to the viral vectors
used for transgene delivery (66, 67). Consequently, research

efforts became focused on improving the safety of viral vectors
(68-70) and monitoring for pre-leukemic mutations became a
standard feature of treatment follow-up (71-74).

Following these improvements, a number of clinical trials have
demonstrated the long-term benefits achieved in individuals with
various primary immunodeficiencies and monogenic blood
disorders who have received gene therapy treatments (75-84).
The follow-up data being reported for these patients mainly focus
on disease-relevant parameters such as blood counts and overall
clinical symptoms. As a result, numerous questions related to the
gene therapy process still remain (Figure 1). For example, which
HSPC populations are readily transduced during drug product
creation and how does this impact outcomes? Do gene corrected
terminally differentiated cells have any advantage over their non-
transduced counterparts? These types of questions can best be
answered using single-cell technologies. Another area of active
research involves the development of in vivo non-viral delivery
systems. These strategies include the use of nanoparticles,
aptamers/oligonucleotides and extracellular vesicles to deliver
transgenes or siRNAs/shRNAs (85-90). While in vivo
treatments circumvent issues related to the isolation and
manipulation of target cells, they have the potential to induce
expression of transgenes or siRNAs/shRNAs in cell types that are
not relevant to curing disease. High resolution single-cell
transcriptomic and proteomic data will be vital in dissecting
how these new treatments affect cell populations receiving the
correcting vector. These types of information, especially at the
level of preclinical studies, will greatly aid in the development of
these technologies.

Moving beyond monogenic disorders, multi-target
approaches may be useful in treating complex acquired
diseases, such as cancers or autoimmune diseases like type 1
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FIGURE 1 | A workflow for developing and administering gene therapy. Novel gene therapy approaches involve (A) the identification of therapeutic targets, (B) an ex
vivo gene modification step to create a transduced drug product (left) or the production of an in vivo product (right), and (C) the infusion of these products into

patients following myeloablative conditioning.
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diabetes. Large-scale bulk pan-cancer genomics studies have
suggested that tumors harbour an average of 4-5 driver
mutations (91-94). While this represents an opportunity for
the simultaneous manipulation of multiple drivers, the efficacy of
this approach in individual patients depends on the specific
combinations of these mutations within tumor cell
subpopulations. As most genetic profiling of tumors is done
using bulk sequencing, the resolution of major/minor clones and
subclones becomes very difficult without the use of single-cell
approaches. If individual cancers could be profiled to such high
resolution, gene therapy strategies could be imagined to target
genes essential to cancer cell survival (95-98) or disrupt
processes such as angiogenesis that facilitate tumor growth
(99-102). Combination therapies may also prove to be highly
effective in some contexts (103, 104).

Type 1 diabetes is an autoimmune disease driven by loss of T
cell tolerance resulting in islet autoimmunity. During disease
development, insulin-producing B-cells in the pancreas are
abnormally targeted by infiltrating immune cells (105). For
monogenic disorders such as immune dysregulation
polyendocrinopathy enteropathy X-linked syndrome where
patients are at a much higher risk of developing secondary
type 1 diabetes, gene therapy treatment could offer a potential
cure (106). However, the genetic drivers of primary type 1
diabetes are complex and may act at the level of B-cells
themselves and/or various T cell populations (105). Preclinical
studies exploring the use of gene therapy to treat type 1 diabetes
have clearly demonstrated the need for treatments that function
on two levels - one to create or maintain functional insulin-

secreting PB-cells and another to protect these cells from
autoimmune responses (107-110). Regardless of disease
context, the overall diversity of cellular interactions driving
human disease presents many challenges to the development of
successful treatments. Single-cell studies can address questions
pertaining to cell type interactions, disease-specific immunity,
clonal dynamics of gene corrected cells and therapy-escape
mechanisms, moving gene therapy forward to the next level.

CELL THERAPY AS A PROMISING
TREATMENT FOR MORE COMPLEX
DISEASES

While gene therapy has revolutionized the treatment of primary
immunodeficiencies and monogenic disorders, other strategies
may be required to treat more complex diseases. Currently, the
primary standard of care for many cancers is chemotherapy,
radiation therapy or, in the case of solid tumors, surgery.
Immune-based treatments including cell therapy and immune
checkpoint inhibitors are now being developed, already showing
promise in treating refractory or relapsed patient cohorts. Cell
therapy strategies involving chimeric antigen receptor (CAR) T
cells have been particularly successful in the treatment of B-cell
malignancies (111-113). In brief, these therapies use autologous
lymphocytes with synthetically engineered antigen receptors to
target tumor-specific antigens (114), thereby harnessing the
immune system to trigger anti-tumor immunity (Figure 2).
Pioneering work by several groups led to the first successful
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FIGURE 2 | A workflow for developing and administering cell therapy. CAR T cell-based therapies involve (A) the discovery of disease-associated antigens which
can then be used to target the cytotoxic effects of engineered CAR T cells, (B) the isolation and manipulation of patient-derived T cell populations, (C) the infusion of

these cells into patients, and (D) downstream monitoring of disease.
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application of this technology in the treatment of B-cell
malignancies (111-113), with the first therapy approved by the
US-FDA in 2017 for use in B-cell acute lymphoblastic leukemia
and diffuse large B-cell lymphoma (115).

Although stable remission is reportedly achieved in
approximately 40-60% of patients with these B-cell
malignancies (116), a number of significant barriers to
increasing treatment efficacy have been identified. CAR T cell
persistence and expansion has been shown to be variable
between patients. Researchers have suggested that the use of
less differentiated T cell subsets or T cells with an altered genetic
background (for example, TET2 disruption) during the
manufacturing phase may improve outcomes (115, 117-123).
However, a better understanding of the key molecular drivers of
T cell expansion and persistence is required to inform future
efforts to tailor the production of CAR T cells. Single-cell
technologies can be used here to dissect these processes at the
molecular level. In addition to increasing the overall performance of
CAR T cells, another key aspect required to improve therapeutic
outcomes is to control immune responses not directly mediated by
CART cells (111-113, 124). In order to minimise these responses, a
more thorough understanding of immune cell interactions must
first be developed. In this context, single-cell approaches will
provide the resolution required to dissect these complex systems.
On a different level, selective pressures applied by anti-CD19 CAR T
cells may also lead to antigen escape and lineage switching as 10-
25% of patients go on to develop a CD19™ cancer (125). While
groups reported acquired CDI9 loss-of-function mutations (126)
and abnormal splicing events leading to loss of CD19 expression
(127, 128), the specific origin of CD19 cancer cells was not clear. A
recent paper using single-cell techniques provides evidence that in at
least some patients, treatment-resistant CD19™ cancer cells exist
prior to treatment (129), underscoring the vital role of single-cell
approaches pinpointing the mechanisms by which cancer cells
escape treatment and informing strategies targeting
refractory disease.

On the other hand, there has been relatively limited success
seen in CAR T cell treatments outside of B cell malignancies,
despite the development of therapeutics targeting multiple
antigens simultaneously or sequentially [reviewed in (130-
132)]. In solid cancers, tumor-specific antigens (TSAs) first
need to be comprehensively profiled to allow for selection of
appropriate candidate TSAs (133) which is especially important
when dealing with heterogeneous tumors. Understanding the
consequences of on-target/off-tumor effects is also essential to
creating safe and effective therapies as evidenced by recent reports
of adverse events experienced by patients in two separate cell
therapy clinical trials (134, 135). Even once promising TSAs have
been selected and tested in both animal models and early phase
clinical trials, a number of other tumor-specific factors will likely
interfere with the effectiveness of this treatment strategy. For
example, immunosuppressive mechanisms that dampen T cell
anti-tumor responses may also impact CAR T cell function.
Combination therapies or further disruptions to create CAR T
cells that are resistant to these immune evasion pathways may
therefore become essential (136, 137). Other CAR immune cell

populations such as B cells, natural killer (NK) cells and
macrophages may also be useful in treating certain diseases
(138-140).

In the context of diabetes, both CAR T cell and regulatory T cell
(Tregs)-based treatments are currently being developed (141-146).
Under normal conditions, Tregs mediate immune tolerance by
expressing anti-inflammatory cytokines and dampening the
inflammatory or cytotoxic responses of other types of T
lymphocytes (147). While patients with type 1 diabetes have
similar frequencies of Tregs compared to control individuals, it
has been shown that these Tregs have reduced immunosuppressive
capacity (148-150). Adoptive Treg transfers from healthy donors
into patients have shown promise in preclinical models for a
number of different diseases driven by immune dysregulation
including type 1 diabetes (145, 151-156). However, a thorough
understanding of the heterogeneous cell types that facilitate disease
initiation and progression will be crucial to optimizing these
treatment regimens.

USING SINGLE-CELL APPROACHES TO
REFINE TREATMENT AND INFORM THE
DEVELOPMENT OF NOVEL
THERAPEUTICS

Although great strides have been made in gene and cell therapy,
applications to a wider range of diseases requires more information.
Key aspects, such as characterizing target tissues, identifying novel
targets in heterogeneous diseases and assessing efficacy of
therapeutic interventions require deeper interrogation and single-
cell approaches are well-positioned to provide this information.

While a number of groups have begun to use single-cell
approaches to dissect various aspects of CAR T cell-based
therapy (129, 157, 158), the gene therapy field has not explored
this to the same extent. That said, a handful of studies have used
bulk sequencing approaches to examine post-transplantation
clonal dynamics in a small number of patients (159-161).
Biasco and colleagues used this approach to estimate
transduced HSPC population size and describe the
contributions of HSPC subpopulations to various stages of
hematopoietic reconstitution (159, 160). Most recently, Six and
colleagues addressed questions pertaining to clonal selection
following gene therapy in WAS, sickle cell disease (SCD) or
beta-thalassemia patients and found no indications of clonal
skewing caused by insertional mutagenesis (161). While all three
of these studies provide important insights into human
hematopoiesis, the reliance on bulk sequencing approaches to
map viral integration sites means that several key questions
remain unanswerable. For example, these methods do not
allow unedited cells or low abundance clones to be tracked or
the effects of multiple integration sites to be assessed.
Furthermore, relationships between transduced and non-
transduced cells cannot be assayed. These details can only be
examined using strategies that analyse single cells and their
clonal progeny (162).

Frontiers in Immunology | www.frontiersin.org

July 2021 | Volume 12 | Article 702636


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

Bode et al.

Single-Cell Multi-Omics in Therapy

In contrast, studies employing single-cell technologies have
already begun to deconstruct the fundamental biology behind anti-
CD19 CARTT cell therapeutic outcomes. Shieh et al. used single-cell
transcriptomics to identify gene signatures associated with good
treatment outcomes for patients with B cell malignancies, providing
insights relevant to the optimisation of CAR T cell production (157).
Deng et al. used a similar approach to discover transcriptional
signatures connected to both complete and poor treatment
responses (158). This study also identified a novel, transcriptionally
distinct cell population found specifically in the infusion products of
patients who went on to develop high-grade immune effector cell-
associated neurotoxicity syndrome (158). This finding demonstrates
the value of single-cell approaches in generating essential
information that can then be fed back into clinical practice.
Another recent publication applying single-cell technologies
reported that the disease-driving clone observed in one patient’s
relapsed B cell acute lymphoblastic leukemia existed prior to anti-
CD19 CAR T treatment (129). Taken together, these studies clearly
illustrate how single cell-based datasets can provide clinically relevant
insights into various aspects of the cell therapy process (Figure 2).

For every stage of the gene and cell therapy process, a number
of important questions remain unanswered (Table 1).
Ultimately, single-cell approaches will be instrumental both in
informing our understanding of human disease and in
developing the effective therapeutics required to treat them.
Data generated using these methods has the potential to
better inform our understanding of the numerous complex

TABLE 1 | Unmet needs and addressable questions in gene and cell therapy.

factors influencing treatment outcomes. The generation of
novel targets and delivery methods for heterogeneous
diseases relies on a high level of detail and the ability to map
cell-cell interactions, especially for disorders with a strong
immune component.

SINGLE-CELL MULTI-OMICS PLATFORMS
AND THEIR PROSPECT IN GENE AND
CELL THERAPY

A wide array of screening platforms have been developed to
interrogate molecular states at the single cell level to give insight
into tumor heterogeneity and clonal evolution of complex tissues.
Here, we describe a selection of the most widely used omics tools
and discuss their application in gene or cell therapy, including
their potential role in addressing future clinical challenges.

Genome

The first protocol for DNA sequencing at the single cell level,
termed single nucleus sequencing (SNS), was described by Navin
and colleagues (40). Comparable and reproducible detection
levels of copy number variations were observed in single cell
and bulk (10°) samples. By sequencing the genomes of 100 single
monogenomic breast tumor cells and the associated liver
metastatic tissue, the authors also observed substantial clonal

Prior to therapy

What is the underlying clonal diversity for complex diseases such as cancer or diabetes?
Are there tumor-specific antigens/mutations or cell susceptibilities that can be used to target various disease subclones/abnormal cell populations?

Can understanding the heterogeneity of diseases refined diagnosis?

Isolation of cells to be edited/manipulated

Gene therapy (ex vivo only)

Which HSCs are mobilized and can gene therapy outcomes be improved if this is further

optimized?

Cell therapy
Are T cells obtained from different individuals inherently different? What
contributes to CAR T cell product variability?

Manipulation of cells for therapeutic purposes

Gene therapy (ex vivo only)
Are some HSPCs easier to transduce than others?
Can we adjust this to improve treatment efficacy?

Do HSPCs acquire mutations or epigenetic changes during ex vivo expansion and

transduction steps?

Cell therapy

What makes a successful T cell product?

Which T cell population should be used in the production of CAR T cells?
How can CAR T cells be engineered to be more specific/minimise off-target
immune cell activation?

Post-treatment follow-up

Gene therapy (ex vivo and in vivo)

What are the clonal dynamics of edited cells over time and how does that change in

relation to unedited cells?

When transgenes or shRNAs/siRNAs are expressed in HSPCs, what are the molecular
consequences of these changes and how do the molecular signatures of these cells

compare to HSPCs from age-matched healthy controls?
Can low level leukemic clones be detected prior to overt leukemias for patients?

When using in vivo approaches, what are the consequences of gene correction or

transgene expression in cells that do not usually express the gene of interest?

Can in vivo gene therapy approaches be designed to specifically target disease-causing

cells?

Cell therapy

Which factors contribute to the toxicities associated with CAR T cells
[cytokine-release syndrome (CRS), hemophagocytic lymphohistiocytosis
(HLH) and/or macrophage activation syndrome (MAS)]?

How can on-target, off-tumor toxicities be minimized?

Which CAR T cells survive over time and are some better at targeting tumor
cells than others?

Are there differences between CAR T cell populations in the blood versus
those present in tumor tissue?

How do cancer cells (especially in solid tumors) adapt to evade targeting by
CART cells?
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heterogeneity (40). After FACS of single nuclei and whole
genome amplification (WGA), each nucleus is sequenced in an
individual flow lane. The requirement of full sequencing lanes for
single nuclei limited the throughput of such experiments and
consequently, several groups introduced barcoding technologies
to permit multiplexing of single cells in a single sequencing lane
(163-167). To address this challenge, Amini et al. developed a
combinatorial barcoding approach, first using Tn5 transposome-
mediated labelling followed by PCR-based indexing to yield
nearly 10,000 unique barcodes (165). In turn, Vitak et al.
demonstrated the efficacy of a single-cell combinatorial
indexed sequencing (SCI-seq) platform by acquiring >1500
single cell genomes from a primary pancreatic ductal
adenocarcinoma sample (39). To date, a multitude of single-
cell sequencing platforms rely on these barcoding principles
(168, 169). However, only ~32% of sequenced cells had
sufficient coverage for copy-number variation (CNV) detection
(39). To address this issue and avoid amplification biases of
exponential WGA, Chen and colleagues developed a linear
amplification protocol, significantly reducing the required
resolution for CNV calling and this was further complemented
by experimental and computational approaches to improve the
detection of single nucleotide variants (170, 171).

Despite experimental drawbacks related to coverage, single-
cell whole genome sequencing (scWGS) has enabled an
unprecedented insight into clonal dynamics during
tumorigenesis and normal hematopoiesis (162, 172). One
notable example includes a temporal study of single human B
lymphocytes that explored the evolution of mutational signatures
and age-related accumulation of oncogenic mutations (173),
only achievable through scWGS.

While bulk WGS studies can infer which disease-causing
mutations co-occur based on average variant allele frequencies,
there is the potential to group populations of cells that in reality
are part of distinct clonal entities. scWGS provides a more
precise overview of clonal subpopulations while also capturing
information that can be used to pinpoint mutation co-
occurrence and order of acquisition (174-178). This approach
has been used to profile mutant clones in diseases such as
childhood acute lymphoblastic leukemia, childhood T cell
acute lymphoblastic leukemia and adult acute myeloid
leukemia (179-181). Rare cancer cell populations missed in
bulk WGS may also be detected in scWGS assays, as
demonstrated by Xu and colleagues (181). Capturing this
heterogeneity is essential to understanding how clones with
certain mutational profiles impact disease evolution and
response to treatment.

Once gene corrected cells have been infused into a patient
receiving gene therapy, it is important to track the clonal
evolution of these corrected cells. scWGS could be used to
track these dynamics as well as answer questions surrounding
whether treatment-related mutations are acquired in cells during
the gene therapy process. While this method is particularly
effective at identifying copy number variants and aneuploidy,
technical challenges exist such as low read coverage and
sequencing depth. This may significantly hamper efforts to

profile single nucleotide changes in gene corrected cells. For
HSPCs, bulk WGS of single cell-derived clonal cultures or
colonies has bypassed these obstacles (182); however, this
approach is not feasible for cell types where ex vivo expansion
is not possible. Provided that technical challenges are overcome,
scWGS represents a promising avenue to explore clonal
dynamics. However, the cost for sufficient whole genome
coverage in bulk and scWGS currently remains a major barrier
for routine adoption.

Following cell therapy treatments, scWGS can be used to
assess mutation profiles at the single cell level for highly
heterogeneous tumors during the follow-up stage. This
information would be particularly helpful in determining why
certain patients experience disease relapse, allowing for the
identification of specific clones that are either highly
susceptible or resistant to CAR T cell cytotoxicity.
Additionally, building a more comprehensive understanding of
tumor cell clonal dynamics will be key to dissecting out
subpopulations that could then be profiled with the aim of
identifying new TSAs. This type of approach can be applied to
any group of diseases where complex mutation profiles are
expected to impact the effectiveness of treatment.

Immune receptor repertoire analysis facilitates the
interrogation of clonal dynamics of the adaptive immune
response and thus provides a crucial tool for immunotherapy
(183). In particular, the development of VDJ-sequencing and
single-cell T cell receptor (TCR) sequencing enabled robust
profiling of the output of VD] recombination, using targeted
PCR and NGS (184, 185). A multitude of studies outlined the
efficacy of TCR sequencing for immune cell profiling in cancer
patients to help stratify patient cohorts for immunotherapy,
identify the T cell repertoire in the tumour microenvironment
and determine the response to PD-1 therapy (186-188).
Intriguingly, computational tools have also been developed to
enable retrospective VD] profiling from global single cell
sequencing data, thus negating the need for separate immune
receptor profiling (157). Nevertheless, limited availability of
patient tissue samples and peripheral blood can prevent
identification of rare clones and sequential PCR amplification
increases risk of amplification biases (189).

Epigenome

The epigenome plays a crucial role in determining cell identity
and function with chromatin organization playing a critical role
in modulating gene expression and other regulatory functions
(190). Chromatin accessibility is governed by the core epigenetic
mechanisms of DNA methylation and post-translational
modifications of histones (191). Thus, being able to screen
DNA methylation, chromatin accessibility and histone
modification at single cell resolution can provide crucial
insight into tissue heterogeneity.

To identify open chromatin regions and characterize
regulatory elements, Buenrostro and colleagues pioneered the
assay for transposase-accessible chromatin using sequencing
(ATAC-seq) protocol (192). In brief, this protocol leveraged
the previously described hyperactive Tn5 transposase to
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simultaneously fragment open chromatin regions and introduce
sequencing adaptors for subsequent library synthesis (164, 192,
193). While the original ATAC-seq protocol required 500-50,000
cells, the adaptation to inspect single cells soon followed.
Buenrostro et al. used the Fluidigm microfluidic platform,
allowing single cell capture and downstream processing of
hundreds or thousands of single cells (42). Since its inception,
others have developed approaches to increase the throughput of
scATAC-seq to tens, or even hundreds of thousands of cells (194,
195). Illustrating its power, Sapathy et al. generated scATAC-seq
profiles for over 60,000 primary human bone marrow and
peripheral blood mononuclear cells (PBMC) (194). Here, the
authors identified cell-type specific cis-elements, key transcription
factor (TF) activity across a broad range of hematopoietic
populations and gene activity, using aggregate accessibility of
multiple cis-elements for a single gene. Most intriguingly, such
high density of single cell clusters permits the inference of
complex differentiation trajectories. Using the well-
characterized development of B cells, the authors were able to
reconstruct the differentiation pathway, characterize cis-elements
of each cell type, and identify active TF programs along the entire
differentiation trajectory. Unsurprisingly, scATAC-seq enabled a
previously unseen insight into tumor evolution, such as the role of
naive cell types in driving tumorigenesis (194, 196, 197).

DNA methylation of cytosine residues (5mC) plays a crucial
role in epigenetic regulation, including the modulation of cis-
regulatory elements (198). In particular, DNA methylation has
been implicated in gene silencing to regulate transcriptional
activity during development and altering transcription factor
binding (199, 200). The development of bisulphite sequencing
(BS-seq) enabled unbiased, genome-wide inspection of the DNA
methylome (201). To enable BS-seq at single cell resolution
(scBS-seq), pioneering work by Smallwood et al. adapted the
existing post-bisulfite adapter tagging protocol to derive
quantitative DNA methylation signatures at up to 50% of CpG
islands (202-204). Smallwood et al. and others have extensively
applied scBS-seq to interrogate mouse gastrulation, human
implantation, embryonic stem cells and alternative splicing at
single cell resolution (203, 205-207).

The clinically-relevant utility of scATAC-seq in building a
comprehensive understanding of the tumor microenvironment
has been clearly shown by Sapathy et al. (194) where chromatin
accessibility was mapped for more than 37,000 cells from five sets of
serial basal cell carcinoma tumor biopsies. Pre- and post-PD-1
inhibitor treated samples were profiled and cell types formed clearly
defined clusters, with tumor cells and non-tumor populations
clustering away from one another (194). One major strength of
this method is the ability to assess chromatin accessibility at specific
cis-elements in disease-associated loci across multiple cell types.
This allows for the annotation of tumor-specific, immune cell
population-specific or stromal-cell specific active cis-elements.
Aside from describing active and inactive chromosomal regions
for various cell populations, scATAC-seq can also be combined with
individual lentiviral integration site mapping, enabling researchers
to examine where these sites fall in relation to open chromosome
regions (208). This type of information can be useful in assessing

whether integration of viral components in or near specific genes
can be connected to robust expansion or in vivo persistence of CAR
T cells (208). The same approaches could be used to assess how viral
integration in certain chromosomal regions affects outcomes in gene
therapy. These studies clearly demonstrate how this approach
permits comparison of diverse cell populations that directly
impact both the disease microenvironment and response
to treatment.

In some diseases, therapeutic benefits may be attained
through the de-repression of epigenetically silenced genes. One
such example involves triggering the expression of fetal gamma-
globin (HbF) to correct the pathophysiological defects associated
with SCD (80, 209). One preclinical study aiming to identify a
novel treatment for Fragile X syndrome used a directed DNA
demethylation tool to remove methylation marks in the FMRI
promoter region, leading to increased FMRI expression (210).
Newly developed CRISPR/Cas9-mediated demethylation and
methylation tools allow for the manipulation of the methylome
(211-214). In order for these strategies to be developed into
viable treatments, techniques such as scBS-seq will be required to
ensure that targeting is specific and that it does not lead to
outgrowth of modified cells.

Recent evidence suggests that changes in CAR T cell global
methylation status may have some bearing on treatment efficacy.
One study found enhanced proliferation and persistence of a
dominant CAR T clone with biallelic disruption of the TET2
gene, which encodes a demethylating enzyme (121). Another
study provided evidence that decitabine treatment-mediated
epigenetic reprogramming of CAR T cells led to enhanced
cytotoxicity and persistence (215). scBS-seq profiling of CAR T
cells in a variety of patient samples has the potential to identify
novel mechanisms that play a role in determining overall
treatment response.

Single-cell epigenomic screening, such as scATAC-seq and
scBS-seq, can provide crucial insights into the disease
microenvironment, tumor-infiltrating lymphocytes or
epigenetic disruption in disease. However, the rapid
technological advances in single cell epigenomics posed a new
challenge - the computational analysis of large data volumes. In
addition, high background noise levels, low sequencing depth
and limited capture rates of single-cell epigenetic screens restricts
the analytical scope of pipelines developed for bulk sequencing
protocols (216). Hence, current analytical strategies leverage a
pseudo-bulk approach. First, single cells are aggregated for peak
calling, then individuals cells are inspected for identified pseudo-
bulk peaks (217). More recently, comprehensive tools have been
developed to integrate dimensionality reduction, peak calling,
identification of variable peaks, motif analysis, prediction of gene
association and differentiation trajectories into single pipelines
(218, 219).

Transcriptome

Single-cell RNA sequencing (scRNA-seq) is arguably the most
widely applied and established single-cell molecular screening
platform. Consequently, a multitude of novel scRNA-seq
protocols and adaptations have been developed [extensively
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reviewed elsewhere: (220, 221)]. Amongst these, two major
groups have emerged, primarily differing in sequence coverage
to either profile full-length transcripts or sequence the 3’ or 5’
ends of captured transcripts. Picelli and colleagues pioneered
Smart-seq?2 for full-length transcriptomic profiling of hundreds
of cells (38). Alternatively, platforms for 3> mRNA profiling,
such as Drop-seq (37) and more recently Chromium (10X
Genomics) (222), utilise droplet-based microfluidic devices and
unique molecular identifiers for massively high-throughput
single-cell screens. This technological advance allowed
profiling of tens or hundreds of thousands of cells at
significantly reduced sequencing costs per cell compared to
full-length profiling protocols. These high throughput
techniques enable deep molecular profiling of complex tissues
and are particularly beneficial for the identification of rare cell
types. In contrast, full-length profiling protocols are not
compatible with droplet-based approaches, thus reducing the
throughput by 10- to 1000-fold at increased sequencing cost per
cell (221). However, Smart-seq2 provides deeper sequencing
coverage, resulting in the detection of a larger number of genes
with fewer sequencing dropouts (223, 224), allowing much
more robust conclusions about transcript co-expression in
single cells. Increased sequencing depth also provides
increased detection of low-abundance transcripts. Perhaps
most useful, full-length transcript profiling also permits the
detection of alternative splicing and novel transcripts (221).
Taken together, both sequencing platforms provide a diverse
toolbox to cover a broad range of biological questions, but it is
imperative to choose the right tool for the biological question
being addressed.

Multiple studies have demonstrated the utility of scRNA-seq
in describing cell-cell interactions, discovering unique disease-
associated cell populations, identifying minimal residual disease
following treatment and even distinguishing host- versus donor-
derived cells following transplantation (222, 225-228). These
types of applications can easily be used to address a number of
currently unanswered questions relating to all phases of the gene
therapy process (Table 1). As a lower-cost alternative to WGS,
scRNA-seq can be used to identify single nucleotide variants
(SNVs) and splice variants in gene corrected cells (221, 229).
Given that scRNA-seq is also particularly powerful in separating
heterogeneous groups of cells (225), these datasets can be very
useful in identifying genes and pathways relevant to the function
of abnormal cell types that participate in the establishment of
diseases such as diabetes (230, 231). In turn, this information can
be employed to develop new therapeutic avenues.

Similar to its applications in gene therapy, scRNA-seq can
also be used to dissect basic biological processes such as T cell
development (232), aspects of which may inform the
optimization of CAR T cell therapies. As discussed above, a
number of studies profiling anti-CD19 CAR T cell populations
before and after infusion into patients have been able to draw
clinically relevant conclusions about transcriptional profiles
that mark CAR T cells associated with both good and poor
clinical outcomes (158, 232). scRNA-seq studies can also be
used to examine interactions occurring within the tumor

microenvironment between various endogenous immune cell
types and CAR T cells (233).

Proteome

The eukaryotic proteome provides the greatest molecular
complexity within the genotype-phenotype paradigm. With the
addition of post-translational modification, the number of
functionally distinct proteins considerably exceeds the ~20,000
identified protein-coding genes (234). In addition to the
complexity of the proteome, the absence of protein
amplification tools has limited our ability to perform unbiased
proteomic screens. Traditional hypothesis-driven approaches,
such as high-resolution microscopy, flow cytometry and
immunohistochemistry, have enabled protein quantification at
single cell resolution (235); however, these techniques are limited
by the number of screened proteins, cell throughput, and the
need to know the target a priori. These limitations are partly
addressed by mass cytometry, a high-throughput quantitative
screen for up to 60 proteins using currently available protocols
and a theoretical capacity of up to 120 proteins (236). The
principle of mass cytometry, or cytometry by time-of-flight
(CyTOF), was based on the core concept of covalent
conjugation of multiple individual antibodies with unique
heavy metal reporter isotopes with district ion masses (237). In
brief, single cells, labelled with a complex set of reporter-
conjugated antibodies, are vaporised by inductively coupled
plasma to release reporter ions for analysis by time-of-flight
mass spectrometry (238-240). Unique ion mass sizes permit
deconvolution and ultimately the quantitative comparison of
labelled proteins on individual cells.

Pioneering work by Palii and colleagues utilised CyTOF to
determine the role of lineage-specific transcription factors (LS-
TF) in hematopoietic lineage specification (241). By performing
a temporal screen during erythropoiesis, the authors
demonstrated that multipotent progenitor populations undergo
gradual LS-TF changes to commit to single lineages at the single
cell level. Furthermore, CyTOF has been widely applied in
immune cell profiling, biomarker discovery and treatment
response studies (236, 242, 243). Such findings demonstrate
the power of single-cell approaches to decipher complex
molecular interactions, which would otherwise be masked in
bulk studies.

As previously mentioned, one of the potential risks of virus-
based gene therapy is the development of an immune response
targeting the delivery vehicle. A major strength of CyTOF is its
ability to profile multiple cell types simultaneously, allowing
researchers to create snapshots of proteins being expressed both
on the cell surface and intracellularly (244, 245). With the aim of
determining whether healthy donor PBMCs were reactive to
viral vector components used in many gene therapy clinical
trials, Kuranda et al. simultaneously profiled cytokine secretion,
immune cell activation, and T cell exhaustion using CyTOF
(246). Different immune cell responses were observed, some of
which correlated with whether or not the donor had previously
been exposed to the virus originally used to develop clinical viral
vectors. These findings indicate that it may be possible to predict
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which patients will go on to develop vector immunogenicity
(246). This type of approach can also be applied to the
monitoring of immune cell interactions following CAR T
cell infusion.

While CyTOF was originally developed for the screening of
suspension cells, Giesen et al. pioneered imaging mass cytometry
(IMC) to introduce spatially resolved mass cytometry of ~30
proteins (247). Giesen and colleagues elegantly combined
traditional immunohistochemistry with laser ablation and mass
cytometry, thus enabling mass cytometric screening across tissue
sections with subcellular resolution. Two concurrent studies
utilised IMC for screening islets and the immune cell
compartment of type 1 diabetes patients at single-cell
resolution (248, 249). The authors demonstrated the alterations
in islet topology during disease progression and the role of T
lymphocytes in B-cell destruction.

As outlined above, high-throughput single-cell phenotyping
plays a crucial role in gene and cell therapy. CyTOF and other
flow cytometry-based technologies, such as full spectrum flow
cytometry (FSFC) and Chipcytometry, enable phenotyping of
dozens of distinct cell types (250, 251). In brief, Chipcytometry
utilises microfluidics to enable iterative inspection of cell surface
markers, while FSFC relies on full spectral acquisition to enable
parallel screening of dozens of cell surface markers (250, 251).
Near limitless throughput and high capture efficiency paired with
the ability to distinguish rare cell populations provides a
powerful tool for immunophenotyping. Indeed, FSFC has been
successfully applied to identify therapy-mediated alterations in
peripheral blood mononucleocyte profiles of head and neck
squamous cell carcinoma patients (252).

Despite these advances, the high cell throughput and
complexity of acquired CyTOF data provides a significant
computational challenge and remains a key focus area for
technical development [comprehensively reviewed elsewhere:
(253)]. Recent technological advances in mass spectrometry
and upstream sample processing have also raised the prospect
of unbiased proteomic screens. Separate work by the Slavov and
Mann groups have shown a capacity to capture ~3000 and ~800
proteins per cell, respectively (254-256). At present, however, the
technology is prohibitive for routine application and will require
substantial development to become a powerful tool in the
near future.

MULTIMODAL SEQUENCING OF
COMPLEX TISSUES

The development of single-cell uni-modal sequencing platforms
to independently interrogate the genome, epigenome,
transcriptome or proteome has raised the prospect of screening
multiple components simultaneously (multimodal profiling).
Numerous approaches for separating genomic DNA and
mRNA from the same single cell have been proposed [various
approaches extensively reviewed elsewhere: (163)]. Amongst
these, the elegant G&T-seq protocol, pioneered by Macaulay
et al., separates mRNA from genomic DNA by using magnetic

beads and biotinylated oligo(dT) primers against poly-A tails of
mRNA molecules (Figure 3 and Table 2) (48). The full-length
transcript profiling in G&T-seq assays provides a powerful tool
for identifying alternatively spliced transcripts, fusion transcripts
and expression of single nucleotide variants (SNVs) (269). The
ability to associate such information with DNA copy number
and structural variants at the single cell level allows
unprecedented insight into the relationship of the genotype
and its gene expression profiles. Nevertheless, manual
separation of DNA and mRNA during the G&T-seq protocol
increases sample handling, thereby limiting the throughput to
hundreds of cells (269) which is further compounded by the high
sequencing costs to ensure sufficient genome coverage.

Whole genome sequencing (WGS) approaches provide a
crucial tool for characterizing genomic abnormalities in
primary tumors (270). Zhu et al. recently applied G&T-seq to
a subset of lymphovascular invasive cells, isolated from a breast
cancer patient (271), describing the relationship between RNA
and CNV clones and outlining multiple functionally distinct
clones and their role in metastatic dynamics. This illustrates the
power of G&T-seq to uniquely integrate genomic abnormalities
with transcriptional consequences, potentially of substantial
utility in deciphering tumor heterogeneity and intra-tumoral
clonal dynamics post CAR T therapy.

Existing epigenetic single-cell assays have also been adapted
to enable multimodal approaches (Figure 3 and Table 2). For
example, Angermueller et al. adapted the existing principles of
G&T-seq by introducing a bisulfite treatment step which allowed
DNA methylation profiles and gene expression to be obtained
from the same cell (scM&T-seq) (46). A more recent adaptation
to the scM&T-seq protocol introduced chromatin accessibility as
the third dimension for simultaneous single-cell nucleosome,
methylation and transcription sequencing (scNMT-seq) (257).
Here, a methyltransferase is used to label accessible DNA prior to
scBS-seq. Such labelling permits downstream computational
deconvolution of DNA methylation and chromatin
accessibility profiles (272). To date, scM&T-seq and scNMT-
seq have provided intriguing insight into stem cell biology and
mouse gastrulation. For instance, pioneering work by Argelaguet
and colleagues described the role of epigenetic priming at
lineage-specific enhancers during lineage commitment (205). A
second pioneering study revealed that changes in DNA
methylation drive increasing transcriptional heterogeneity
during stem cell ageing (273). These studies demonstrate the
impact of a multi-modal scNMT-seq for characterising the role
of the epigenome in complex tissues and biological processes,
including the underlying cellular heterogeneity.

Taking into account the role of DNA methylation in driving
autoimmune defects, age-related diseases and tumorigenesis
(274, 275), scNMT-seq can provide a powerful and versatile
tool for uncovering novel therapeutic avenues. These principles
can also be applied for assessing the extent to which normal
tissue function can be restored following corrective gene
therapies. Similarly, multimodal epigenetic and gene expression
profiling can provide a valuable tool for characterizing the tumor
microenvironment and its interaction with CAR T cells to
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FIGURE 3 | Single-cell multimodal platforms and their uses. A number of recently developed technologies can be used to assess the genomic, transcriptomic,
epigenomic and proteomic landscape of a single cell. Each layer of the concentric circle represents a different molecular dimension that can be assessed using each
method (from inside to outside: genome, epigenome, transcriptome, proteome, genetic perturbation, lineage tracing, spatial transcriptome). Method names are
indicated along the periphery.

increase therapeutic efficacy. However, the relatively low-  colleagues developed SNARE-seq for performing simultaneous
throughput of scNMT-seq can limit the coverage of large,  gene expression and chromatin accessibility profiling (259). In
complex tissues. contrast to sci-CAR, SNARE-seq utilized the high-throughput

To determine the impact of cis- and trans-regulatory elements ~ Drop-seq platform to incorporate single nuclei and adapter-
on gene expression profiles, collecting chromatin accessibility =~ coated beads. Upon nuclei lysis within each droplet, released
and gene expression profiles from the same cell are of paramount ~ nuclear RNA and chromatin fragments bind to the uniquely
importance. Cao et al. pioneered sci-CAR to simultaneously =~ barcoded beads allowing connectivity of ATAC-seq and RNA-
perform nuclear scRNA-seq and scATAC-seq (258) by  seq profiles of individual cells. Furthermore, SNARE-seq enabled
adapting previously established principles of single-cell  significantly improved capture of chromatin fragments and
combinatorial indexing to barcode mRNA and open chromatin ~ improved the transcript sequencing depth (259). That said, the
regions from single nuclei extracts. Shortly thereafter, Chen and  potential of SNARE-seq is partially restricted by the complexity of
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TABLE 2 | Multimodal single-cell tools.

Name Modalities Feature coverage Throughput Cost References
G&T-seq Genome + Transcriptome Whole Genome + Whole Transcriptome 100-1000 $$$ (48)
scM&T-seq Epigenome + Transcriptome Whole Genome + DNA methylation 100-1000 $$$ (46)
scNMT-seq Epigenome + Transcriptome Whole Genome + DNA methylation + chromatin 100-1000 $$$ (257)
accessibility
sci-CAR Epigenome + Transcriptome Chromatin accessibility + Whole transcriptome 1,000-20,000 $$ (258)
SNARE-seq Epigenome + Transcriptome Chromatin accessibility + Whole transcriptome 5,000-20,000 $$ (259)
CITE-seq Transcriptome + Proteome Whole transcriptome + 200 proteins 5,000-30,000 $$ (45)
ECCITE-seq  Transcriptome + Proteome + Whole transcriptome + 200 proteins + sgRNAs + VDJ 5,000-30,000 $$ (260)
Perturbation recombination

Perturb-CITE- Transcriptome + Proteome + Whole transcriptome + 200 proteins + sgRNAs 5,000-30,000 $$ (261)
seq Perturbation

Perturb-seq  Transcriptome + Perturbation Whole transcriptome + sgRNAs 5,000-100,000 $$ (47)
TAP-seq Transcriptome + Perturbation Hundreds of genes + Thousands of gRNAs 5,000-250,000 $ (262)
LINNAEUS Transcriptome + Lineage Tracing Whole transcriptome + Lineage 1,000-10,000 $$ (263)
SCGESTALT  Transcriptome + Lineage Tracing Whole transcriptome + Lineage 1,000-10,000 $$ (264)
scarTrace Transcriptome + Lineage Tracing Whole transcriptome + Lineage 1,000-10,000 $$ (265)
seqFISH+ Transcriptome + Spatial Up to 10,000 genes + Subcellular location Thousands (limited by field of view $$$ (266)

and imaging time)
MERFISH Transcriptome + Spatial Up to 10,000 genes + Subcellular location Thousands (limited by field of view $8$ (267, 268)

downstream data analysis and this prompted the development of
integrated analysis pipelines, such as Signac (218) and the
Chromium Single-Cell Multiome ATAC + Gene Expression
platform. The simplification of the sample preparation process
and analysis pipelines will be required to facilitate the wider
adoption of multi-modal epigenetic and gene expression screening.

A vast array of computational tools has been developed for
the analysis of unimodal single cell data. For instance, advances
in dimensionality reduction, clustering and algorithms for
identifying marker genes, constructing lineage trajectories and
batch correction contributed greatly to current widespread access
to scRNA-seq analysis tools (163). The assembly and curation of
key tools into unified analysis pipelines, such as Seurat, SCRAN
or SCANPY, has enabled bench-trained scientists to
independently analyse scRNA-seq data (276-279). Datasets
from multimodal analysis with distinct cellular dimensions
inherently do not share common features (280), making data
integration across distinct modalities from the same cell a
profound and novel computational challenge. To integrate
multiple modalities collected from the same cells into a single
reference describing cell identities, Hao et al. developed a
Weighted Nearest Neighbour (WNN) framework (281). In
brief, WNN utilises nearest neighbour analysis and computes
modality weights to derive a single landscape, reflecting the
similarities of all modalities. The increased adoption of single-
cell multimodal screens provides another computational
challenge - the integration of multimodal data across distinct
experiments, platforms and batches. While multiple strategies to
integrate and batch-correct unimodal scRNA-seq datasets have
been proposed (278, 282), their applicability to multimodal
datasets is limited. To overcome this limitation, Stuart and
colleagues adapted canonical correlation analysis and L2
normalisation to derive anchors for data integration (283). To
enable integration in a variety of experimental settings, several
anchoring methods have been proposed [reviewed in (284)].

and imaging time)

Nevertheless, the rapidly expanding landscape of novel
multimodal screening technologies continues to require
bespoke analytical approaches and recent developments in
multimodal data analysis are expansively reviewed elsewhere
(163, 280).

Overall, technological advances have resulted in an
unprecedented proliferation of novel single-cell molecular
assays. Intriguingly, the capability of incorporating such
approaches to acquire multiple elements from single cells has
allowed the interrogation of the direct relationship of multiple
molecular dimensions. Such extensive single-cell profiling is
particularly beneficial for application in future cell therapies
where the interrogation of tumor infiltrating lymphocytes and
tumor microenvironments will provide a crucial component
for target discovery and monitoring of therapeutic efficacy.
Due to the heterogeneous nature and shifting clonal dynamics
of malignant tissues, single-cell approaches are of paramount
importance for the development of effective cell therapies.

MULTIMODAL SINGLE-CELL
APPROACHES INTEGRATING
FUNCTIONAL AND MOLECULAR DATA

Simultaneously acquiring functional and molecular readouts
from the same cells have historically represented an
experimental challenge, as omics profiling tools typically result
in destruction of the target cell. This is particularly challenging
when the functional state of a cell is determined by a
retrospective assay, thereby making its prospective isolation
and molecular characterization impossible. Hence, most
technical developments that combine functional and molecular
multimodal approaches have focused on capturing cellular
function prior to a destructive single-cell assay.
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Transcriptome and the Cell

Surface Proteome

One of the first applications of multimodal omics technologies
arose from the desire to connect cell surface phenotypes with
gene expression profiles. Several well-characterized biological
systems, particularly immune cell subtypes and hematopoiesis,
have benefited from in-depth characterization of cell surface
markers for a variety of functionally distinct cellular populations
(285). As a result, quantitative phenotypic information of
selected cell surface markers can permit inference of cellular
function. Fluorescence-activated cell sorting (FACS) in
combination with index sorting allows simultaneous recording
of cell surface protein levels prior to deposition in lysis buffer for
downstream destructive molecular assay, such as the Smart-seq2
protocol for gene expression profiling (38). The application of
such approaches has allowed the linkage of stem cell function
with global molecular profile for the first time and provided
numerous insights into our understanding of transcriptional
heterogeneity throughout hematopoiesis (44, 285-287).

Strategies involving index sorting and downstream scRNA-
seq are particularly powerful when combined with functional
outcome analyses. Wilson et al. and others have shown how these
methods can be applied to understanding the heterogeneity
inherent to many normal tissues and identifying features that
differentiate normal and disease-causing cell types (44, 287-292).
These methods would be particularly useful in linking T cell
function to distinct gene expression profiles, allowing for the
identification of subpopulations of cells that are associated with
specific clinical outcomes.

Nevertheless, isolation strategies of functional cell types
frequently do not achieve homogeneity and contaminating
cells cannot be fully excluded from destructive molecular
assays. This is in contrast to selective single-cell functional
assays that can distinguish truly functional cells from
contaminants, meaning that cellular heterogeneity is often the
first to be identified (i.e., they drop out of the assay and do not
generate a confusing data point) (293). Furthermore, cell
isolation by FACS requires prior knowledge of distinct cell
types, thereby precluding the discovery of novel cell types. In
addition, index-sorting FACS-based approaches are not
compatible with droplet-based high-throughput sequencing
platforms. To overcome these limitations, Stoeckius et al.
pioneered CITE-seq (cellular indexing of transcriptomes and
epitopes by sequencing, Figure 3 and Table 2) (45). Here,
antibodies against cell surface proteins of interest are labelled
using unique oligonucleotide barcodes. Antibody-labelled cells
are subjected to the Drop-seq protocol, encapsulating single cells
in droplets containing beads to introduce unique cellular
barcodes to mRNA and the antibody-derived tags (ADTs).
Subsequently, ADT counts are used to quantify antibody-
bound cell surface proteins and provide a link to the
corresponding single-cell gene expression profiles. Consistent
surface proteome quantification and resolution were achieved
compared to traditional flow cytometry approaches, while
providing a theoretically unlimited scope for antibody
multiplexing (45).

The application of CITE-seq in tumor microenvironment
biology has been noted previously (294, 295). Praktiknjo et al.
screened healthy and tumor-bearing mouse salivary glands,
including the immune compartment of the tissue (295). By
performing CITE-seq, the authors were able to construct a
comprehensive gene expression atlas and simultaneously
recorded a comprehensive set of 63 immune-specific cell
surface proteins. Most notably, they derived a comprehensive
cell atlas of the tumor microenvironment, using gene expression
profiles and quantification of cell surface proteins, underscoring
the utility of CITE-seq in the discovery of novel tumor-specific
cell surface antigens for cell therapy. By linking surface protein
quantification with gene expression profiling at single cell
resolution, CITE-seq can identify novel antigens associated
with specific clones within heterogeneous cancer tissues,
ultimately raising the prospect of a broader spectrum of
effective cell therapies. The efficacy of multimodal single-cell
screens, such as CITE-seq has been particularly evident
throughout the scientific response to the COVID-19 outbreak.
Combined efforts to screen >780,000 single PBMCs from
COVID-19 patients and healthy donors using CITE-seq
revealed the immune response to COVID-19 infections and its
role in disease pathology (296). Such studies provide a prominent
example how single-cell multiomics can provide rapid insight
into previously unknown diseases and help inform the
development of effective therapeutics.

Perturbation Screens
Large-scale perturbation screens have previously provided
unprecedented insights into gene functions and their role in
complex biological mechanisms (297). The advent of CRISPR/
Cas9 has revolutionized our ability to conduct high-throughput
perturbation screening and multiple groups have now developed
multimodal single-cell perturbation screens, combining CRISPR
technology with scRNA-seq (47, 298-301). In Perturb-seq
(Figure 3 and Table 2), a pool of barcoded single-guide RNAs
(sgRNAs) is constructed against a set of 24 transcription factors
and transduced cells are subjected to high-throughput droplet-
based sequencing, whereby unique cell barcodes are also
introduced. The dual barcoding approach allows connection
of single-cell gene expression profiles with a respective
perturbation. Such single-cell CRISPR screens and their ability
to interrogate transcriptional consequences of perturbations
provided a novel method to assess the functional effectors of
complex biological mechanism and tissues (301, 302). Of note,
Jin et al. demonstrated the application of Perturb-seq in an in
vivo setting (303). To interrogate the underlying molecular
mechanisms driving autism, the authors introduced a guide
RNA pool against risk genes to the forebrain of a developing
embryo in utero. The progeny of perturbed cells was then
collected at P7 for downstream scRNA-seq analysis, providing
key insights into the molecular mechanisms of neocortical
cell types.

Perturb-seq can be very useful in trying to understand larger
pathways that integrate multiple signals. For example, Adamson
et al. used Perturb-seq to understand how activation of the
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unfolded protein response (UPR) differed between individual
cells (301). This type of data has the potential to disentangle
larger signaling networks, all of which is important for
understanding complex processes such as immune responses.

Despite the demonstrated efficacy, application of Perturb-seq
is limited by the sequencing depth of high-throughput
approaches. Acquired data is subject to significant background
noise and low-abundant transcripts are frequently missed (47,
298). Furthermore, the multiplicity problem of combining
multiplexed perturbations with single-cell gene expression
profiles poses a computational challenge. Schraivogel proposed
an intriguing adaptation, termed targeted Perturb-seq (TAP-seq)
(262). By performing targeted amplification of a selected set of
genes prior to sequencing, the cost and analytical complexity
could be significantly reduced. This approach provides a
powerful tool for screening cellular pathways with defined
genetic biomarkers. In the context of cell therapy, TAP-seq
could thus provide a cost-effective tool for identifying
underlying molecular mechanisms of immune cell evasion of
CAR T therapy.

There have been a wide variety of additional approaches to
integrate single-cell perturbation screens with the surface proteome
of the same cell. Most notably, Mimitou et al. proposed ECCITE-
seq (260) and Frangieh et al. described Perturb-CITE-seq (261). In
brief, Mimitou et al.,, adapted the existing CITE-seq protocol by
introducing addition oligonucleotides against unique sgRNA
identifiers to cellular barcoding beads. Thus, sgRNA, transcripts,
antibody-oligonucleotides and up to 2 other parameters can be
recorded for individual cells (260). More recently, Frangieh et al.
proposed Perturb-CITE-seq to provide a scalable solution for
Perturb-seq with simultaneous screening of cell surface proteins
(261). Here, the authors demonstrated the benefits of Perturb-
CITE-seq by identifying molecular pathways driving immune
evasion of a melanoma cell line against primary tumor
infiltrating lymphocytes (261). Overall, the ability to connect
gene expression profiles and the cell surface proteome from
single cells under perturbation provides a comprehensive
characterisation of complex molecular systems. As demonstrated
by Frangieh et al., such technologies can help identify and
characterize immune evasion drivers and ultimately reveal novel
targets that might lead to enhanced therapeutic potency
of immunotherapies.

Clonal Tracking and Lineage Tracing

Recent work by Lee-Six et al. outlined the application of whole
genome sequencing (WGS) approaches to establish the clonal
dynamics of human HSPCs (182). The authors isolated single
HSPCs from a healthy donor and were able to retrospectively
reconstruct the phylogenetic tree of single cell-derived colonies,
based on a broad set of shared or unique acquired somatic
mutations. By simultaneously screening mature cells isolated
from peripheral blood samples of the same individual, Lee-Six
et al. were able to infer the progeny and extended relatedness of
stem cell clones. Using this approach in a 59 year old human, the
authors could map all the way back to the most recent common
ancestor for blood and buccal epithelium, observed an early

expansion of the stem cell compartment and confirmed
hematopoietic activity of a large number of diverse HSC clones
estimated to be between 50,000 and 200,000 actively contributing
HSCs (162, 182).

This technique could be powerfully applied to gain insight
into the clonal dynamics of HSCs used in gene therapy. Careful
patient monitoring must be undertaken to ensure therapeutic
efficacy and restoration of normal tissue function. As
multipotent cells provide the most common target for gene
therapies, gene corrections can significantly impact the clonal
dynamics of the target tissue. Intriguingly, previous efforts to
track therapeutic efficacy of corrective therapies large depended
on monitoring progeny cells, their homeostatic function and
particularly the proportion of target cells expressing the desired
gene edit (159, 304). However, such approaches do not provide
sufficient resolution to fully characterize clonal dynamics of
corrected cell types and their impact on homeostatic tissue
function. WGS of single cell-derived colonies allows to
monitor naturally occurring somatic mutations in multipotent
cells and their progeny to establish their relationship and infer
clonal dynamics of single cells (162). When applied to a pool of
edited cell and mature cell progeny post-gene therapy, such
approaches can provide a direct insight into therapeutic efficacy
and long-term tissue health.

In contrast, upfront labelling of target cells followed by
temporal tracking of their progeny can reveal patterns of clonal
evolution. Here, the advent of routine and cost-effective
sequencing also revolutionised lineage tracing, providing a
compelling alternative to traditional imaging-based approaches.
In the context of diabetes, lineage tracing has been used to track
the various cell types which originate from pancreatic progenitor
cell populations (305-307) and identify cell types that are able to
transdifferentiate into insulin-secreting cells (110, 308, 309). High-
throughput screening at single cell resolution and integration into
multimodal approaches greatly expand the scope of lineage tracing
(310). While fluorescent tags limit the capacity of parallel
barcoding, DNA sequence complexity provides a scalable
barcoding approach. In principle, unique DNA barcodes are
first introduced into a large population of target cells.
Subsequently, amplification of the unique set of DNA barcodes
in cell progeny can be used to compute lineage phylogenies (311,
312). A prominent barcoding approach relies on CRISPR/Cas9-
mediated dynamic lineage tracing. Here, CRISPR/Cas9-mediated
double-stranded breaks are introduced at defined genomic loci
(313). The resulting insertions and deletions (indels) create unique
cellular barcodes, which evolve over time. By sequencing such
regions, the mutational patterns can be used to establish
phylogeny and clonal evolution. Multiple groups have
independently pioneered such CRISPR/Cas9-based lineage
tracing approaches, which predominantly differentiate in the
number of loci used to store lineage barcodes (263, 265, 314-
318). Of note, using genome editing of synthetic target arrays for
lineage tracing (GESTALT), McKenna et al. were able to trace and
reconstruct early developmental pathways in a whole organism.

Dynamic lineage tracing protocols outlined above have been
integrated in multimodal screens to link cellular progeny to their
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respective gene expression profiles, including single-cell
GESTALT (scGESTALT), linear tracing by nuclease-activated
editing of ubiquitous sequences (LINNAEUS) and ScarTrace
(Figure 3 and Table 2) (263-265). Raj et al. integrated the
underlying principles of GESTALT with scRNA-seq to
simultaneously acquire lineage information and gene
expression profiles of the same cell (264). Instead of targeted
sequencing of genomic DNA, scGESTALT relies on sequencing
of expressed transgenes, which encode the unique cellular
barcode. The use of droplet-based high-throughput gene
expression thus provides cell type information, otherwise lost
in previous lineage tracing protocols. Intriguingly, the
LINNAEUS and ScarTrace protocols introduce barcodes in
fluorescent transgenes to allow monitoring of successful
integration of cellular barcodes. Thus, providing a crucial
quality control mechanism prior to performing computational-
and capital-intense sequencing (263, 265).

While prospective lineage tracing is not possible in humans,
the use of these techniques in preclinical studies has the potential
to unlock cellular relationships that are relevant to
understanding cell origins in normal and diseased tissues.
Furthermore, lineage tracing may also be used to link
immature immune cell types to their immunologically active
terminally differentiated counterparts. This could feed into
refinements of CAR T cell production protocols for example,
allowing for the selection of specific populations with maximal
effector function (117).

Nevertheless, these multimodal lineage tracing technologies
are currently in their infancy and a variety of experimental and
computational limitations require attention. Shallow sequencing
depth of high-throughput approaches can prevent barcode
detection and CRISPR/Cas9-induced cell toxicity has recently
been described, thus potentially disrupt the effective construction
of phylogeny or distort separation of cell types (310, 319, 320).
Furthermore, Spanjaard et al. noted the probability of double
scarring, whereby a subset of non-homologous end joining-
mediated errors have a higher probability of occurring (263).
Thus, if not excluded, high-frequency scars can result in false
inference of lineage relationship. To address the issue of barcode
duplications and noise, Zafar et al. recently proposed a novel
analytical pipeline for improved lineage tree reconstruction and
integration of separate single-cell lineage tracing experiments
(49). While these advances are promising, further computational
innovation will be of paramount importance for the adoption of
single-cell lineage tracing in gene and cell therapy developments.

INTRODUCING SPATIAL RESOLUTION IN
GENE AND CELL THERAPY

Single-cell sequencing technologies and their multimodal
integration continue to push the boundaries of understanding
the mechanisms governing complex tissue organization.
However, such single-cell screening protocols are largely based
on removing the cells and destroying them, typically discarding
any spatial information of the underlying tissue from which they

were extracted. The crucial role of cellular location and spatial
gene expression throughout early embryogenesis has been widely
recognized (321). Similarly, cellular location in heterogeneous
tumors and the surrounding tumor microenvironment are vital
to cell function (322). Therefore, resolving spatial dimensions
and linking these with gene expression profiles to infer gene
function and cell identity can help us understand disease
pathology and complex tissue function. Here, we discuss
selected technological developments in spatial transcriptomics
and their prospect in the development of novel cell and gene
therapies [spatial omics protocols are comprehensively described
elsewhere: (321, 323)].

The development of fluorescence in situ hybridisation (FISH)
techniques first enabled the detection of DNA and RNA
molecules in structurally preserved, fixed tissue sections (43,
324, 325). Oligonucleotides, complementary to a target
nucleotide sequence, are labelled with single or multiple
fluorophores. In turn, fluorescently labelled oligos bound to a
target region can be observed using optical microscopy.
Ultimately, the principles of FISH facilitated quantitative
detection of mRNA at subcellular resolution (43, 324, 326).
Here, the authors constructed a library, consisting of short
single fluorophore-labelled oligos, against a single mRNA
target to estimate the number of mRNA molecules in a single
cell, screening up to 3 mRNA sequences in parallel.

To enable high-throughput spatial transcriptomic screening,
Lubeck et al. first established the principles of sequential FISH
(seqFISH), providing a strategy with theoretically whole
transcriptome coverage (327, 328). In brief, multiple single
fluorophore-labelled probes are used for mRNA labelling
during a single hybridization round. By stripping probes and
performing multiple rounds of hybridisation, the number of
unique barcoding increases exponentially. Shah et al.
demonstrated the efficacy of seqFISH for screening hundreds
of genes at sub-cellular resolution, providing a novel insight into
the spatial organisation and transcriptional heterogeneity of the
mouse brain (329). The recent introduction of an additional
fluorophore to sequential hybridisation allowed further scaling of
seqFISH (seqFISH+) (Figure 3 and Table 2) (266). This strategy
avoids optical crowding by effectively diluting mRNA molecules
into separate images. The result was a robust protocol for
screening 10,000 genes in spatially resolved tissues, spanning
thousands of cells (266). Here, the use of confocal microscopy for
the seqFISH+ protocol provides a key advantage to facilitate
wider adaption. A recent study by Lohoff et al. applied seqFISH
to construct spatially resolved gene expression profiles for mouse
organogenesis using a computational framework for the
integration of spatially-resolved gene expression maps with
scRNA-seq profiles of cell types in early mouse development
(330, 331). In parallel, Chen et al. pioneered a multiplexed error-
robust FISH (MERFISH) approach which combined error-
corrected barcoded probes and sequential imaging to perform
a multiplexed screen of hundreds of genes (Figure 3 and
Table 2) (267). Further MERFISH developments, such as the
use of expansion microscopy, enabled quantification of
thousands of genes in hundreds spatially resolved cells at a
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detection efficiency of ~80% (268). This high capture efficiency is
a major advantage of MERFISH.

While the methods outlined above drove innovation in spatial
transcriptomics, their relative infancy is accompanied by
experimental and computational complexity, which currently
provides a barrier to wide-spread adoption. Several commercially
available platforms have been established to provide a
standardised experimental framework. The Visium platform
utilised NGS for deriving spatially resolved gene expression
profiles (323, 332). Here, a tissue section of interest is
deposited onto a slide, coated with uniquely barcoded arrays
(barcode spacing permits 55um resolution). Following barcoding
of captured mRNA molecules, cDNA libraries are subjected to
high-throughput NGS and spatial deconvolution based on the
unique barcoding. However, the current barcode spacing
prevents interrogation of neighbouring cells. Here, in situ
analysis can provide a complementary approach, allowing
interrogation of a defined set of mRNA targets at spatial singe
cell resolution (333-335).

Collectively, spatial transcriptomics technologies are
currently in the developmental and early adaption phase. As a
result, several key limitations persist. For instance, the tissue-
dependent optimisation and sequential hybridisation rounds
require significant experimental time, while the use of
customised equipment also impacts implementation. However,
increasing throughput and the desire to reach whole-
transcriptome coverage will greatly increase imaging time and
data complexity, making the most prominent limiting factor the
development of robust analytical tools. To overcome the
computational barrier, recent advances aim to address key
unmet needs in data analysis and its scalability (336, 337).

Despite these challenges, several major advances have already
been made using spatial transcriptomics, including studies in
tumor heterogeneity and transcriptional changes in the
microenvironment. In one study, Berglund et al. constructed a
comprehensive spatial map of tumor and healthy prostate tissue
biopsies from a prostate adenocarcinoma patient (322). The
authors uncovered significant transcriptional differences
between the tumor core and its periphery. Intriguingly,
thorough interrogation of stromal and immune cell types,
surrounding the primary tumor, facilitated the identification of
heterogeneous gene expression networks in the tumor
microenvironment (322). Spatial transcriptomics has also been
applied for mapping the localisation of Cxcl12-abundant
reticular cells in the bone marrow niche and for the
characterisation of stromal cell heterogeneity in tumor
microenvironments (338, 339). These and other studies
demonstrate that the potential of spatial transcriptomics in
deciphering tumor architecture, heterogeneity and
microenvironments has been widely recognised. Beside its role
in therapeutic discovery and disease pathology, spatially resolved
gene expression profiles can become of paramount importance
for monitoring therapeutic outcomes of cell therapies and
identify evasion mechanisms in response to cell therapies. In
addition, spatial characterisation post CAR T cell therapy could
provide an insight into the impact of off-target effects on the

function of proximal tissues. Similarly, spatial transcriptomics
could aid in long-term monitoring of patients undergoing
corrective gene therapies.

CONCLUDING REMARKS

The past decade has produced an abundance of novel single-cell
molecular tools, facilitating the unbiased screening of a wide
array of molecular dimensions at unprecedented resolution.
Unimodal sequencing technologies have proved particularly
impactful in the first wave of wide-scale adoption, but more
approaches have been focused on combining such techniques
into multimodal screens to allow simultaneous capture of
multiple molecular dimensions from the same cell. These
technologies have allowed researchers to unpick the molecular
mechanisms driving disease pathology at a scale not previously
considered possible. Tissue and disease heterogeneity, previously
masked in bulk sequencing approaches, are now routinely being
explored at single cell resolution.

Techniques such as scRNA-seq have been widely adopted due
to the production of robust experimental protocols and
increasing consensus surrounding the computational
approaches for quality control and data analysis. On the other
hand, multimodal screens have not yet enjoyed similar uptake
due to their reliance on high sequencing costs, advanced
integrative computational tools and technical expertise.
However, just as moving to single cells was a technical hurdle
of 10 years ago, the research benefits derived from novel
multimodal screening platforms will push the limits of
discovery and accelerate technical development and method
standardization. The next few years should see these technical
and computational approaches streamlined to create
reproducible protocols and standardised analytical pipelines to
facilitate rapid adoption rates, as has occurred for scRNA-
seq historically.

Concomitant with the technical challenges and need for
standardization, the increased accessibility of single-cell
technologies has exponentially increased the amount of data
generated during these studies. This provides a unique
opportunity to leverage the power of these studies by
integrating datasets but also makes for substantial computing
and processing challenges. Batch correction and data integration
across experiments and different sequencing platforms are areas
that will require particular attention and novel computational
approaches for handling and analysing increasing amounts of
data will be of paramount importance. Ultimately, the
continuous technical improvements and aggregation of data
could provide the foundation for a fully characterized reference
atlas of the human body at single cell resolution. The drive
towards such a resource is evident in the recently announced
efforts to establish a common coordinate framework (CCF) for
data collection and integration (340). In line with that, initiatives
such as the Human Biomolecular Atlas Program and the CCF
aim to provide a publicly available tool to help researchers map
data from diseased states onto healthy single-cell datasets and

Frontiers in Immunology | www.frontiersin.org

94

July 2021 | Volume 12 | Article 702636


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

Bode et al.

Single-Cell Multi-Omics in Therapy

provide a reference for the entire scientific community
(340, 341).

A number of recent studies have clearly demonstrated the
utility of these approaches in (1) understanding complex
biological processes such as cell fate determination and
immune response, (2) dissecting tissue and disease
heterogeneity, and (3) stimulating innovative research aimed at
developing novel therapeutics (342-344). Within the next
decade, it is anticipated that an increasing number of patients
across many disease types will be treated with gene and cell
therapy. Using samples obtained from these growing patient
cohorts, single-cell technologies will undoubtedly be used to
answer essential questions related to the relationships between
disease-causing cells, normal or corrected cell types, tumor-
targeting lymphocytes such as CAR T cells, and endogenous
immune populations. For autoimmune diseases such as type 1
diabetes where the risk of relapse is relatively high due to
immunogenicity, this level of detail will be essential to finding
new ways to increase treatment efficacy. Additionally, due to the
relatively recent wider application of these therapeutics, only a
limited number of gene or cell therapy clinical trial patients have
been monitored for more than 10 years following treatment
initiation (65, 84, 345-347). Depending on the stability of edited
cells and the influence of other comorbidities, detailed studies
using single-cell approaches may also become relevant during
long-term follow up. As patients enter the later decades of life,
the intersection of age-related and treatment-related
abnormalities may present unique clinical challenges. Further
refinements and innovations to single-cell profiling technologies
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IL-10 Deficiency Accelerates Type

1 Diabetes Development via
Modulation of Innate and Adaptive
Immune Cells and Gut Microbiota in
BDC2.5 NOD Mice
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Cardiff, United Kingdom, ® Department of Endocrinology, The Second Hospital of Jilin University, Changchun, China,

6 Department of Gastrointestinal Surgery, The First Hospital of Jilin University, Changchun, China

Type 1 diabetes is an autoimmune disease caused by T cell-mediated destruction of
insulin-producing B cells. BDC2.5 T cells in BDC2.5 CD4* T cell receptor transgenic Non-
Obese Diabetic (NOD) mice (BDC2.5" NOD mice) can abruptly invade the pancreatic islets
resulting in severe insulitis that progresses rapidly but rarely leads to spontaneous
diabetes. This prevention of diabetes is mediated by T regulatory (Treg) cells in these
mice. In this study, we investigated the role of interleukin 10 (IL-10) in the inhibition of
diabetes in BDC2.5" NOD mice by generating /I-710-deficient BDC2.5% NOD mice
(BDC2.5*1I-10”~ NOD mice). Our results showed that BDC2.5%/-10”~ NOD mice
displayed robust and accelerated diabetes development. /I-70 deficiency in BDC2.5"
NOD mice promoted the generation of neutrophils in the bone marrow and increased the
proportions of neutrophils in the periphery (blood, spleen, and islets), accompanied by
altered intestinal immunity and gut microbiota composition. In vitro studies showed that
the gut microbiota from BDC2.5*/-10”~ NOD mice can expand neutrophil populations.
Moreover, in vivo studies demonstrated that the depletion of endogenous gut microbiota
by antibiotic treatment decreased the proportion of neutrophils. Although //-70 deficiency
in BDC2.5" NOD mice had no obvious effects on the proportion and function of Treg cells,
it affected the immune response and activation of CD4" T cells. Moreover, the
pathogenicity of CD4* T cells was much increased, and this significantly accelerated
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the development of diabetes when these CD4" T cells were transferred into immune-
deficient NOD mice. Our study provides novel insights into the role of IL-10 in the
modulation of neutrophils and CD4" T cells in BDC2.5% NOD mice, and suggests
important crosstalk between gut microbiota and neutrophils in type 1

diabetes development.

Keywords: type 1 diabetes, interleukin-10, neutrophils, gut microbiota, CD4+ T cells

INTRODUCTION

Type 1 diabetes (T1D) is an autoimmune disease that results
from the destruction of insulin-producing P cells. T cells are the
predominant component of the infiltrates in these pancreatic
islet lesions (1, 2). Reports from bone marrow transplantation
studies in identical twins in humans (3) and adoptive transfer of
T cells from diabetic Non-Obese Diabetic (NOD) mouse donors
to non-diabetic NOD mouse recipients (4) demonstrated that
type 1 diabetes is an immune cell-mediated disease. T cell
receptor (TCR) transgenic NOD mice provide critical tools for
investigation of the important roles that T cells play in the
immunopathogenesis of T1D development.

The BDC2.5 TCR transgenic NOD (BDC2.5" NOD) mouse
was generated from a diabetogenic CD4" T cell clone, designated
as BDC2.5, from a new-onset diabetic NOD mouse (5). In these
mice, ~90% CD4" T cells express the transgenic TCR (6).
Interestingly, despite the potent ability of the parental BDC2.5
T clone in inducing type 1 diabetes development, BDC2.5"
NOD mice showed severe insulitis as young as 2-3 weeks of
age but rarely developed diabetes (7, 8). However, BDC2.5"
CD4" T cells from the BDC2.5" NOD mouse could rapidly
transfer diabetes into severe combined immune-deficient NOD
(NOD.scid) recipients after activation in vitro (9). Moreover, if
BDC2.5" NOD mice are on an immunodeficient background,
such as a recombination-activating gene (Rag) deficiency (10) or
NOD.scid (9), the mice develop rapid diabetes at a very early age,
suggesting intrinsic immune regulatory factors suppress the
development of diabetes in BDC2.5" NOD mice in immuno-
sufficient hosts. Studies have shown that Foxp3"CD4" regulatory
T (Treg) cells play a protective role by regulating autoimmune
responses in BDC2.5" NOD mice (11-13). Our previous studies
found that B cell depletion in BDC2.5" NOD mice induced
transient aggressive behavior in diabetogenic BDC2.5" CD4" T
cells with reduction in Treg cell number and Treg cell
suppressive functions (14). However, after B cell reconstitution,
BDC2.5" CD4" T cells were less aggressively pathogenic due to
the increased number of Treg cells and enhanced suppressive
function of Tregs cells to CD4"CD25™ T effector cells, as well as
increasing IL-10 producing Bregs (14).

Abbreviations: FITC, fluorescein isothiocyanate; G-CSF, granulocyte colony-
stimulating factor; IL-10, interleukin 10; MyD88, myeloid differentiation factor
88; NOD, non-obese diabetic; OTU, operational taxonomic unit; PBS, Phosphate
Buffered Saline; PCoA, Principal Coordinate Analysis; PLN, pancreatic lymph
node; Rag, recombination-activating gene; Scid, severe combined immune
deficiency; SPF, specific pathogen-free; TLR4, Toll-like receptor 4.

Although the destruction of insulin-producing pancreatic
beta cells seen in type 1 diabetes is primarily characterized by
autoreactive T cells, recent studies suggest that neutrophils also
play an essential role in the development of type 1 diabetes.
Diana et al. found that neutrophils infiltrate the islets of NOD
mice at an early age, which was required for the initiation of the
diabetogenic T cell response (15). The authors also showed that
neutrophils interacted with B-1a cells and plasmacytoid dendritic
cells in the development of type 1 diabetes (15). Their further
study showed that macrophages and B-cells in the pancreas were
responsible for neutrophil recruitment to the pancreas (16). In
patients with type 1 diabetes, the level of circulating neutrophil
elastase released from activated neutrophils was positively
associated with the numbers and titers of the autoantibodies
against P-cell-specific antigens, suggesting that neutrophil
activation leading to the elevated proteases might be involved
in the process of B-cell autoimmunity (17). Moreover, the
changes in circulating neutrophil numbers were found to be
associated with B-cell specific autoimmunity and the HLA-DR3-
DQ2/DR4-DQ8 high risk genotype (18-22). Studies have shown
that gut microbiota also regulated neutrophil aging and
homeostasis (23, 24) and increasing evidence suggests that gut
microbiota play an important role in modulating type 1 diabetes
development in NOD mice (25-29) and in patients with type 1
diabetes (30, 31). It is known that IL-10 is an important
immuno-regulatory cytokine in homeostasis of gut mucosal
immunity (32-34) and IL-10 also mediates immune supression
by Treg cells (35-37). However, it is not clear how IL-10
mediates the immune regulation seen in BDC2.5" NOD mice
and if gut microbiota also modulate islet B cell autoimmunity
through regulation of neutrophil homeostasis in BDC2.5" NOD
mice. To fill those knowledge gaps, we generated BDC2.5" NOD
mice with II-10 deficiency (BDC2.5'1l-10"~ NOD mice) and
investigated the action of IL-10 in modulating diabetogenic
CD4" T cells, neutrophils and the gut microbiota in type 1
diabetes development.

METHODS AND MATERIALS

Mice

Mice used in this study were housed in specific pathogen-free
(SPF) facilities with a 12-hour-dark/light cycle at Yale University.
NOD mice, BDC2.5" NOD mice, [I-10”" NOD mice and
NOD.scid mice were originally obtained from the Jackson
Laboratory and maintained at Yale University. BDC2.5'11-10"*
NOD mice and BDC2.5"1I-10"- NOD mice were generated by
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breeding BDC2.5" NOD mice with II-10"~ NOD mice, followed
by intercrossing the BDC2.5'1-10"" NOD mice. The use of
animals in this study was approved by the Institutional Animal
Care and Use Committee of Yale University (approval number
2016-07911). Except for the experiments to observe diabetes
incidence and adoptive transfer experiments using splenocytes
from diabetic mice, all the other experiments were performed
using 4-5 week-old non-diabetic mice. The detail of the number
of animals used and the number of replicates are included in the
figure legends for each experiment and also see Table S1.

Natural History of Diabetes Development
BDC2.5"11-10""* NOD mice and BDC2.5*I-10"~ NOD mice
(both sexes) were observed for spontaneous diabetes
development by screening for glycosuria (Bayer Diastix)
weekly and diabetes onset was confirmed by blood glucose >
250 mg/dl (13.9 mmol/l).

Islet and Islet-Infiltrating Immune

Cell Isolation

Pancreata removed from 4-week-old BDC2.5"I1-10""* NOD mice
and BDC2.5*1-10" NOD mice were agitated in a 37°C shaking
water bath after addition of 1.5 mg/ml collagenase (Sigma) and
62.5 units/ml DNase-I (Sigma). Collagenase activity was stopped
by adding complete RPMI-1640 media after digestion. Islets were
hand-picked under a light microscope, and subsequently
incubated in a 37°C water bath for 6 minutes in the presence
of 500 wl Cell Dissociation Buffer (Gibco), for immune cell
isolation. After washing, isolated immune cells were filtered
and re-suspended in complete RPMI-1640 media before staining.

Intraperitoneal Glucose Tolerance

Test (IPGTT)

BDC2.5"1I-10""* NOD mice and BDC2.5"Il-10" NOD mice were
fasted overnight prior to intraperitoneal injection with 20%
glucose (2 g/kg). Blood glucose was measured before glucose
injection and at different time points after glucose injection.

Cell Purification

CD4" T cells, antigen-presenting cells, Treg cells and neutrophils
were each purified from the splenocytes of 4-week-old
BDC2.5*Il-10""* NOD mice, BDC2.5'1l-10"" NOD mice, or
wild type NOD mice. Splenic CD4" T cells were purified by
depletion, of CD8" T cells (clone T1B105), MHC class II" cells
(clone 10.2.16), and B cells (anti-mouse IgM and IgG),
incubating the cells with monoclonal antibody (mAb)
hybridoma supernatants, followed by magnetic bead
separation. For splenic antigen-presenting cell (APC) isolation,
anti-Thyl (Y19) mAb hybridoma supernatant and complement
was used to remove Thyl" T cells. The supernatants of different
mADb hybridomas were kindly provided by the late Charles
Janeway (Yale University). Magnetic beads conjugated with
goat anti-mouse IgG, goat anti-mouse IgM, or goat anti-rat
IgG were purchased from QIAGEN. Treg cells were isolated
using MojoSort' * Mouse CD4" T cell Isolation Kit (BioLegend),
followed by CD25 positive isolation using a PE-anti-mouse

CD25 antibody (Clone, PC61, BioLegend) and MojoSortTM
Mouse anti-PE Nanobeads (BioLegend). The remaining
CD4"CD25 T cells were used as effector CD4" T cells.
Neutrophils were isolated according to the manufacturer’s
instructions using MojoSortTM Mouse Neutrophil Isolation
kit (BioLegend).

In Vitro Culture

Splenic CD4" T cells (1 x 10°/well) purified from 4-week-old
BDC2.5'II-10"* NOD mice and BDC2.5'11-10” NOD mice were
stimulated with different concentrations of mimotope peptide in
the presence of mitomycin-c-treated APCs for 3 days at 37°C.
CD4"CD25" Tregs (5 x 10*/well) purified from 4-week-old
BDC2.5"11-10""* NOD mice and BDC2.5'II-10"" NOD were co-
cultured with effector CD4" T cells (CD4"CD25 T cells, 1 x 10°/
well) from either BDC2.5"1-10""* NOD mice or BDC2.5"11-10"
NOD mice, in the presence of 5 ng/ml mimotope peptide (amino
acid sequence RTRPLWVRME) and mitomycin-c-treated APCs
(5 x 10*/well), which were purified from wild-type NOD mice.
Cells were incubated for 3 days at 37°C. Purified splenic
neutrophils (5 x 10*/well) from BDC2.5*Il-10"* NOD mice
and BDC2.5'11-10"- NOD mice were co-cultured with purified
splenic CD4" T cells (1 x 10°/well) isolated from either
BDC2.5'11-10""* NOD mice or BDC2.5'1-10"" NOD mice in
the presence of mitomycin-treated APCs (5 x 10*/well) from
wild type NOD mice and mimotope peptide (5 ng/ml). Cell
proliferation was determined by *H-thymidine incorporation
over 16 hours, with supernatants collected prior to *H-
thymidine addition.

Adoptive Transfer Experiments

Total splenocytes (10 x 10°) from diabetic BDC2.5"11-10"* NOD
mice and BDC2.5'11-10"" NOD mice were injected (i.v.) into
irradiated 4-week-old wild-type NOD mice. Total splenocytes
(10 x 10%), or purified splenic CD4" T cells (7 x 10°) from non-
diabetic BDC2.5'T1-10""* NOD mice and BDC2.5'1I-10"" NOD
mice were transferred (i.v.) into 4-week-old NOD.scid mice.
Recipients were monitored for glycosuria (Bayer Diastix)
weekly and diabetes was confirmed by blood glucose > 250
mg/dl (13.9 mmol/l).

Extraction of Gut Bacterial DNA

Fecal pellets collected from 4-week-old BDC2.5'1I-10""" NOD
mice and BDC2.5"11-10” NOD mice were resuspended in 300 ul
Tris-EDTA buffer (10 mM Tris and 1 mM EDTA, pHS)
containing 7.5 ul 0.5% SDS and 3 pl Proteinase K (200 pg/ml).
The samples were then incubated at 37°C for 1 h and
homogenized in solution, containing one volume of phenol/
chloroform/isoamyl alcohol (25:24:1), 200 ul 20% SDS and 0.3 g
zirconium silica beads, with a mini-bead-beater (BioSpec) for
2 minutes. Phenol/chloroform/isoamyl alcohol was then added
to the samples prior to centrifugation (4°C, 12000 g, 15 mins),
with the upper aqueous layer, containing DNA, transferred to a
new tube. Bacterial DNA was subsequently precipitated with
isopropanol, washed with 70% ethanol, air-dried, and
resuspended in 100 pl of sterile water.
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16S rRNA Sequencing and Data Analysis
The V4 region of the bacterial 16S rRNA gene was amplified
from each DNA sample by PCR using barcoded broadly-
conserved primer pairs (5-GTGCCAGCMGCCGCGGTAA-3)
and (5-GGACTACHVGGGTWTCTAAT-3’). The PCR
products were purified using gel extraction kits (QIAGEN)
with DNA concentration quantified on a Nanodrop
spectrophotometer. Equimolar amounts of each sample were
pooled for pyrosequencing using the Ion Torrent Personal
Genome Machine (PGM) sequencing system (Life
Technologies). The sequencing results were analyzed with the
Quantitative Insights Into Microbial Ecology (QIIME) software
package (version 1.8) and UPARSE pipeline (version 7.0). B-
diversity was analyzed to compare differences between microbial
communities, and the data are shown as a Principal Coordinate
Analysis (PCoA). Taxonomy assignment was performed at
various levels using representative sequences of each
operational taxonomic unit (OTU).

Pre- and Neo-Natal Antibiotic Treatment
In Vivo

For depletion of endogenous commensal microbiota, BDC2.5"II-
10" NOD breeders were treated with an antibiotic cocktail
containing 0.5 g/l vancomycin, 1 g/l ampicillin, 1 g/l
metronidazole, and 1 g/l neomycin added in drinking water,
from one week before delivery to 4 weeks after birth.

Cytokine ELISA

Murine IL-17A, IL-10 and IFN-y from the serum and gut flush
from different sections of the intestine were measured using the
Mouse ELISA kits (BioLegend), following the manufacturer’s
instructions. Serum samples were diluted 1:100 in PBS before
measurement. Gut flush was obtained by infusing 10 ml PBS to
the gut lumen, after termination of the mice, and removal of the
intestine. The collected fluid used for ELISA, after removing the
solid material by centrifugation (12,000 g, 5 min, RT).

30 secs. The samples were then centrifuged (300 g, 1 min, RT) to
remove large debris and subsequently further centrifuged at 12,000
g for 5 minutes to pellet the bacteria. Bacteria from BDC2.5"1l-10"/
* NOD mice and BDC2.5*11-107" NOD mice were re-suspended in
sterile PBS, heat-inactivated at 95°C for 30 min, and co-cultured
overnight (10° CFU) with 2 million total splenocytes or purified
splenic neutrophils from BDC2.5'1l-10""* and BDC2.5'1l-10"
NOD mice. Stimulated splenocytes or neutrophils were further
analyzed by flow cytometry and real-time qPCR.

Real Time Quantitative PCR (qPCR)

RNA from purified neutrophils (un-stimulated or stimulated
with gut microbiota) or small intestinal tissue was extracted
using Trizol reagent and an RNeasy mini plus kit (QIAGEN).
After quantification, RNA was used for cDNA synthesis using
the iScript cDNA synthesis kit (Invitrogen). Samples were
analyzed on an iCycler qPCR machine (Bio-rad). Gene
expression level was determined using the 27**“ method and
normalized with the housekeeping gene, Gapdh. Primers
sequences are listed in Table 1. Each sample was assayed in
duplicate and the experiments were repeated at least twice.

Flow Cytometry

0.5 - 1 x 10° single-cell suspensions from different lymphoid
tissues were incubated with Fc block at room temperature for
20 min, before cell surface staining. For intracellular cytokine
staining, cells were incubated at 37°C for 4 h in the presence of
10 ng/ml phorbol myristate acetate (PMA, Sigma), 500 ng/ml of
ionomycin (Sigma) and 1l of Golgi plugTM (BD Bioscience),
followed by cell surface staining, washing, fixation and
permeabilization and intracellular cytokine staining. For
intranuclear staining, cells were fixed and permeabilized using
the Transcription Factor Staining Buffer Set (Tonbo Biosciences).

TABLE 1 | Primer information.

. Genes Primers Sequence
GUt Permeablllty Assay Tnf- F d CAAATGGCCTCCCTCTCAT
N . 1 el nf-o orwar
Four wee'k old BDC2.5"1I-10 NOD mice and BDC2.5"1l-10 Reverse TEGGCTACAGGCTTOTOACT
NOD mice were fasted overnight for 13 hours. Food was ;48 Forward TGGAGAACACCACTTGTTGCTCCA
resupplied to the mice two hours post-gavage with 0.6 mg/g Reverse AAACAGATGAAGTGCTCCTTCGAGG
FITC-dextran (MW 3,000-5,000, Sigma). Blood samples were Inos Forward AGATTGGAGTTCGAGACTTCTG
collected from the mice two hours after food restoration and Reverse TGGCTAGTGCTTCAGAGTTO
were centrifuged (2300 g, 5 min, RT) for serum separation Nos2 Forward COAAGCCCTEACCTACTTCO
8 V8 - , p : Reverse CTCTGAGGGCTGACACAAGG
Serum samples were diluted 1:1 in PBS with the FITC-dextran = 4.gq Forward CTCCAAGCCAAAGTCCTTAGAG
concentration determined using a fluorescence spectrophotometer Reverse AGGAGCTGTCATTAGGGACATC
(Perkin Elmer). Standard curves were generated using known  Caspase9 Forward TCCTGGTACATCGAGACCTTG
concentrations of FITC-dextran, diluted in serum from untreated ) Reverse AAGTCCCTTTCCCAGAMGAG
NOD mice. The concentrations in serum from FITC-dextran 2o Forward CACCOGAGTEATEETTTTCT
: " N . N - Reverse CCACCTCTGTCCAGCTCTTC
gavaged BDC2.5"1l-10 NOD mice and BDC2.5'1I-10"" NOD Reg3p Forward CTGCCTTAGACCGTGCTTTC
mice were determined using linear regression. Reverse CCCTTGTCCATGATGCTCTT
Reg3y Forward TTCCTGTCCTCCATGATCAAAA
In Vitro Bacterial Stimulation Pefer Eeversz 822%%?%%?2?;%?2“‘\@
" e efc orwart
Fresh stf)ol samples, co}lecteg_from 4—\{veek—old BDC2.5"1I-10 Reverse TAAATGACCCTTTCTGCAGGTG
NOD mice and BDC2.5"II-10"” NOD mice, were resuspended at 1 Gapdh Forward GGGGTCGTTGATGGCAACA
g/mL in sterile PBS, and homogenized by vortexing vigorously for Reverse TGTAGACCATGTAGTTGAGGTCA
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After incubation, the cells were stained with an anti-Foxp3
antibody (clone: FJK-16s, eBioscience) and T-bet (clone:4B10,
BioLegend). Cells were stained with mAbs to the following
surface markers: CD45 (clone: 30-F11), TCR-B (clone: H57-
597), CD4 (clone: GK1.5), CD8 (clone: 53-6.7), CD11b (clone:
M1/70), CD62L (clone: MEL-14), ICOS (clone: 15F9), CD69
(clone: H1.2F3), CD25 (clone: 3C7), CD19 (clone: 6D5), all from
BioLegend, and Ly6G (clone: 1A8) from BD Biosciences. mAbs
to intracellular cytokines include TNF-o. (clone: MP6-XT22),
IEN-v (clone: XMG1.2) and IL-17A (clone: TC11-18H10.1) were
purchased from Biolegend. Samples were analyzed on a BD
LSRII flow cytometer and subsequently analyzed by Flow]o
8.8.6 software (Tree star). Immune cells were gated based on
their FSC-A/SSC-A properties. Single cells and subsequent live
cells were gated on their FSC-A/FSC-H properties and live/dead
staining, respectively.

Statistics

Diabetes incidence was compared using a log-rank test for
survival. Insulitis scores were analyzed using a Chi-square test.
Statistical analysis of microbial B-diversity was conducted using
an analysis of similarities (ANOSIM). Differences between
microbial species were determined following analysis using

multiple ¢-tests with Bonferroni correction. Data from
experiments in vitro were assessed for normality and
subsequently analyzed using a two-tailed Student’s ¢ test (if
data were normally distributed), a two-tailed Mann-Whitney
test (if data were not normally distributed), or a two-way
ANOVA. P < 0.05 was considered statistically significant.

RESULTS

In the Absence of IL-10, BDC2.5" NOD
Mice Develop Accelerated Diabetes at

a Very Young Age

To assess the role of IL-10 in diabetes protection observed in
BDC2.5" NOD mice, we first monitored the natural history of
type 1 diabetes development in BDC2.5"1I-10*"* NOD mice and
BDC2.5"11-10"" NOD mice. Interestingly, both female and male
BDC2.5%11-10"" NOD mice developed accelerated diabetes at a
very young age (Figures 1A, B). In line with islet B cell
destruction, BDC2.5*1I-107~ NOD mice displayed impaired
glucose tolerance compared with BDC2.5*1l-10"* NOD mice
(Figure 1C). We found no significant difference in severity of
insulitis between BDC2.5'Il-10"* and BDC2.5'Il-10"~ NOD
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FIGURE 1 | /-10 deficiency in BDC2.5" NOD mice induced rapid development of type 1 diabetes. (A, B) Natural history of type 1 diabetes development in
BDC2.5*II-10*"* NOD mice and BDC2.5*/I-10”~ NOD littermates from females [(A), n = 12-13/group] and males [(B), n = 9-10/group]. (C) Intraperitoneal glucose
tolerance test (IPGTT) in BDC2.5%1I-10*"* NOD mice and BDC2.5%/I-107- NOD mice (n = 5/group). (D) Infiltrated immune cells in the islets of mice (n = 7-11/group). In
flow cytometric analysis, CD45" immune cells were gated from live cells. CD4* T cells, CD8" T cells, CD11b*Ly6G™ neutrophils were gated from CD45* immune
cells. Data in (A, B, D) were pooled from two or more independent experiments. The experiment in (C) was performed twice, and consistent results were obtained.
Data were analyzed using a log-rank test for survival (A, B), a two-way ANOVA (C), or a two-tailed Student’s t-test [(D), Data are presented as mean + SD].
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mice (Figures S1A, B); however, BDC2.5"11-10”" NOD mice had
more CD45" immune cells, especially CD11b"Ly6G"
neutrophils, infiltrating the islets than BDC2.5'Il-10""* NOD
mice, but no significant differences in the proportion of CD4" T
cells, CD8" T cells, B cells, macrophages, and dendritic cells
(Figure 1D and data not shown). Our data showed that in the
absence of IL-10, BDC2.5" NOD mice develop accelerated
diabetes at a very young age.

IL-10 Deficiency Promotes the Expansion
of Bone Marrow and Peripheral
Neutrophils in BDC2.5" NOD Mice

We observed an increased frequency of neutrophils infiltrating
the islets of BDC2.5%11-107" NOD mice (Figure 1D). To
investigate the crosstalk between IL-10 and neutrophils, we
assessed the neutrophil population in both the bone marrow
and peripheral tissues of BDC2.5"I1-10"* and BDC2.5*I-10"
NOD mice. Consistent with the results from the islets, we also

found a higher percentage of neutrophils in the spleen, bone
marrow and blood of BDC2.5"T1-10"~ NOD mice, compared to
BDC2.5*1-10""* NOD mice (Figures 2A-E and S2A, B).
Moreover, there was a higher proportion of IFN-y-producing
splenic neutrophils in BDC2.5*11-107- NOD mice compared with
BDC2.5*11-10""* NOD mice (Figures 2F, G). The expression
levels of cytokines in the neutrophils from the blood and islets in
BDC2.5*1-10""* NOD mice were the same as those in
BDC2.5%11-10” NOD mice (Figures S3A-G). Additionally, we
found that neutrophils from the islets of the BDC2.5'Il-10*"*
NOD mice had lower levels of CD62L (Figure 2H). We then
purified neutrophils and found no significant differences in the
gene expression of Inos, Nos2, Argl, and Caspase9 in the spleen
(Figures S4A-D); however, we found increased Nos2 and II-1f3
in purified neutrophils from the bone marrow of BDC2.5%11-10"
NOD mice (Figures 2I, J), but no significant differences in
the expressions of Inos, Argl, Caspase 9, and Mmp9 (Figures
S4E-H). Next, we assessed the phagocytotic ability of neutrophils
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FIGURE 2 | Altered neutrophil homeostasis in BDC2.5*/I-10”~ NOD mice compared with BDC2.5*/I-10*"* NOD mice. (A) Gating strategies of CD11b*Ly6G*
neutrophils from the spleen. (B, C) Proportion of CD11b*Ly6G* neutrophils in the spleen (n = 6/group). Representative flow cytometric profiles (B), and summary of
CD11b*Ly6G* neutrophils gated from TCR-B" cells (C). (D, E) Proportion of CD11b*Ly6G* neutrophils in the bone marrow (n = 6/group). Representative flow
cytometric profiles (D), and summary of CD11b*Ly6G* neutrophils gated from TCRB" cells (E). (F, G) IFN-y expression in splenic CD11b*Ly6G"* neutrophils (n = 3-4/
group). Representative flow cytometric profiles (F), and summary of IFN-y expression (G). (H) CD62L expression in pancreatic CD11b*Ly6G™ neutrophils (n = 5-9/
group). (I, J) Gene expression of Nos2 (I) and II-1 (J) in splenic neutrophils from BDC2.5%II-10*"* NOD mice and BDC2.5*/I-10”~ NOD mice (n = 6-8/group). Data in
(C, E, H-J) were combined from two or more independent experiments. The experiment in (G) was performed twice and consistent results were obtained. Data in
(C, E, G, H) are shown as mean + SD and were analyzed using a two-tailed Student’s t-test. Data in (I, J) are presented as median and were analyzed using a two-
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and found that neutrophils from BDC2.5*1I-10"- NOD mice were
not different from those from BDC2.5'II-10"* NOD mice
(Figures S5A, B). Taken together, our data suggested that II-10
deficiency altered neutrophil homeostasis in BDC2.5" NOD mice.

In the Absence of IL-10, CD4* T Cells

Are More Activated and Pathogenic

in BDC2.5" NOD Mice

Next, we assessed the phenotype and function of different T cell
populations in BDC2.5'11-10"" NOD mice. Interestingly, unlike
the composition of the immune cells seen in the islet infiltrate
(Figure 1D), BDC2.5"11-10”" NOD mice had a higher proportion
of splenic CD4" T cells when compared with BDC2.5"11-10""*
NOD mice (Figure 3A), while no significant difference was found

in the percentage of CD8" T cells (Figure 3A). The proportions of
both CD4" and CD8" T cells were increased in the pancreatic
lymph node (PLN) of BDC2.5"II-1 0" NOD mice (Figure 3B). We
found that splenic CD4" T cells from BDC2.5*1l-10"" mice
expressed a higher proportion of ICOS, T-bet and CD69
(Figure 3C) while splenic CD8" T cells expressed higher level of
T-bet only (Figure 3D). Moreover, splenic CD4" T cells from
BDC2.5%11-10"" mice showed increased expressions of
inflammatory cytokines including IFN-y and IL-17A in the
spleen (Figure 3E) and more TNF-o. in CD4" T cells from PLN
(Figure 3F). Additionally, splenic CD8" T cells in BDC2.5"11-10™"
NOD mice expressed more TNF-o. (Figure 3G). Interestingly,
splenic CD4" T cells from BDC2.5'1-10"~ NOD mice showed
stronger proliferative responses to their antigenic peptide
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NOD mice and BDC2.5*/I-107- NOD mice (n = 5-6/group). (D) The proportion of T-bet* splenic CD8" T cells in BDC2.5*1I-10*"* NOD mice and BDC2.5*1I-10”~ NOD
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diabetic splenocytes from BDC2.5"1I-10** NOD mice and BDC2.5*1I-10” NOD mice into irradiated wild-type NOD mice (n = 10/group). (J) Adoptive transfer of non-
diabetic splenocytes from BDC2.5*1I-10*"* NOD mice and BDC2.5%1-10”~ NOD mice into NOD-scid mice (n = 7-9/group). (K) Adoptive transfer of purified splenic
CD4* into NOD-scid mice (n = 8-9/group). Data in (A-C, E, F, 1-K) were combined from two or more independent experiments. The experiments in (D, G, H) were
performed two or more times, with similar results obtained. Data in (A-G) are shown as mean + SD. Data were analyzed using a two-tailed Student’s t-test (A-G), a
two-way ANOVA (H), or log-rank test for survival (I-K). P < 0.05 was considered statistically significant.
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(mimotope) compared to CD4" T cells from BDC2.5*Il-10"*
splenocytes (Figure 3H). No significant differences were found in
the proportion of CD8" T cells expressing IFN-y, TNF-0,, or IL-
17A in the PLN between BDC2.5'I-10"* and BDC2.5'1-10™
NOD mice (Figures S6A-C). To determine the effect of IL-10 on
diabetogenicity of the T cells from BDC2.5'1l-10"~ NOD mice in
vivo, we adoptively transferred total splenocytes from diabetic
BDC2.5'T-107" or BDC2.5'I-10"* NOD mice into 4-week-old
irradiated wild-type female NOD mice. Supporting the in vitro
data, splenocytes from diabetic BDC2.5'11-10"" NOD mice showed
more potent diabetogenicity by inducing a higher incidence of
diabetes in the recipients, compared with the splenocytes from
BDC2.5'11-10""* NOD mice (Figure 3I). Moreover, when we
transferred total splenocytes from non-diabetic BDC2.5'1I-10" or
BDC2.5'1I-10"* NOD mice into NOD.scid mice, splenocytes from
BDC2.5"11-10"" mice induced rapid diabetes in the NOD.scid
recipients as early as 3-days after transfer (Figure 3]). We further
confirmed the enhanced diabetogenicity by BDC2.5 CD4" T cells by
adoptive transfer with purified splenic CD4" T cells from non-
diabetic BDC2.5%11-10"" or BDC2.5*I-10""* NOD mice into
NOD.scid recipients. Similar to the adoptive transfer with total
splenocytes, CD4" T cells from BDC2.5'11-107" NOD mice induced
rapid onset of diabetes compared to their counterparts from
BDC2.5'11-10""* NOD mice (Figure 3K). To determine the effects
of neutrophils on CD4" T cells, we performed criss-cross co-culture
in which purified splenic neutrophils from BDC2.5'TI-10"* or
BDC2.5'T1-10"" NOD mice were cultured with purified splenic
CD4" T cells from BDC2.5'11-10"" or BDC2.5'11-10""* NOD mice.
Interestingly, neutrophils from both BDC2.5'Il-10"* and
BDC2.5"1I-10"" NOD mice effectively inhibited the proliferation of
CD4" T cells from BDC2.5'1-10""* and BDC2.5'1I-10"" NOD mice
when stimulated by antigenic peptide (Figures S7A, B). However,
there was no significant difference in the inhibitory effect of
neutrophils from BDC2.5'11-10""* and BDC2.5'1l-10"" NOD mice
(Figures S7A, B). When we transferred purified splenic CD4" T
cells alone or purified splenic neutrophils together with CD4" T cells
from BDC2.5'T1-10"° NOD mice into Rag’~ NOD mice, no
significant difference in the diabetes incidence was found,
indicating that the altered neutrophils in BDC2.5'1l-10"" NOD
mice may contribute to the disease development, but not by
direct effects on CD4" T cells (Figure S7C). We examined the
Treg cells in BDC2.5' 11107~ NOD mice. Surprisingly, there were no
significant differences in both the proportion and the suppressive
function of Treg cells between BDC2.5"1I-10** and BDC2.5*11-10"
NOD mice (Figures S8A-C). Taken together, our data showed that
in the absence of II-10, CD4" T cells in BDC2.5" NOD mice were
more activated and highly pathogenic. However, Tregs did not
appear to be directly affected by the absence of II-10.

IL-10 Deficiency Alters the Composition of
Gut Bacteria and Intestinal Immunity in
BDC2.5" NOD Mice

To study whether II-10 deficiency also alters the gut bacteria of
TCR transgenic BDC2.5" NOD hosts, we investigated the gut
bacterial composition of BDC2.5'1l-10""* and BDC2.5'1l-107
NOD mice. II-10-deficient BDC2.5" NOD mice had an altered

composition of gut bacteria, indicated by B-diversity of the gut
microbiota shown in the Principal Coordinate Analysis (PCOA;
Figure 4A), compared to II-10-sufficient BDC2.5" NOD mice.
Further analysis also revealed differences at the phylum, class, and
species levels. At the phylum level, BDC2.5'1l-10"~ NOD mice
had increased levels of Proteobacteria compared with BDC2.5"II-
10" NOD mice (Figures 4B, C), with increased abundance of
Epsilonproteobacteria and Gammaproteobacteria (Figure 4D).
Moreover, the relative abundance of Escherichia from
Proteobacteria was significantly different between the two
groups (Figure 4E). We also assessed gut permeability in vivo
to determine whether the altered gut bacteria affected the gut
barrier in Il-10-deficient BDC2.5" NOD mice. Indeed, BDC2.5"II-
10" NOD mice exhibited increased gut permeability compared to
BDC2.5'11-10""* NOD mice as demonstrated by the increased
concentration of serum FITC-dextran (Figure 5A). We found
decreased expression of the intestinal tight junction protein
Zonulinl in BDC2.571-107" NOD mice (Figure 5B), but not
Claudin2 or Occludin (data not shown). Moreover, when we
assessed the inflammatory cytokines in the gut lumen, we found
an increased level of IL-17A (Figure 5C) in BDC2.5"1I-10"- NOD
mice. Additionally, the intestinal expression of Myd88, which
plays an essential role in the activation of innate immunity, was
also increased in BDC2.5'11-10"- NOD mice when compared with
that in BDC2.5'T1-10""* NOD mice (Figure 5D). Interestingly,
BDC2.5"1-10"" NOD mice showed increased expression of
intestinal antimicrobial peptide genes, including Crp, Defcré6,
Reg3y, and Reg3f3 (Figures 5E-H), which could be induced to
defend against the altered bacteria in the gut. Additionally, we
found that the percentages of TCR-y8" cells and NKP46" (one of
the ILC markers) cells decreased in BDC2.511-10"~ NOD mice,
but no significant differences in CD11c¢" cells, IEN-y*CD4" (Th1)
cells, IL-17°CD4" (Th17) cells, and CD117" (one of the ILC
markers) cells between the two groups (Figures S9A-F). Taken
together, II-10 deficiency in BDC2.5" NOD mice not only altered
the gut bacterial composition, but also changed the intestinal
immune responses of the host.

Altered Gut Bacteria Contribute to the
Altered Neutrophil Homeostasis in
BDC2.5*1I-10""s NOD Mice

To determine whether the altered gut bacteria in BDC2.5*1l-10"
NOD mice contribute to the increased frequency of neutrophils,
we first depleted the endogenous commensal bacteria of
BDC2.5*11-10"" NOD breeders by treating the mice with a
cocktail of antibiotics (0.5 g/L vancomycin, 1 g/L ampicillin, 1
g/L metronidazole, and 1 g/L neomycin) in drinking water and
investigated the changes in neutrophils. Our results revealed that
the antibiotic treatment significantly decreased the proportions of
neutrophils in the islet, bone marrow, spleen and peripheral blood
(Figures 6A-H). We also had the wildtype mice (BDC2.5'1l-10"
*) as controls, treated with or without antibiotic, and found that
neutrophils were only decreased in the spleen in BDC2.5"11-10""*
NOD mice (Figure S10). To further confirm the role of gut
microbiota from BDC2.5'11-10"~ NOD mice in modulating
neutrophil homeostasis, we co-cultured BDC2.5%11-10"" NOD
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splenocytes in vitro with heat-inactivated gut bacteria from either
BDC2.5"11-10""* or BDC2.5"11-10"- NOD mice. Interestingly, we
found that gut microbiota from BDC2.5'I-107" NOD further
expanded the neutrophil population significantly (Figures 6, J).
Next, we purified splenic neutrophils from BDC2.5"11-10" NOD
mice and stimulated them with heat-inactivated gut bacteria from
either BDC2.5*11-10""* or BDC2.5"11-10”~ NOD mice, followed by
assessment of gene expression. Our qPCR results showed that
BDC2.5%11-107" NOD gut microbiota promoted Ifn-y gene
expression (Figure 6K), which was consistent with the
intracellular cytokine staining results seen in BDC2.5'Il-10"
NOD mice (Figures 2F, G). Similar to the results using fresh
ex-vivo splenic neutrophils (Figures S4A, B), there were no
significant differences in the gene expressions of Inos and Nos2
in the neutrophils after in vitro stimulation (Figures 6L, M).
Taken together, our data suggested that altered gut bacteria from
BDC2.5*1-10"~ NOD mice modulated neutrophil homeostasis,
which play a role in the development of type 1 diabetes.

DISCUSSION

In this study, we developed a markedly accelerated model of type
1 diabetes by introducing an II-10 deficiency to BDC2.5" NOD
mice, whereas II-10 sufficient BDC2.5" NOD mice develop a very

low incidence and delayed spontaneous diabetes. Although no
significant difference was found in the severity of insulitis
between BDC2.5'11-10""* NOD mice and BDC2.5'11-10" NOD
mice, BDC2.5'11-10"" NOD mice had more immune cells,
especially neutrophils, infiltrating into the islets. In this mouse
model, BDC2.5" NOD CD4" T cells are more activated and
pathogenic than CD4" T cells from II-10 sufficient BDC2.5"
NOD mice. Furthermore, BDC2.5"11-10"~ NOD mice displayed
increased proportions of neutrophils in the bone marrow,
peripheral blood and spleen, which was closely associated with
altered gut microbiota. We postulate that the altered microbiota
may be central in increasing the neutrophils, which also play a
role in increasing pathogenic CD4" T cells.

IL-10 is a multifunctional cytokine that plays crucial roles in
limiting the immune response and regulating the growth and/or
differentiation a variety of immune cells (38, 39). The reports of
the role of IL-10 in the development of type 1 diabetes are
conflicting. It has been documented that early exposure to IL-10
accelerates the disease development (40), while IL-10 exposure
during the later prediabetic phase inhibits disease (41).
Additionally, the effects of IL-10 on autoimmune diabetes of
NOD mice are associated with the location of IL-10 expression.
Pancreatic expression of IL-10 can up-regulate the expression of
intercellular adhesion molecule 1 (ICAM-1) on vascular
endothelium (42) and promotes diabetes development (43),
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but systemic IL-10 is dispensable for autoimmune diabetes (44).
IL-10 has the ability to drive the generation and differentiation of
Treg cells that can inhibit the antigen-specific immune responses
(45, 46). Moreover, IL-10 also affects the function of Treg cells
(35). In NOD mice, overexpression of IL-10 can dramatically
induce Treg cells and therefore ameliorates the development of
type 1 diabetes (47). However, we found that II-10 deficiency in
BDC2.5" NOD mice did not affect the frequency and function of
Treg cells. Consistent with previous findings that IL-10 strongly
inhibited the cytokine production (48) and the proliferation of
CD4" T cells (49), we found that II-10 deficiency significantly
affected the cytokine expression in CD4" T cells and enhanced
the immune response of BDC2.5" CD4" T cells to specific
antigen stimulation. Moreover, II-10 deficiency modulated the
activation of BDC2.5" NOD CD4" T cells, with increased
expression of T-bet, CD69, IFN-y, TNF-o. and IL-17A. Most
importantly, II-10 deficiency changed the function of CD4" T
cells as BDC2.5"T1-10" CD4" T cells were more pathogenic and
induced rapid diabetes onset in NOD.scid mice compared with
those CD4" T cells from BDC2.5"11-10*"* NOD mice. Therefore,
I1-10 deficiency in BDC2.5" NOD mice significantly affects the
activation, proliferation, and function of CD4" T cells, and thus
contributes to the development of type 1 diabetes.

Although T cells have been well documented to play
predominant roles in type 1 diabetes development, there is

increasing evidence from both animal models and human beings
that neutrophils from the innate immune system also contribute the
initiation and progression of type 1 diabetes (15, 17, 21, 22). In
addition to any effects on CD4" T cells, II-10 deficiency had a
significant impact on homeostasis of neutrophils in different tissues
and expanded neutrophils in the bone marrow, peripheral blood,
spleen, and islets in BDC2.5" NOD mice. Interestingly, we found
that the change in the frequency of neutrophils was mediated by the
altered gut microbiota in BDC2.5'11-107" NOD mice, as this
expansion was ameliorated by the depletion of the endogenous
commensal microbiota via antibiotic treatment. Our work furthers
the current understanding from other studies where gut microbiota
was shown to regulate the host immunity by influencing neutrophil
production and activation (50). Khosravi et al. also demonstrated
that germ-free (GF) animals displayed reduced proportions of
neutrophils in bone marrow and spleen (51). Microbially-derived
components can regulate neutrophil homeostasis as the neutrophil
reduction was rescued by treatment with microbe-associated
molecular patterns from heat-killed E coli or autoclaved cecal
content (51). Gut microbiota have been documented to regulate
granulocytosis and neutrophil homeostasis by influencing the
intestinal IL-17-producing cells and the release of granulocyte
colony-stimulating factor (G-CSF) in a Toll-like receptor 4
(TLR4)/myeloid differentiation factor 88 (MyD88)-dependent
manner (23). Additionally, Zhang and colleagues found that gut
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of CD11b*LyBG* neutrophils in the splenocytes stimulated with heat-inactivated gut bacteria from either BDC2.5*1I-10*"* NOD mice or BDC2.5*1I-10”~ NOD mice
(n = 6/group). Representative flow cytometric profiles (1), and summary of CD11b*Ly6G* neutrophils gated from TCR-B" cells (J). (K-M) Gene expression of /fn-y
(K), Inos (L), and Nos2 (M) from purified splenic neutrophils after stimulation with heat-inactivated gut bacteria from either BDC2.5*/1-10* NOD mice or BDC2.5"I-
107" NOD mice (n = 8/group). Data in (B, D, F, H, J-M) were combined from two or more independent experiments. Data in (B, F, H, J, K, M) are presented as
mean + SD and statistical analysis was performed by a two-tailed Student’s t-test. Data in (D, L) are presented as Median and were analyzed using a two-tailed

microbiota modulate the neutrophil ageing and the depletion of the
microbiota can significantly reduce the number of circulating aged
neutrophils (24). Our studies suggest that gut microbiota might
affect type 1 diabetes development through modulating neutrophil
hemostasis, especially by increasing neutrophil infiltration in the
islets. Further investigation is needed to elucidate how gut
microbiota modulate neutrophils and their role in the
development of type 1 diabetes. To better understand the role of
IL-10 in regulation of gut microbiota and gut microbiota-associated
neutrophil hemostasis, the ideal approach would be to generate
germ free II-10 deficient mice. This would be our future direction.

Taken together, by depleting II-10 in BDC2.5" NOD mice, we
generated a markedly accelerated model of type 1 diabetes. Our
studies showed that II-10 deficiency in BDC2.5" NOD mice
significantly altered the immune response and function of

CD4" T cells. Importantly, we showed that the effect of IL-10
on the homeostasis of neutrophils was mediated by the altered
gut microbiota. Thus, our study suggests that gut microbiota
might contribute to the development of type 1 diabetes by
regulation of neutrophil homeostasis. These findings may
provide novel insights into the role of IL-10 in the modulation
of both innate immune cells and adaptive immune cells and the
development of autoimmunity, such as type 1 diabetes.
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Type 1 diabetes (T1D) is a proinflammatory pathology that leads to the specific destruction
of insulin producing B-cells and hyperglycaemia. Much of the knowledge about type 1
diabetes (T1D) has focused on mechanisms of disease progression such as adaptive
immune cells and the cytokines that control their function, whereas mechanisms linked
with the initiation of the disease remain unknown. It has been hypothesized that in addition
to genetics, environmental factors play a pivotal role in triggering B-cell autoimmunity. The
BioBreeding Diabetes Resistant (BBDR) and LEW1.WR1 rats have been used to decipher
the mechanisms that lead to virus-induced T1D. Both animals develop B-cell inflammation
and hyperglycemia upon infection with the parvovirus Kilham Rat Virus (KRV). Our earlier in
vitro and in vivo studies indicated that KRV-induced innate immune upregulation early in
the disease course plays a causal role in triggering B-cell inflammation and destruction.
Furthermore, we recently found for the first time that infection with KRV induces
inflammation in visceral adipose tissue (VAT) detectable as early as day 1 post-infection
prior to insulitis and hyperglycemia. The proinflammatory response in VAT is associated
with macrophage recruitment, proinflammatory cytokine and chemokine upregulation,
endoplasmic reticulum (ER) and oxidative stress responses, apoptosis, and
downregulation of adipokines and molecules that mediate insulin signaling.
Downregulation of inflammation suppresses VAT inflammation and T1D development.
These observations are strikingly reminiscent of data from obesity and type 2 diabetes
(T2D) in which VAT inflammation is believed to play a causal role in disease mechanisms.
We propose that VAT inflammation and dysfunction may be linked with the mechanism of
T1D progression.

Keywords: type 1 diabetes, Kilham rat virus, Inflammation, visceral adipose tissue (VAT), beta cells

INTRODUCTION

Type 1 diabetes (T1D) is a multi-step proinflammatory pathology that culminates in the specific
destruction of islet -cells and lack of insulin secretion (1-3). The Centers for Disease Control and
Prevention have estimated that ~1.25 million Americans are currently living with T1D and 40,000
new cases of T1D are being diagnosed in the U.S each year and it is estimated that five million
Americans will live with T1D by mid-century (4).
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It is thought that both genetic and environmental factors are
key players in the mechanism that triggers diabetes (5-7). The
risk for T1D development is substantially increased in relatives of
T1D patients, since ~6% of children of a diabetic parent, 5% of
siblings and 50% of monozygotic twins develop T1D compared
to only 0.4% in the general population (8, 9). More than 50 T1D
genetic risk loci have been identified to be associated with disease
progression (10).

There is ample evidence from humans and animals
supporting the notion that the environment plays a key role in
mechanisms that trigger B-cell autoimmunity (11-18), and
viruses have been postulated to play a pivotal role in these
mechanisms (16, 17, 19-27). Due to ethical reasons, it is
almost impossible to establish a causal role for microbial
infections in triggering T1D, or address virus-induced disease
mechanisms in humans. Furthermore, identifying microbes
involved in triggering T1D may be hindered since by the time
T1D is detected, the individual might have been infected with
multiple viruses and the virus triggering the disease might have
been cleared (28, 29). We have therefore used the BBDR and
LEW1.WRI1 rat models that develop T1D following infection
with Kilham Rat Virus (KRV) (30) to identify how infections
lead to B-cell inflammation and destruction.

Emerging evidence suggests that inflammation plays a key
role in triggering numerous inflammatory disorders (31-35). We
recently hypothesized that innate immune upregulation is
associated with promoting virus-induced T1D (30, 36-43). Our
recent data provided for the first time evidence linking
inflammation in VAT with mechanisms of T1D (44).
Inflammation in VAT is detectable soon after infection prior
to insulitis and hyperglycemia and is characterized by infiltration
of macrophage to the site of inflammation and proinflammatory
cytokine and chemokine upregulation and tissue dysfunction
(44). On the basis of these observations, we hypothesize that
VAT inflammation and dysfunction may be associated with
T1D mechanisms.

KILHAM RAT VIRUS

KRV is a rat-specific virus environmentally ubiquitous and a
member of the Parvoviridea, a virus group of small single-
stranded DNA viruses with an average genome size of 5 Kbp
encapsidated by protein in an icosahedral non-enveloped particle
(45). This virus group infects various animal species, including
humans (46) and rodents (47). KRV encodes three overlapping
structural proteins, VP1, VP2, and VP3, and two overlapping
nonstructural proteins, NS1 and NS2 (47). There human
parvovirus B19 has been linked with pro-inflammatory
autoimmune disorders like acute myocarditis (48, 49),
rheumatoid arthritis (50), systemic lupus erythematosus (51),
and Sjogren’s syndrome, as well as other autoimmune
conditions (50). Infection with B19 has been associated with
the appearance of elevated levels of autoantibodies against
nuclear antigens and double-stranded DNA (50). KRV
infection can occur in natural environment leading to T1D

without the need for virus injection (52). Known routes by
which KRV transmission may occur are direct contact, aerosol,
and oral (52).

RAT MODELS OF VIRUS-INDUCED T1D

There are two inbred rat strains that have been most used to
address virus-induced T1D mechanisms, the BBDR and
LEWI1.WRI rats. These animals are the only genetically un-
manipulated animal models in which infection with a virus
triggers anti-f3-cell autoimmunity (41). BBDR rats have normal
levels and function of peripheral T cells (53, 54), and
spontaneous diabetes does not develop in viral antibody-free
BBDR rats (55). However, insulitis, hyperglycemia, and severe
ketosis occur in animals after inducing innate immunity with
Poly(I:C) plus elimination of regulatory ART2+ T cells (55), or
following virus infection (52). T1D in the BBDR rat is mediated
by the immune system since the transfer of lymph nodes from
animals with diabetes to RT1u MHC compatible T cell deficient
WAG nu/nu rats results in diabetes progression (56).

The LEW1.WRI rat has also normal levels and function of T
lymphocytes (57). The LEW1.WR1 rat has a higher degree of
disease penetrance compared with that of BBDR rats as
evidenced by the observation that elimination of ART2.1+ cells
by itself can result in diabetes (57). As seen in the BBDR rat, KRV
infection leads to hyperglycemia by specific loss of islet 3-cells,
glycosuria, ketonuria, and polyuria (55, 57).

Infecting LEW1.WR1 and BBDR rats with KRV leads to
specific B-cell inflammation, islet cell death and permanent T1D
occurring following insulitis, 2-4 weeks following virus
inoculation with disease rate of ~20 and 60%, respectively (30,
34, 35, 52). It is noteworthy that the ability of virus infection to
trigger T1D or inflammation in the rat is not limited to KRV,
since B-cell autoimmunity in the rat can be triggered by two
other viruses, rat CMV (58). Furthermore, Poly I:C, a synthetic
analogue of double stranded RNA which mimics viral infection,
synergizes with low KRV titers, that by themselves do not induce
T1D, on disease progression (41). Because double stranded RNA
molecules can be expressed by different viruses, this may suggest
that microbes other than KRV could also be associated with
initiating T1D development (44). Indeed, multiple viruses have
been hypothesized to be involved in triggering human T1D (5, 6,
16, 17, 19-26, 59).

A key factor linked with the mechanism leading to T1D in
both animals and humans is likely to be linked with
proinflammatory pathways that can potentially be upregulated
by different virus groups (60). It is therefore plausible to
hypothesize that while a human KRV homologue may not
necessarily be involved in triggering T1D in humans, viruses
that induce proinflammatory pathways similar to those induced
by KRV may be linked with promoting B-cell autoimmunity in
genetically susceptible individuals. Identifying mechanisms of
KRV-induced T1D in rat models of virus-induced T1D could
therefore provide valuable data on mechanisms mediating the
human disease.
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The relevance of the BBDR and LEW1.WRI rat models to the
human disease is supported by data from our laboratory and
others. T1D in the rat better resembles the human disorder than
the mouse model with respect to histopathology (61). Similar to the
rat, there is no significant infiltration of immune cells around the
islet (“peri-insulitis”) prior to disease onset and insulitis is
morphologically mild and more similar to that detected in
human TI1D (62-64). As seen in humans, disease in the rat is
not influenced by gender (65) and is MHC-dependent (61, 66).

The mechanism of T1D in the LEW1.WRI rat is believed to
be fundamentally different than that leading to T1D in the NOD
mouse. In contrast to the rat, T1D development in the mouse is
not dependent on microbial infections as germ-free mice retain
the ability to develop disease (67). While -cell autoimmunity in
the mouse appears to be independent of the MyD88 signaling
pathway (68), our studies demonstrated that the disease in the rat
is mediated via the MyD88-TLR9 signaling axis (40). Finally,
innate immune activation with exogenous activators of TLR2,
TLR3/MDA-5, TLR4, TLR7/8, and TLRY, and exacerbates T1D
in the rat (41, 69), but protects NOD mice from B-cell
autoimmunity (70-73).

Innate Immunity and Inflammation
Inflammation is a physiological reaction of the innate immune
system to microbial infection or tissue injury leading to the
secretion of numerous inflammatory mediators, such as
cytokines and chemokines, which orchestrate cellular defense
mechanisms and injured tissue repair (74, 75). In contrast to
adaptive immunity that identifies antigenic molecules using
highly specific receptors expressed on T and B lymphocytes,
inflammation is the less specific arm of the immune system (76).
Innate immune sentinel cells such as dendritic cells (DCs),
macrophages, and neutrophils and recognize invading microbes
via pattern recognition receptors (PRRs) activating downstream
innate immune pathways aiming to eliminate infections (77, 78).
A key PRR group is the Toll-like receptors (TLRs) family each
member of which recognizes a different type of conserved
pathogen-associated molecular patterns (PAMPs), such as
TLR2 that senses cell wall molecules of gram-positive bacteria
lipoteichoic acid and TLR3 and TLRY that sense double stranded
RNA and microbial DNA, respectively reviewed in refs. (79-
88). Recognition of PAMPs by PRRs induces proinflammatory
responses and activation of host defense mechanisms (79-88).
The interaction of TLRs with their agonists induces in addition
to proinflammatory cytokine and chemokine responses, the
expression of MHC Class II and costimulatory molecules on
antigen presenting cells (APCs), thus enabling these cells to
effectively activate antigen-specific T cells to specifically attack
invading pathogenic microbes (79-88). In addition to sentinel
cells, innate immunity also has a humoral arm comprised of
pattern recognition molecules (PRMs), such as lectin, ficolins,
pentraxins, and the complement component Clq (89, 90).

Role of Inflammation in KRV-Induced T1D

Infection with KRV induces a global innate immune
upregulation detected in various lymphoid organs, such as the
spleen, pancreatic lymph nodes, Peyer’s patches and thymus

involving the induction of numerous proinflammatory
cytokines, including IL-1f3, IFN-y, and IL-12 3-5 days after
infection, prior to insulitis and diabetes (30, 34, 35, 66). The
rats develop humoral and cellular anti-KRV responses and clear
the virus (91). We proposed that KRV-induced inflammation is
associated with mechanisms of disease development (30, 36-43).
We were the first to implicate TLR signaling in T1D progression
(40, 41). We demonstrated that innate immune activation with
ligands of TLRs synergizes with KRV infection on T1D
development (41). Furthermore, we observed that the highly
homologous H-1 parvovirus does not activate the innate
immune system and fails to induce diabetes development in
the BBDR rat (41). Our in vivo studies have shown that blocking
IL-1 signaling with IL-1RA (39), or suppressing inflammation
with a number of immunomodulatory agents, such as steroids
(69), histone deacetylase inhibitor (38), antibiotics (30), or short
chain fatty acids (92) prevents diabetes. Our hypothesis on the
role of innate immunity in T1D is further supported by earlier
data implicating TLR9 pathways in KRV-induced T1D
mechanisms (40). We demonstrated that in vitro KRV-induced
innate immunity is blocked by inhibitors of TLR9 and blockers of
PKR and NF-kB (40). Finally, pharmacological suppression of
TLR9 in vivo prevents T1D (40).

COVID-19 and T1D

Given that COVID-19 induces robust inflammation in infected
individuals, it has recently been hypothesized that this virus
could potentially drive T1D via mechanisms associated in part
with immune upregulation (93, 94). The data on the ability of
COVID-19 to induce autoimmunity are mixed and clear
evidence that COVID-19 activates anti-B-cell autoimmunity is
not yet available (94-103). Moreover, the observations
implicating COVID-19 in T1D development are based
primarily on anecdotal data (95-101). Because hyperglycemia
is only the end stage of the anti-islet autoimmune process that
may start many years prior to disease onset (104-106), long-term
follow up epidemiological studies will be required to determine
whether COVID-19 infection increases the risk for T1D
development in genetically-susceptible individuals.

KRV-INDUCED INFLAMMATION IN
VISCERAL ADIPOSE TISSUE (VAT)

In the course of our studies on the role of inflammation in virus-
induced T1D, we observed that infection of LEW1.WR1 rats with
KRYV leads to inflammation in VAT detectable as early as day 1
post-infection, long before B-cell inflammation and
hyperglycemia. This inflammation is characterized by an influx
of CD68" macrophages into VAT seen in the interstitial space
surrounding adipocytes in KRV-infected animals but not control
rats injected with PBS. In sharp contrast to VAT, subcutaneous
adipose tissue (SAT) was observed to be free of cell infiltration
(44). Activation of innate immunity with Poly (I:C) in the
absence of virus also induces VAT inflammation. Because i.p.
injection of KRV induces inflammation in proximal and distal
organs, and since Poly (I:C) itself, in the absence of virus, can
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induce VAT inflammation, it is unlikely that the route of virus
inoculation or site of infection play a critical role in triggering
VAT inflammation. Unlike VAT, the exocrine tissue and islets
from day 5-infected rats are insulitis-free, whereas 3-cells from
day-14-infected animals are inflamed or show signs of tissue
destruction (44). KRV induces the expression of virus transcripts
and proinflammatory cytokines such as IL-1f3, IL-6, and IL-
12p40 and chemokines in VAT in vivo and in purified adipocytes
in vitro (44). Furthermore, KRV induces ER and oxidative stress
response and activation of apoptotic pathways in infected VAT
in vivo (44). KRV also downregulated the expression
of adipokines and genes associated with mediating insulin
signaling in VAT (44). Brief therapy with dexamethasone early
in the disease course (days 1-5) prevents VAT inflammation and
T1D. Based on these data, we hypothesized that VAT
inflammation and dysfunction may be linked with early
mechanisms of virus-induced disease development.

ROLE OF ADIPOSE TISSUE IN GLUCOSE
METABOLISM AND IMMUNITY

There are several types of adipose tissue, i.e. white adipose tissue
(WAT), brown adipose tissue (BAT) and beige adipose tissue
(107). WAT is the most abundant fat accounting for 5% to 50%
of human body weight (107). It plays a key role in metabolic
homeostasis by storing fat for long-term survival and by
functioning as an endocrine organ (107-109). WAT is a main
source of many adipokines, peptides or proteins with hormone-
like properties that regulate metabolic homeostasis through local
paracrine effects and endocrine effects (107-109). The metabolic
characteristics of WAT is determined by its location in the body,
commonly classified into subcutaneous fat and visceral fat depots
(107-109). Adipose tissue can release and respond to cytokines
and may therefore exert immune modulatory functions on non-
adipose tissues (107). The discovery of leptin and adiponectin
was the first indication that adipose tissue is an endocrine organ
with the ability to regulate systemic energy homeostasis and
glucose metabolism as well as mediate immunity. The metabolic
effects of leptin and adiponectin on target tissues were observed
to be robust (110).

Why KRV induces inflammation in VAT and not SAT is
unclear. It may be that this is the result of differences in the
function of VAT versus SAT. SAT is less active metabolically
than VAT (111). It has been shown that adipocytes of VAT
undergo more lipolysis than SAT and therefore contribute larger
amounts of fatty acids to the circulation (111-113). On the other
hand, SAT is considered to have a better capability of storing
fatty acids, implying that it could store energy in periods of
excess nutrition and supply fatty acids in periods of
starvation (111).

Leptin has been suggested to play a key role in T2D
development (reviewed in ref. 104). The long form of the
leptin receptor (ObRb) capable of intracellular signaling is
expressed in $3-cells, and exogenous leptin inhibits insulin

production and secretion from human islets implying a direct
action of leptin on B-cell function (105, 106, 114-118).
Furthermore, mice deficient of leptin have increased appetite,
weight gain, insulin resistance and diabetes, conditions that can
be improved with leptin therapy (104, 119-124). In addition to
its role in controlling energy balance, leptin can also influence
immune functions reviewed in ref. (119). Indeed, macrophages
express the leptin receptor (119) and leptin can increase the
proliferation of monocytes and induce the expression of
inflammatory cytokines such as TNF-o and IL-6 and other
surface activation molecules (125).

Adiponectin has been shown to have beneficial effects on
insulin sensitivity (110, 126) and B-cell regeneration in mice with
STZ-induced diabetes (127). Adiponectin has also been
demonstrated to protect B3-cells from the detrimental effects of
free fatty acids (128) via as yet unidentified mechanisms (118).
Adiponectin is an endogenous insulin sensitizer in the skeletal
muscle and liver, and administering mice with adiponectin results
in lower blood glucose levels and the reversal of insulin resistance
in mouse models of obesity (119). The receptor for adiponectin is
expressed in macrophages, and adiponectin can suppress the
production of TNF-a and IL-6 and induce the production of the
anti-inflammatory mediators IL-10 and IL-1 receptor antagonist
(119). Mice deficient in adiponectin have increased numbers of
activated M1 macrophages in their adipose tissue with increased
production of TNF-o,, IL-6, and MCP-1 (119).

CROSSTALK BETWEEN INNATE
IMMUNITY AND GLUCOSE METABOLISM

The hypothesis that there is interplay between the innate
immune system and glucose metabolism emerged after it was
observed that administering low doses of lipopolysaccharide
(LPS) leads to hyperglycemia mediated primarily by IL-1
pathways (129). Innate immune mediators such as IL-1 may
play a beneficial role in maintain a normal glucose homeostasis
by inducing insulin secretion and biosynthesis and B-cell
proliferation reviewed in ref. (130).

In obesity, increased fat mass can result in adipocyte
hypertrophy, hypoxia, death and ER stress response reviewed
in refs. (119, 130). The adipose tissue death and dysfunction lead
to the induction of chronic inflammation associated with the
expression of proinflammatory cytokines such as IL-1, IL-6 and
TNF-o. and chemokines such as MCP-1 in adipocytes. MCP-1
and other chemokines released by adipocytes and immune cells
in fat tissue further promote infiltration of monocytes and other
immune cells into adipose tissue (130-132). Macrophages are the
most abundant innate immune cells infiltrating and
accumulating into adipose tissue of obese individuals (133).

Chronic inflammation in adipose tissue is believed to play a
key role in the development of insulin resistance that is a
hallmark of T2D in obese individuals reviewed in ref. (133).
Insulin resistance may culminate in aberrant glucose uptake and
glycogen synthesis (134). Consequently, $3-cells attempt to
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compensate for insulin resistance by increasing insulin secretion
to restore normal glucose homeostasis (134). A further decline in
insulin sensitivity makes the $3-cells exhausted, leading to
hyperglycemia and T2D (135).

VAT INFLAMMATION AND DYSFUNCTION
IN KRV-INDUCED T1D VERSUS T2D

The underlying mechanisms and pathways critically involved in
KRV-induced inflammation and T1D remain to be identified.
The data from our laboratory implicating VAT inflammation
and dysfunction in T1D development are highly reminiscent of
observations from obesity and T2D in which VAT inflammation
and dysfunction have been hypothesized to play a causal role in
mechanisms that result in islet damage and diabetes progression
(136-143). Although the level of the proinflammatory response
detected in VAT from infected LEW1.WRI rats is substantially
greater than that typically seen in adipose tissue from T2D (44,
136, 137, 141, 142, 144-155), one cannot ignore the remarkable
commonalities between inflammation observed in KRV-induced
T1D versus T2D. Most notably, in both conditions, VAT is
targeted by the innate immune system. Moreover, VAT
inflammation in both disorders is linked with 1) macrophage
infiltration into VAT, 2) expression of proinflammatory
cytokines such as IL-1, IL-6 and TNF-o and as well as
chemokines such as CCL2, CCL5, and CXCL-10, 3) oxidative
stress response, 4) apoptosis, 5) adipocyte death, and 6) tissue
dysfunction (136, 137, 141, 142, 144-155).

and Dysfunction

Visceral Adipose Tissue Inflammation

ROLE OF VAT INFLAMMATION AND
DYSFUNCTION IN VIRUS-INDUCED T1D

Whether and how VAT inflammation and dysfunction play a role
in KRV-induced T1D mechanisms remain to be further
elucidated. We propose a model that may explain how VAT
inflammation and dysfunction lead to T1D (see model in
Figure 1). We hypothesize that infection with KRV results in
VAT infection and TLR-induced macrophage activation and
infiltration into VAT. Inflammation in VAT associated with a
robust proinflammatory cytokine response may lead to adipose
tissue hypoxia, ER and oxidative stress responses and apoptosis
and consequently aberrant adipokine expression (118, 119, 133,
156, 157). In Obesity, free fatty acids, and lipid intermediates
synergistically induce adverse effects on both B-cell mass and
function contributing to the progressive loss of functional 3-cell
mass reviewed in ref. (118). Likewise, circulating factors such as
cytokines released from inflamed tissues such as adipose tissue
and activated innate immune cells can adversely affect 3-cells by
impairing their functions and limiting cell mass (118). In a similar
manner, KRV-induced excessive lipolysis resulting from
adipocyte death can result in excess of free fatty acids in the
circulation, which can induce lipotoxicity. KRV-induced
proinflammatory cytokines such as IL-18 can enter the
c