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Chapter 1 : Type 1 diabetes pathogenesis and the role of
inhibitory receptors in islet tolerance1
Introduction
The immune system evolved to recognize, respond to, and resolve threats to homeostasis.
Cells and secreted mediators of the immune system work in concert to eliminate hidden
viral factories, nascent tumor cells, and even expel parasitic worms. Immune recognition
is the critical first step, and it involves making a distinction between “self” or
“innocuous” (e.g. heart muscle cells, pancreatic beta cells, food particles, pollen) and
“foreign” or “harmful” (e.g. infected or transformed cells, fungi, parasites). While there
are numerous tolerance mechanisms in place to ensure that the body’s healthy cells and
tissues are spared, these are not infallible. In fact, one in every 15 people in the United
States suffers from a systemic or organ-specific autoimmune disease (1).
This work focuses on autoimmune type 1 diabetes (T1D), characterized by immunemediated attack and destruction of insulin-producing pancreatic beta cells. As many as
1.25 million Americans currently live with T1D (2), and >40,000 new cases are
diagnosed each year (2). Alarmingly, disease incidence has been on the rise, with a 21%
increase between 2001 and 2009 among adolescents younger than 20 years of age (3).
Insulin injections or the insulin pump are life-saving therapies, but they are not curative.
To cure T1D, we must develop targeted immunotherapies to re-tolerize or eliminate beta
cell-specific T and B cells, and replenish the depleted beta cell mass. Developing
selective immunotherapies will require knowing which beta cell-derived antigens drive
T1D, as well as understanding how cognate T and B cells escape tolerance checkpoints.
Herein, we tracked insulin-specific T and B cells in mouse models of varying
1
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susceptibilities to T1D and interrogated how inhibitory receptors regulated their
activation and function during disease progression.

Type 1 diabetes pathogenesis
T1D is orchestrated by islet-specific CD4+ and CD8+ T cells, as well as B cells, and
involves precise targeting and elimination of insulin-producing pancreatic beta cells (4).
Islet-reactive lymphocytes encounter cognate antigen in the pancreatic lymph nodes,
become activated, and traffic to the pancreas. Lymphocytes first surround the islet (periinsulitis), and subsequently enter the islet core (destructive insulitis), causing beta cell
demise and eventual T1D (Fig. 1-1). T1D arises in genetically susceptible individuals,
with median onset at 10-14 years of age (4, 5). Disease concordance in twins is ~60%,
suggesting that other environmental factors compound disease risk (6).
Genetic risk for T1D
Approximately 50% of T1D heritability is attributable to the human leukocyte antigen
(HLA) region (7-9). HLA Class II haplotype DRB1*0405-DQA1*0301-DQB1*0302
(DR4/DQ8) confers the highest genetic risk for T1D development with odds ratio (OR)
as high as 11.37 (10-12). Some haplotypes, such as DRB1*1501-DQA1*0102DQB1*0602 (DR2/DQ6) are considered protective (OR=0.03; (10, 12)). Specifically, the
amino acid identity at position 57 in the DQB-chain correlates with T1D risk or
protection (10). HLA II haplotypes with aspartate at position 57 (Asp-57) of DQB-chain
are more represented among non-diabetic individuals, while non-Asp-57 haplotypes are
significantly increased in frequency among diabetic individuals (11, 13).
Genome wide association studies identified >50 other risk-compounding candidate genes
including those encoding insulin, PTPN22, PTPN2, and CTLA-4 (14-18). The insulin
gene, and specifically the number of tandem repeats preceding the transcription start site,
is associated with the level of insulin mRNA expressed in the thymus during T cell
2

development (19). PTPN22 and PTPN2 are phosphatase molecules that regulate T and B
cell signaling (16, 20), while CTLA-4 is a T cell inhibitory receptor, and will be
discussed further below.
Despite the identified genetic factors, disease concordance between monozygotic twins is
not at a 100%, indicating that environmental factors also influence T1D development.
The exact environmental trigger remains unknown, but epidemiological studies (21-23)
and preclinical work with non-obese diabetic (NOD) mice suggest that enterovirus
infections may increase disease risk either through molecular mimicry or through
bystander inflammation (24, 25). Specifically, enteroviral genetic material and enteroviral
proteins or anti-viral autoantibodies have been detected in gut mucosa (26), peripheral
blood (23) and beta cells of autoantibody positive and type 1 diabetic patients around the
time of diagnosis, but not in non-diabetic individuals (27-30), prompting many to
speculate that viral infections trigger T1D onset in susceptible individuals.
Autoantibody production as a biomarker of T1D and implicated antigens
Autoantibody seropositivity against islet proteins precedes T1D development.
Approximately 15% of individuals with autoantibodies against a single islet antigen
develop T1D within 10 years. As many as 70% of individuals with autoantibodies against
two or more different islet epitopes develop T1D within 10 years, and nearly all become
diabetic over time, suggesting that epitope spreading is a biomarker of aggressive disease
(31). Autoantibody production likely results from B cell:CD4+ T cell interactions,
following a breach in B and T cell tolerance to islet antigens. Many of the islet antigens
recognized by B and T cells are therefore shared, and are summarized in Table 1-1. Most
common antigens include insulin, glutamic acid decarboxylase 65 (GAD65), zinc
transporter 8 (ZnT8), and islet antigen-2 (I-A2). Notably, persistently high titers of
insulin autoantibodies (IAA) but not anti-GAD65 or anti-I-A2 in children strongly
correlate with rapid progression to T1D by year 5 of age (32, 33). Age of IAA onset and
3

IAA titer are the most reliable predictors of age of disease onset, further suggesting that
insulin and insulin-derived peptides constitute a critical target, at least in a subset of
patients (31). Understanding the dynamics of B cell:CD4+ T cell cross-communication in
T1D might allow for earlier identification of at-risk patients, and intervention with
immunotherapy prior to the extensive loss of beta cell mass (Fig. 1-2).
Role of T cells in human T1D
Pancreas sections from pre-diabetic autoantibody positive and overtly diabetic
individuals have shown CD4+ and CD8+ T cell infiltrate, suggesting that both of these cell
types are important in T1D (34-37). CD8+ T cells are thought to directly target and kill
beta cells, while CD4+ T cells are thought to promote beta cell death via cytokine
secretion and help to CD8+ T and B cells (38) (Fig. 1-3, Fig. 1-5). HLA II associations
with T1D risk, and animal studies using CD4+ deficient mice support the role of CD4+ T
cells as critical mediators of T1D in humans. Islet-reactive CD4+ and CD8+ T cell clones
have been isolated from islets and from the pancreatic lymph nodes of diabetic donors
(39-42) as well as detected in peripheral blood of T1D patients but not controls (43, 44).
Importantly, CD4+ and CD8+ T cells clones isolated from patient islets induced T1D after
transfer into humanized mice, directly demonstrating pathogenicity (42, 45).
With that in mind, T cell-targeting strategies have been attempted in the clinic, with some
success. Treatment with humanized anti-CD3 antibodies teplizumab and otelixizumab led
to a stabilization of C-peptide, reduction in exogenous insulin use, and reduction in
hemoglobin A1c for 18–48 months in 40-75% of new onset patients (46-52). The
mechanism of action is still unclear, but two possibilities have emerged based on preclinical data. Anti-CD3 may promote an increase in regulatory T cell responses, or
promote apoptosis of T effector cells that infiltrate the pancreas (53, 54). Patients had a
transient reduction in peripheral blood T cells, and in some, viral re-activation was noted
after treatment (48). Anti-CD3 effect on disease stabilization correlated with age and with
4

higher residual beta cell mass at treatment initiation, but long-term benefits were not seen
(48, 49). Several trials tested the effect of low dose anti-CD3 on C-peptide stabilization
and insulin use, and unfortunately found no difference between treatment and placebo
groups (55, 56).
Antithymocyte globulin (ATG) treatment during early insulitis or at disease onset
effectively reduced T1D incidence in a pre-clinical setting by decreasing the number of
effector T cells and preserving T regulatory cells (57, 58). The first trial in recently
diagnosed human patients with high dose ATG (6.5 mg/kg) showed little to no
stabilization of C-peptide or reduction in insulin use, and actually led to detrimental
cytokine release, and a decrease in regulatory T cells (59, 60). A subsequent trial utilized
a low dose of ATG (2.5 mg/kg) and showed stabilization of C-peptide for up to a year
(61). Collectively, anti-CD3 and ATG clinical trials suggest that modulating T cell
responses can delay disease progression. However, neither strategy reversed T1D, and
both were associated with viral reactivation as they were directed against all T cells.
Strategies that enhance the regulatory arm of the immune system have also been
employed in the context of T1D, with exciting preliminary results. Expansion and
reinfusion of polyclonal, patient-derived regulatory T cells led to C-peptide stabilization
for more than 2 years in a phase 1 clinical trial, and was well tolerated (62). Importantly,
infused cells were detected long term, and appeared stable. While patients enrolled in this
trial did not present with opportunistic infections, global immune suppression with
polyclonal regulatory T cell therapy is still a concern. Efforts are underway to expand or
design islet antigen-specific regulatory T cells, and circumvent this problem as well as
potentially enhance therapeutic benefit (63).

Role of B cells in human T1D
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Even though autoantibodies are a reliable marker of T1D development and are still used
to stratify at-risk patient cohorts, the role of B cells in T1D has been a matter of debate. A
case study reported T1D development in a patient with severe hereditary B cell
deficiency (64). However, recent studies demonstrated a positive correlation between B
cell presence in insulitic lesions and fast beta cell destruction, early onset time, and more
aggressive disease (65-67). Furthermore, B cell depletion with anti-CD20 (rituximab)
within 100 days of diagnosis demonstrated stabilization of C-peptide production and
reduced the need for exogenous insulin among treated patients compared to placebo
controls for up to a year (68).
Typically, antibody production results from cognate B cell:CD4+ T cell interactions in the
germinal center region of the lymph node follicle (69, 70). Studying antigen-specific
germinal center reactions in patients with autoimmunity is technically challenging given
the small precursor populations of autoreactive B and T cells, and limited access to
lymph node samples. One study noted fewer germinal centers in the pancreatic lymph
nodes of new-onset versus control or long-standing diabetic patients (71). However,
others found an increase in peripheral blood CD4+ T cells with a T follicular helper (TFH)like signature in T1D patients (72, 73), and reported a decrease in circulating TFH-like
cells in patients treated with rituximab (74). Mechanistic studies performed in non-obese
diabetic (NOD) mice shed more light on the involvement of B cells in T1D and are
discussed below.

NOD mouse model of T1D
Non-obese diabetic (NOD) mice were derived as a substrain of Jcl:ICR mice at the
Shionogi Research Laboratories in Japan for studying cataract development (75). NOD
mice developed high fasting blood glucose levels, and have been an invaluable tool for
studying T1D ever since (76). T1D incidence in NOD mice is colony- and sex-dependent.
Incidence in female mice ranges between 50 and 90% by 30 weeks of age, as opposed to
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20-30% in male mice (38, 76). Unless otherwise noted, all studies discussed below were
performed in female mice.
Genetic factors accounting for T1D susceptibility in mice
As in humans, MHC Class II haplotype confers the highest risk of T1D development.
NOD haplotype H-2g7 expresses I-A but not I-E molecules. Expression of other I-A
alleles, such as I-Ab, completely protects NOD mice from T1D (77), as does introducing
a functional I-E locus (78). Interestingly, amino acid identity at position 57 in the beta
chain is associated with T1D risk in NOD mice, similarly to humans. Swapping out the
native serine at position 57 for an aspartate in the I-Ag7 beta chain prevents T1D (79),
further substantiating clinical studies (11, 80). It is thought that aspartate in this position
facilitates the formation of a salt bridge at the periphery of the peptide binding groove
with arginine at position 76 of the alpha chain. A non-aspartate amino acid would not
allow salt bridge formation, and likely alter peptide binding repertoire, and by extension,
influence the T cell repertoire as well (81). Therefore, I-Ag7, and specifically, nonaspartate residues at beta chain 57 position, are required for overt T1D in NOD mice.
However, it is important to note that I-Ag7 alone is not sufficient for disease. C57BL/6
(B6) mice expressing NOD I-Ag7 molecule (B6.g7 mice) do not develop insulitis or
diabetes (82) suggesting that other non-MHC loci also account for disease susceptibility.
To identify them, researchers have crossed NOD mice to diabetes-resistant inbreed mice,
and identified >35 mono- or polygenic Idd (insulin dependent diabetes) loci. Gene
identity and inter-loci interactions are still an area of active inquiry, but several loci have
already been thoroughly mapped, and include cytokines and immune receptors implicated
in regulating T cell responses, such as Il2, Il21 (Idd3), Ctla4, Icos (Idd5), Lck, and
Tnfrsf9 (Idd9), which are discussed further below.
Environmental factors associated with T1D onset in NOD mice
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Increase in autoimmune disease incidence parallels the decline of infectious disease
burden in Western countries (83). This observation led to the formulation of the “hygiene
hypothesis”, which links the lack of early microbial exposures to an exaggerated immune
response to future threats and innocuous antigens (83). As mentioned above, newly
diagnosed T1D patients have been shown to have anti-Epstein Barr virus antibodies, or
evidence of prior exposure to other enteroviruses, such as coxsackie B3 (27-30). While a
causal relationship is difficult to establish, studies in NOD mice have shown contextdependent effects of viral infection on T1D development. LCMV or coxsackie virus B3
infection can prevent or delay T1D in <6-week-old young NOD mice which lack
insulitis, supporting the “hygiene hypothesis” (84-86). However, LCMV or coxscakie B3
infection in NOD mice with pre-established insulitis dramatically accelerates T1D,
potentially explaining how some patients have evidence of prior viral exposure around
the time of T1D diagnosis (86, 87).
CD8+ T cells directly kill beta cells in T1D
CD8+ T cell-deficient NOD mice are completely protected from insulitis and T1D (8891), indicating that CD8+ T cells have a critical role in disease initiation and propagation.
CD8+ T cell clones isolated from patient islet lesions or from diabetic NOD mice cause
T1D, demonstrating that these cells are directly pathogenic (42, 92, 93). It is thought that
CD8+ T cells become activated in the pancreatic lymph node, and traffic to the pancreas
where they interact with pancreatic beta cells. CD8+ T cell action is TCR:peptide:MHC Idependent (Fig. 1-1, Fig. 1-3) and involves the release of perforin and granzyme B from
the T cell’s cytolytic granules. Perforin then creates holes in beta cell membrane,
allowing granzyme B to enter the cytoplasm, cleave caspase-3 and activate the apoptosis
pathway (94, 95). Interestingly, perforin, but not granzyme B, is required for T1D
development (96, 97) suggesting that other secreted mediators are in play as well.
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B cells present antigen and secrete autoantibodies
B cell presence (98) and B cell-intrinsic MHC I and MHC II expression are necessary for
insulitis progression to overt T1D (99, 100). These findings indicate that B cells are
critical antigen presenting cells to both CD4+ and CD8+ T cells in the advanced stages of
disease (Fig. 1-4).
Similarly to humans, autoantibody presence in the serum predicts time to T1D onset in
NOD mice (101). However, the role of autoantibodies in disease has been a matter of
debate. Serum transfer from diabetic mice does not accelerate T1D (92), which is in stark
contrast to other autoimmune diseases and autoimmune disease models such as
rheumatoid arthritis and systemic lupus erythematous (102-105). Because of this finding,
researchers have dismissed autoantibodies and B cells as critical players in T1D.
However, if B cells cannot secrete autoantibodies, T1D incidence and penetrance are
significantly reduced (106). Subsequent studies have shown that serum autoantibody
transfer in a TCR transgenic setting stimulates CD4+ T cell activation through an Fcdependent mechanism (107). Similarly, in the context of viral infection, antibodymediated antigen delivery to dendritic cells and macrophages via Fc receptors was
important for priming CD4+ and CD8+ T cell responses (108, 109). Therefore, it is
possible that instead of directly causing pathology, autoantibodies help capture limiting
antigen and facilitate T cell priming, thus propagating the autoimmune response. B
cell:CD4+ T cell interactions and the mechanism underlying autoantibody generation are
further discussed below.
CD4+ T cells have multiple roles in T1D
CD4+ T cells are MHC Class II-restricted; therefore, the strong association between MHC
II haplotype and T1D in both mice and humans suggests that CD4+ T cells play a critical
role in T1D. Indeed, genetic manipulation and antibody depletion studies have shown that
9

CD4+ T cells are required for disease initiation. NOD mice lacking MHC II expression
are protected from destructive insulitis and overt T1D (88, 110). Additionally, NOD mice
lacking the Class II transcription activator (CIITA), a non-DNA binding transcription
factor that promotes MHC II expression, are also protected from invasive insulitis and
overt T1D (110). Furthermore, CD4+ T cell depletion at 6 weeks of age and at disease
onset prevents and reverses T1D, respectively (111-113), suggesting that CD4+ T cells
are required for T1D initiation and progression.
As mentioned above, CD4+ T cell clones isolated from T1D patients can directly induce
T1D upon transfer into humanized mice (45). Similarly, CD4+ T cell clones isolated from
diabetic NOD pancreata, such as the BDC2.5 CD4+ T cells, cause T1D after transfer,
without needing CD8+ T or B cells (114, 115). CD4+ T cells are thought to provide CD40
ligand co-stimulation to dendritic cells, and enhance cross-presentation to islet-reactive
CD8+ T cells (38) (Fig. 1-5A). In the pancreas, activated TH1 CD4+ T cells are a key
pathogenic cell population, as they promote beta cell death by secreting proinflammatory
cytokines interferon-gamma (IFNγ) and tumor necrosis factor alpha (TNFα) (116), and
polarize islet-resident macrophages into an M1 phenotype (117) (Fig. 1-5B). M1
macrophages similarly secrete cytokines, and amplify the beta cell death cycle (118).
Recent studies have demonstrated MHC II expression on beta cells themselves; therefore,
it is possible that CD4+ T cells exert their diabetogenic role in part through directly
interacting with beta cells (119) (Fig. 1-5B). In addition, CD4+ T cells provide “help” to
B cells in the germinal center (see below) and promote autoantibody affinity maturation
and class switching (69, 70, 120) (Fig. 1-5C). Finally, a subset of CD4+ T cells with
regulatory function (Treg) limit immune responses, and help maintain islet tolerance (Fig.
1-5D). Their role in T1D has been an intensive area of investigation in animal models and
in patients and it is discussed further below.
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Germinal center in T1D
CD4+ T cells and cognate B cells interact at the T:B zone border and in the germinal
center region of the lymph node, to promote B cell differentiation into antibody-secreting
plasmablasts and maturation into germinal center B cells, respectively (69, 70, 120, 121)
(Fig. 1-6). Germinal center B cells are auditioned for reactivity to cognate antigen
through their interactions with T follicular helper (TFH) CD4+ T cells. BCR-mediated
antigen intake leads to antigen processing and presentation in the context of MHC II.
Cognate CD4+ T cells perceive the amount of presented antigen (which is proportional to
BCR antigen affinity) and produce interleukin (IL)-4, IL-21, and provide CD40 ligand to
germinal center B cells (122) (Fig. 1-6). These turn on activation-induced deaminase
(AID), and undergo somatic hypermutation (SHM), a process that introduces random
mutations into V(D)J regions of the immunoglobulin. Cells with favorable mutations bind
antigen with a higher affinity, receive more CD4+ T cell help, and are stimulated to
proliferate, and ultimately differentiate into memory B cells or long-lived plasma cells
(69, 70). While CD4+ TFH cells stimulate B cells, a subset of Treg cells termed T follicular
regulatory (TFR) cells oppose their function, and limit the germinal center reaction (123)
(Fig. 1-6). Much of what is currently known about the germinal center dynamics stems
from studies of vaccination or infection. The kinetics and dynamics of B cell:CD4+ T cell
interactions in spontaneous autoimmunity have been more difficult to delineate. This is
primarily due to self-antigen-specific CD4+ T and B cells being rare and difficult to track,
and due to inherent stochasticity of infrequent antigen encounter(s). To begin to bridge
this knowledge gap, Wan et al. used an adoptive transfer model of transgenic insulinspecific CD4+ T cells and transgenic insulin-specific B cells (124). In their study,
NOD.RagKO recipient mice developed high IAA titers, and T1D upon cell transfer,
while a large population of CD4+ T cells and B cells in the pancreatic lymph node
acquired the germinal center phenotype (124). Increases in bulk TFH -like cells, or
increases in a TFH-like gene signature have been documented in peripheral blood of
patients with T1D (72-74, 125) and in patients with other autoimmune diseases (12611

129). An increase in TFH/TFR ratio has recently been documented in patients with
rheumatoid arthritis, and further indicates that germinal center cells contribute to
autoimmune pathology in humans as well (130).
Major autoantigens in NOD T1D
Similarly to humans, IAA production in mice can be used to predict time to T1D onset
(101) and correlates with the extent of beta cell damage (131). Anti-insulin reactivity in
both the T cell and the B cell compartment is required for T1D (132, 133). Insulin B1023 peptide appears to be immunodominant, since 90% of insulin-specific CD4+ T cells
recognize this epitope (134). Mutating residue 16 in the B10-23 peptide (a TCR contact
site) abrogates T1D, insulitis, and IAA, suggesting that T cell reactivity to this epitope is
critical for disease (132). Additionally, promoting antigen-specific tolerance using whole
insulin-coupled apoptotic splenocytes reverses T1D in ~50% of NOD mice, further
highlighting the importance of anti-insulin responses in T1D (135). Treatment with a
monoclonal antibody that blocks insulin B10-23:I-Ag7 complex delays T1D, suggesting
that preventing the activation of insulin-specific CD4+ T cells has a therapeutic benefit
(136).
While most studies in the NOD mouse model focused on the role of anti-insulin
responses, recent work has implicated GAD65, IAPP, IGRP, ChgA, as well as a newly
identified class of epitopes termed “hybrid insulin peptides” (see Table 1-2). Using
adoptive cell transfer, antigen-deficient mice, and antigen-specific tolerance, researchers
have attempted to establish an epitope hierarchy model, or at least determine which T cell
specificities are inciting T1D.
GAD65 is one of the major autoantigens in human T1D, but its role in NOD mice has
been controversial. One study reported anti-GAD65 autoantibodies in NOD serum (137),
while others found no evidence of GAD-specific autoantibodies in diabetic mice (13812

140). NOD T cells can be stimulated in response to GAD65 and appear to produce IFNγ
(141), suggesting that at least the T cell compartment breached tolerance to GAD.
However, GAD65 likely is not the inciting antigen, as GAD65-deficient mice developed
T1D at the same rate as NOD mice (142) and GAD65 expression under MHC I promoter
did not prevent T1D (143).
CD4+ T cells that recognize IAPP become activated, and infiltrate the pancreas as NOD
mice approach disease onset (>12 weeks of age), suggesting that they play a role in
disease (144). However, IAPP-deficient NOD mice develop T1D at a similar rate as wild
type mice, indicating that IAPP is not the inciting antigen either (144). IGRP has mostly
been studied as a target of CD8+ T cells (145-147). Indeed, as many as 30% of isletinfiltrating CD8+ T cells respond to IGRP peptide stimulation (147). Importantly, IGRPspecific 8.3 TCR transgenic CD8+ T cells can directly cause disease upon transfer into
NOD recipients. Despite this evidence, anti-IGRP responses during spontaneous disease
likely are not sufficient, as establishing tolerance to IGRP does not prevent anti-insulin
responses, or prevent T1D (148).
In recent years, ChgA has emerged as a critical antigenic target in T1D. BDC2.5
transgenic CD4+ T cells recognize ChgA-derived peptides, and induce T1D upon transfer
into NOD recipients (149). Importantly, ChgA-deficient NOD mice are completely
protected from T1D, placing this antigen high in the epitope hierarchy (150). Recent
discovery of hybrid insulin peptides, likely formed in beta cells through transpeptidation
of insulin and ChgA, suggest that immune responses to these types of neoepitopes could
kick-start T1D, and explain why both insulin and ChgA are required for disease (40, 151,
152). Less is known about initiating antigens for human T1D patients, but intense
research is focused on defining the critical T and B cell targets.
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Tolerance mechanisms in T1D
Autoreactive lymphocytes are normally pruned from the T and B cell repertoire during
development (central tolerance) or held in check by various mechanisms in the periphery
(peripheral tolerance). T1D, like other autoimmune diseases, is thought to arise due to
defects in central and peripheral tolerance checkpoints, discussed below.
Central tolerance
T cells develop in the thymus, where they rearrange their TCR V(D)J regions, and
commit to the αβ or the γδ lineage. Developing thymocytes are selected for reactivity
towards self-peptide:MHC molecules to ensure a repertoire capable of responding to
MHC-presented peptides. This positive selection is facilitated by dendritic cells, B cells,
and thymic epithelial cells (TECs) which display intracellular peptides (153). TECs
located in the medulla (mTECs) also express Autoimmune Regulator (AIRE), a
transcription factor that induces expression of tissue-restricted self-antigens (154-159).
TCR beta and gamma chain V(D)J rearrangement occur simultaneously in developing T
cells, and lineage commitment occurs following successful chain rearrangement and
signaling through a pre-TCR (160). Beta-lineage committed thymocytes then undergo
alpha chain VJ rearrangement. Resulting alpha chain pairs with beta to form a TCR,
which is then tested for functionality. Weakly reactive or highly autoreactive thymocytes
have the chance to undergo “receptor editing” and re-arrange their alpha locus (161).
Receptor editing can therefore salvage a developing T cell, or have an undesirable effect
on its receptor affinity. Thymocytes with a low affinity for self-peptide:MHC receive
weak survival signals and are deleted from the repertoire (“death by neglect”) (Fig. 17A). This form of negative selection eliminates cells which are unlikely to participate in a
future immune response to a foreign antigen. Thymocytes with a very high affinity for
self-peptide:MHC receive too strong of a signal through their TCR, and undergo “clonal
deletion” (162) (Fig. 1-7A). This form of negative selection purges T cells which are
likely to cause self-tissue damage, in an effort to prevent autoimmunity. As many as 75%
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of developing T cells undergo deletion during thymic selection (163, 164). The remainder
are thymocytes with a medium affinity, and these proceed through development and
differentiate into CD4+ or CD8+ T cells (positive selection). CD4+ single positive
thymocytes with a moderate-to-higher affinity for self-antigen can also undergo agonistdriven differentiation into regulatory T cells (59, 136, 165-168) (Fig. 1-5D, Fig. 1-7A).
Self-antigen expression in the thymus is critical for self-tolerance. Humans lacking AIRE
develop profound systemic autoimmunity known as APECED (autoimmune
polyendocrinopathy, candidadiasis, ectodermal dystrophy) and similar pathologies are
observed in mice as well (157, 169, 170). Insulin gene expression is AIRE-regulated
(157) and it is thought that low expression of insulin in the thymus, and/or poor binding
of native insulin-derived peptides to MHC II molecules contribute to defective central
tolerance in T1D (171-173). Variable numbers of tandem repeats (VNTR) in the insulin
gene promoter influence AIRE binding, and by extension, also influence the level of
insulin mRNA in the thymus. VNTR can therefore have a strong association with T1D
disease risk or protection (19). Specifically, 140-200 repeats are associated with a high
expression of insulin, and account for T1D protection. Having 26-63 repeats is associated
with a low expression of insulin in the thymus, and consequently with disease risk (171,
174-176). Thymus-specific deletion of insulin promotes T1D (177), while transgenic
expression of proinsulin under the MHC II promoter protects NOD mice from disease
development (178). By extension, promoting low expression of insulin-derived peptides
in the thymii of insulin-specific CD4+ TCR retrogenic mice allows the escape of insulinspecific CD4+ T cells, while high expression of insulin-derived peptides promotes the
deletion of cognate T cells (168). Using transgenic mice that express enhanced green
fluorescent protein (eGFP) under the control of different promoters, and tetramers to
track GFP-specific CD4+ T cells, Malhotra and colleagues linked the level of antigen
expression in the thymus to a specific mode of tolerance induction (179). Ubiquitin- or
beta actin-driven GFP expression promotes efficient deletion of GFP-specific CD4+ T
cells (tolerance Cluster 3). Insulin 2, Foxp3, and CD207 promoters induced GFP
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expression in pancreatic beta cells and mTECs, regulatory T cells, and thymic dendritic
cells, respectively. This led to a partial deletion of GFP-specific CD4+ T cells in the
thymus and development of GFP-specific regulatory T cells (tolerance Cluster 2). Insulin
1 and Foxd1 promoters induced GFP expression exclusively in pancreatic beta cells, and
during kidney and eye development, respectively; thus, in Insulin1-eGFP and Foxd1eGFP mice, GFP was excluded from the thymus. GFP-specific CD4+ T cells developed
normally in these animals, but remained ignorant of their antigen in the periphery
(tolerance Cluster 1).
As mentioned above, CD4+ T cells with a medium to high affinity for self can
differentiate into regulatory T cells (Tregs) in the thymus (179-182) (Fig. 1-5D; Fig. 17A). Thymic Tregs are characterized by stable expression of Foxp3 transcription factor,
and have the ability to suppress CD4+ and CD8+ T cell activation and effector responses,
reduce co-stimulatory ligand expression on antigen presenting cells, and secrete antiinflammatory cytokines IL-10 and TGFβ to alter the cytokine milieu (183). Tregs are
critical for tolerance maintenance, as Treg deficiency or depletion leads to devastating
autoimmunity (184, 185). In humans, Foxp3 deficiency leads to multi-organ
autoimmunity manifested as IPEX (X-linked immune polyendocrinopathy syndrome)
(186). Similarly, Foxp3-deficient “scurfy” mice develop lethal systemic autoimmunity
(186-189).
There is conflicting evidence regarding whether NOD mice have defects in autoreactive
T cell deletion. NOD thymic epithelial cells, but not B6 or BALB/c, have been shown to
support the development of diabetogenic CD4+ and CD8+ T cells in the context of a
thymus transplant into B6 athymic recipients, suggesting that the tolerance defect may
partially reside in the antigen presenting cell compartment (190). Other studies attempted
to discern whether NOD thymocytes themselves had inherent properties that made them
less susceptible to clonal deletion. Medullary semi-mature thymocytes were shown to
express high levels of caspase inhibitors upon TCR stimulation (191) and thus acquire
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apoptosis resistance or fail to express the pro-apoptotic factor Bim (192). Using CD4+ or
CD8+ TCR transgenic systems (BDC2.5, AI4, 3A9, or 8.3) and MHC-matched diabetesresistant mice, several studies demonstrated a NOD T cell-intrinsic failure to delete
highly autoreactive lymphocytes (82, 193-197) likely due to higher T cell signaling
thresholds necessary to mediate deletion (198). Using the BDC2.5 CD4+ T cell transgenic
system and mixed bone marrow chimeras where B6.g7- and NOD-derived BDC2.5
thymocytes developed in the same thymus, others reported that clonal deletion in
response to agonist stimulation was comparable between NOD and B6.g7 strains (199).
Since early TCR transgene expression has been shown to alter development fates (200), it
is possible that the aforementioned conclusions were confounded by the analysis of TCR
transgenic systems. In order to truly discern whether defects in clonal deletion contribute
to NOD autoimmunity, endogenous islet-reactive T lymphocytes should be assessed.
There has also been a lack of consensus on whether Treg development is compromised in
NOD mice. Treg diversity, as assessed by TCR alpha- and beta-chain usage, is lower in
NOD compared to B6 mice, and appears to result from MHC II as well as other nonMHC genes, particularly those in Idd9 (201, 202). Compared to B6 and BALB/c mice,
NOD mice were shown to have fewer Treg cells in the thymus (203). However, Treg cells
can recirculate back to the thymus (204); therefore, it is possible that lower Treg frequency
in NOD thymii is due to inefficient Treg generation or lower degree of Treg recirculation.
Feuerer and colleagues used NOD and B6 fetal thymic organ cultures, and found that
optimal Treg induction on the NOD background required at least 3-fold more antigen than
on the B6 background (205). However, at high antigen doses, NOD background selected
more Treg cells (205). The authors interpreted these findings as evidence for enhanced
selection of NOD Tregs in the thymus. Studies involving physiological levels of selecting
antigen and markers that distinguish developing from recirculating Treg cells are needed
to fully address whether NOD mice have a defect in Treg development.
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B cells develop in the bone marrow, and similarly to developing T cells, they undergo
V(D)J recombination to rearrange their immunoglobulin heavy and light chains (206),
(207-210) (Fig. 1-7B). Pre-B cells also audition their rearranged BCR for reactivity to
antigens found in the bone marrow. Weakly or overly reactive BCRs have an opportunity
to undergo light chain rearrangement (receptor editing) and test their BCR again for
successful signal transduction or against autoreactivity (208, 209). In fact, an estimated
20% of developing B cells undergo receptor editing to mutate away from autoreactivity
(211). Cells with a weak BCR do not receive survival signals, and die by neglect, while B
cells with high affinity BCRs that recognize membrane-bound or soluble antigens present
in the bone marrow undergo deletion (206, 207, 212). B cells that receive sufficient tonic
signal through their BCR in the bone marrow successfully leave and complete their
development in the spleen.
Despite receptor editing, as many as 10% of B cells in healthy individuals are selfreactive, and are held in check by peripheral tolerance mechanisms, including anergy
(213). Anergic B cells have been shown to mutate away from self-reactivity in the
germinal center and participate in protective immune responses, explaining in part why
leaky B cell central tolerance might be beneficial (214). Another potential explanation for
incomplete central tolerance in the B cell compartment lies in B cell reliance on CD4+ T
cell help for high affinity (auto)antibody production (215). Thus, although existent in the
periphery, self-reactive B cells would be held in check due to a lack of CD4+ T cell help.
B cell central tolerance has been studied in the context of T1D. Using transgenic mice
with fixed anti-insulin immunoglobulin heavy chain, Henry-Bonami and colleagues
demonstrated that insulin-specific immature B cells were detected at a higher frequency
in the bone marrow sinusoids of NOD compared to B6 mice, demonstrating impaired
clonal deletion (216). Others have shown that light chains isolated from bulk NOD B
cells show a lower degree of receptor editing compared to light chains isolated from B6 B
cells (217). When examining BCR transgenic insulin-specific B cells, Henry-Bonami et
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al. also observed significantly fewer edited insulin-specific BCRs in NOD compared to
B6 mice, thus providing another line of evidence in support of faulty B cell central
tolerance in T1D (218).
Peripheral tolerance
Since central tolerance is not infallible, multiple checkpoints exist in the periphery to
ensure that self-reactive T and B cells are held at bay. These include ignorance, clonal
deletion, peripheral Treg or Breg induction and suppression, anergy, inhibitory receptor
upregulation, and exhaustion. Each mode of peripheral tolerance is discussed further
below.
Ignorance refers to the lack of cognate antigen recognition in the periphery, due to
antigen exclusion from lymphoid organs, or due to low antigen concentrations (219-222).
As mentioned above, ignorance is the primary mode of tolerance restraining CD4+ T cells
specific for tissue-restricted antigens (179). In the event that self-specific CD4+ T cells
encounter their antigen in the periphery, other modes of peripheral tolerance discussed
below can act as a “fail safe”.
Self-antigen encounter in the secondary lymphoid organs may result in T cell deletion,
likely mediated by Fas-ligand-expressing antigen presenting cells (223-225) or by extrathymic AIRE-expressing cells (eTAC) in tissue draining lymph nodes (226). Transgenic
NOD mice expressing IGRP or p31 (a peptide mimetope for the BDC2.5 CD4+ T cell)
under the Aire promoter are resistant to diabetes induction by adoptive transfer of cognate
8.3 CD8+ or BDC2.5 CD4+ TCR transgenic T cells, further demonstrating the ability of
eTACs to mediate peripheral deletion (226, 227).
T cell fate upon antigen encounter is context-dependent. Optimal T effector (Teff )
differentiation requires peptide:MHC recognition (signal 1), CD28/CD80 co-stimulation
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(signal 2), and cytokines (signal 3) (228). IL-2, IL-12, IFNα, and IL-21 are potent signal
3 inducers for CD8+ T effector differentiation (228). Cytokines and TCR signal strength
also dictate CD4+ T cell differentiation program: IFNγ and IL-12 induce TH1 polarization,
IL-4 induces Th2, TGFβ and IL-6 induce TH17 cells, while IL-6 and IL-21 promote TFH
polarization (69, 229). Importantly, if CD4+ T cells encounter their antigen in the
presence of TGFβ alone, they can differentiate into peripherally-induced Tregs, express
Foxp3, IL-10, and TGFβ and participate in dampening immune responses, thus adding an
additional layer of protection from autoimmunity (230, 231) (Fig. 1-8).
Treg-mediated immunosuppression is necessary for tolerance maintenance in NOD mice,
but it is ultimately insufficient. In TCR transgenic systems, BDC12-4.1 or BDC2.5 CD4+
T cells differentiate into both Teff and Treg lineage in the periphery, and mice remain
diabetes-free (232, 233). However, if these TCR transgenic mice are crossed to
NOD.Foxp3-/- animals, diabetes develops rapidly (232, 233). There has been considerable
debate in the field regarding whether Treg cells lose their suppressive function as diabetes
develops, or whether Teff cells become resistant to Treg-mediated suppression. Treg cells
from 8-week-old, but not 16-week-old mice, delayed T1D onset induced by adoptive
transfer of effector cells, and produced more IL-10, suggesting an age-dependent decline
in Treg function (234). Tang and colleagues showed that the number of Treg cells
paradoxically increased in the pancreatic LN as mice approached disease onset, but that
the Treg:Teff ratio in the islets decreased, possibly due to lower levels of CD25 and prosurvival factor Bcl-2 in islet-infiltrating Tregs (235). Others argued that the number of Tregs
in NOD mice is not different compared to non-autoimmune prone mice, and that NOD
Tregs had a similar suppressive capacity in vitro as did B6 Tregs at a high Treg:Teff ratio
(236). This study further demonstrated that NOD Teff were more resistant to Tregmediated suppression (236), a finding also reported by others (234, 237). Similar Treg and
Teff defects have been reported in T1D patients (238, 239), and prompted the
development and optimization of adoptive Treg transfer therapies. Ex vivo Treg expansion
and re-infusion into diabetic NOD mice effectively reversed spontaneous and adoptively
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transferred T1D (240). As mentioned above, this form of therapy has shown exciting
results in patients as well. Ex vivo Treg expansion and subsequent reinfusion led to Cpeptide stabilization for more than 2 years in a phase 1 clinical trial, and was well
tolerated (62). A phase 2 clinical trial is in progress, and will inform future use of Treg
adoptive cell therapy.
In recent years, populations of suppressive B cells have been described, and collectively
termed B regulatory cells (Bregs ) (241-248). Bregs have been shown to dampen a variety of
immune responses, and several different subsets of Bregs have been identified (241-243).
It appears that Breg cells are induced in the periphery, likely in a T cell-independent
manner, and in response to proinflammatory cytokines IL-1beta, IL-6, GM-CSF and IL15 (249, 250) as well as following TLR stimulation with LPS and CpG (57, 251).
Populations of Breg cells have been identified among marginal zone and follicular B cell
populations, as well as among peritoneal B1 B cells, and include CD5hiCD1d+,
CD5hiCD1d+Tim-1+, CD5negCD1dhiB220lowCD11b+ IgM+, or CD200+PD-L1+PD-L2+
Lag-3+ cells (244, 252). Bregs secrete IL-10, IL-35 and/or TGFβ to dampen DC priming
(253), CD4+, CD8+ T cell and B cell responses (241, 242) (243, 254, 255), induce CD4+ T
cell apoptosis (256) or CD8+ T cell anergy (257), and promote peripheral Treg
differentiation (254, 258, 259). Because a universal set of phenotypic markers or a
lineage-defining transcription factor have not yet been identified for Breg cells, some
investigators speculated that Breg cell populations represent short-lived effector cells
induced by ongoing inflammation (244). Regardless, Breg cells can modulate multiple
autoimmune pathologies, including experimental autoimmune encephalomyelitis (242)
and T1D. NOD mice treated with LPS-activated B cells had reduced and delayed
spontaneous and adoptively transferred T1D onset, through FasL-mediated apoptosis of
diabetogenic CD4+ T cells (256). Emerging evidence from clinical studies suggest that
Bregs can help induce human peripheral Tregs (260-262), thus providing another way to
expand patient’s own Tregs prior to adoptive cell therapy.
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If CD4+ or CD8+ T cells “see” their cognate antigen in the absence of signal 2 or signal 3,
they become anergic (functionally silenced) (263-269) (270-272). Treg presence and
interaction with dendritic cells is required for anergy induction in both the CD4+ and the
CD8+ T cell compartment (273, 274). Anergic CD4+ T cells have a low proliferative
capacity, low cytokine producing capability, and are largely confined to the secondary
lymphoid organs (267-269). Similarly, anergic CD8+ T cells have low proliferative
potential, impaired cytokine production, and low cytotoxic function (271, 273, 275).
While anergic CD8+ T cells have been shown to express high CTLA-4 and low levels of
pro-survival factor Bcl2 (273), anergic CD4+ T cells express folate receptor 4 (FR4) and
CD73, an ectoenzyme involved in the breakdown of ATP to adenosine (274, 276, 277).
Adenosine has an immunosuppressive function; therefore, it is possible that CD73
expressed by anergic cells participates in dampening nearby immune activation or
reinforcing cell’s own anergic phenotype. Recent work from Kalekar et al. has shown
that Neuropilin-1+ FR4+ CD73+ anergic cells have an ability to differentiate into Tregs in
the context of lymphopenia (278). These cells had a DNA demethylation pattern more
similar to Treg than Teff cells at key Treg lineage-specifying loci, including Foxp3, Ctla4,
Ikzf4, and Tnfrsf18 (278). With a potential to suppress immune responses via CD73, and
a propensity to differentiate into pTreg cells in a lymphopenic niche, anergic CD4+ T cells
might help keep other autoimmune cells at bay. This in turn may provide an evolutionary
benefit to keeping anergic CD4+ T cells around, instead of eliminating them through
clonal deletion. Using peptide:MHCII tetramers to track endogenous insulin-specific
CD4+ T cells, we have shown that ~10% of these cells express Foxp3, while ~40%
express anergy markers FR4 and CD73, and do not produce IFNγ upon TCR stimulation
(277). Whether anergic insulin-specific CD4+ T cells eventually give rise to Treg cells or
lose their anergic state as diabetes progresses remains to be determined.
Similarly to CD4+ and CD8+ T cells, anergic B cells respond poorly to antigen receptor
stimulation. Anergic B cells express low levels of IgM, while maintaining IgD, and are
detected in nonautoimmune mice and in healthy individuals. Elegant studies by the
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Goodnow and Jenkins groups have shown that B cell anergy is effectively induced
among low affinity B cells reactive to ubiquitous membrane-bound self-proteins (213)
(206, 215). A subset of insulin-specific B cells in T1D patients was shown to be anergic;
interestingly, the frequency of these cells decreased at onset, suggesting that a loss of
anergy might account for disease activity (279). As mentioned above, anergic selfspecific B cells can mutate away from self-reactivity in the germinal center and
participate in protective anti-microbial responses (214). However, the reverse scenario is
also possible – previously non-self-reactive B cells can undergo somatic hypermutation
(SHM) in the germinal center, and due to the stochastic nature of this process, acquire
self-reactivity (280). To test this idea, Chan and colleagues tracked HyHEL10 BCR
transgenic B cells capable of undergoing class switching and SHM in transgenic mice
expressing membrane-bound HEL4X ubiquitously or under tissue-specific promoters
(281). The native HyHEL10 BCR does not bind to HEL4x, therefore naïve HyHEL10 B
cells are not self-specific in this model. HyHEL10 BCR instead binds to HEL3x, which
was used in the immunization regimen. As they entered the GC and received T cell help,
HyHEL10 B cells underwent SHM to enhance affinity to HEL3x, and in cases where
mHEL4x was not expressed in close proximity to the GC itself, HyHEL10 B cells
acquired the ability to bind HEL4x and produce high affinity autoantibodies (281). This
study therefore showed that B cell responses to foreign antigens may promote SHM
towards self-reactivity and autoantibody production, if the self-antigen is not abundant in
the GC or the lymph node, providing an explanation for cross-reactive autoantibody onset
following infection (280).
If self-specific CD4+ or CD8+ T cells successfully differentiate into Teff cells and avoid
Treg/Breg-mediated suppression, their function can be limited by several cell-intrinsic
checkpoints. Following activation, T cells express a multitude of co-stimulatory and
inhibitory receptors, which upon ligand binding converge to modulate TCR and cytokine
signaling, and shape T cell function. The balance of co-stimulatory and co-inhibitory
signals is critical for maximizing productive immune responses and minimizing
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immunopathology. Notable co-stimulatory receptors include CD28, CD40, inducible costimulator (ICOS), and CD137 (also known as 4-1BB), while the critical co-inhibitory
receptors are cytotoxic T lymphocyte antigen-4 (CTLA-4), programmed death-1 (PD-1),
and lymphocyte activation gene-3 (LAG-3) (282).
As previously mentioned, CD28 interactions with CD80/CD86 are critical during T cell
priming, as CD28 ligation leads to activation of AKT and mTOR. These ultimately
influence transcription factor expression, and promote Teff function. Because CD28 is
required for Treg development, CD28-deficient NOD mice actually develop accelerated
T1D due to a Treg deficiency (283, 284). CD40 interactions with CD40-L are required
during T cell priming, and are also important between CD4+ T cell-B cell interactions in
the germinal center reaction leading to productive antibody production. CD40-L
deficiency or blockade prevents T1D in NOD mice, and renders T cells unable to transfer
T1D (285, 286). ICOS binding to ICOS-ligand promotes cytokine production, and is
critical for imprinting a TFH program in CD4+ T cells. ICOS deficiency or blockade
prevents T1D (287), pointing to an important role in diabetogenic T cell costimulation. 41BB is thought to promote Teff survival through increasing Bcl-XL expression, and
promotes IL-2 and IFNγ secretion. Interestingly, the NOD 4-1BB variant is part of Idd9
locus, and renders T cells more responsive to 4-1BB-ligand stimulation compared to the
B6 4-1BB variant, suggesting that this costimulatory molecule is important in T1D
pathogenesis, and renders T cells more responsive in NOD mice (288).
Three important co-inhibitory receptors expressed on T cells are CTLA-4, PD-1 and
LAG-3. CTLA-4 and PD-1 are expressed shortly after antigen recognition, and have
critical and non-redundant roles in regulating CD4+ and CD8+ T cell function. In addition,
the role for PD-1 and CTLA-4 regulating tolerance and autoimmune diabetes have been
extensively studied and will be detailed below. LAG-3, on the other hand, is expressed on
activated T cells several days after antigen encounter. It binds to MHCII with a ~100-fold
higher affinity than CD4, thus effectively competing and displacing CD4 from the
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immunological synapse. LAG-3 is also expressed by activated CD8+ T cells, but its exact
role in modulating CD8+ T cell signaling is unclear. Deficiency in or blockade of CTLA4, PD-1, or LAG-3, suggesting that these receptors have non-overlapping roles in
modulating T cell function (289-292).
High expression of co-inhibitory receptors is associated with T cell exhaustion, a
hyporesponsive state that arises after chronic antigen stimulation. T cell exhaustion has
been most extensively studied in CD8+ T cells in the context of persistent viral infections
and cancer. Chronically stimulated CD8+ T cells transition from a T-bethiEomesloPD-1int
state to T-betloEomeshiPD-1hi state, lose the ability to make IL-2 and proliferate, and
subsequently also lose the potential to produce TNFα, IFNγ, and release cytotoxic
granules (293-296). Compared to Teff and memory CD8+ T cells, exhausted cells have an
altered metabolic profile, and a different epigenetic landscape, suggesting that these cells
are truly distinct (297, 298). Exhausted virus-specific CD4+ T cells have a unique
transcriptional profile, different from CD4+ Teff subsets, and partially overlapping with
exhausted virus-specific CD8+ T cells (299). CD4+ T cell exhaustion is also characterized
by high expression of PD-1, CTLA-4, LAG-3, and BTLA (B- and T-cell attenuator), but
surprisingly, involves high expression of co-stimulatory molecules like ICOS and OX-40,
but not CD28. Transcription factors Bcl6, Blimp-1 and Eomes are expressed in different
subsets of CD4+ T cells, perhaps reflecting their prior effector state. Given that selfantigens are also chronically present, it is conceivable to predict that T cell exhaustion
plays a role in containing autoimmunity. In fact, an increase in CD8+ T cell exhaustion
signatures in T1D and SLE patients is associated with disease amelioration, while a
decrease in exhaustion signatures correlates with poor disease outcomes (300).
Understanding how exhaustion is programmed in CD4+ and CD8+ T cells will bring us
closer to designing therapeutic strategies that exploit this pathway for treating
autoimmunity or cancer. Additionally, understanding how inhibitory receptors regulate
self-specific CD4+ and CD8+ T cells will allow us to enhance these pathways in
autoimmunity, and safely and selectively turn them off in cancer immunotherapy.
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The role of the CTLA4 pathway in T1D
CTLA-4 (CD152) is a 24.6 kDa receptor belonging to the immunoglobulin superfamily.
CTLA-4 is constitutively expressed on Tregs, and upregulated 48-72 hours after activation
on Teff cells. CTLA-4 is highly related to CD28, and binds to CD80 and CD86 on APCs,
albeit with a ~20-fold higher affinity than CD28. This difference in ligand affinity allows
CTLA-4 to compete with CD28 for ligand binding, and regulate T cell function. CTLA-4
homodimers on the T cell surface bind to two CD80/86 homodimers on the surface of an
APC, and promote their trans-endocytosis, thus indirectly influencing T cell
costimulation. Despite two decades of research, there is no consensus on CTLA-4
cytoplasmic signaling. Its cytoplasmic domain contains no ITIM domain or enzymatic
activity, yet numerous studies have reported an association between CTLA-4 and SHP2
or PPA2 phosphatases, while others found no evidence of such interactions (301). Recent
studies identified protein kinase C isoform PKC-η as a CTLA-4 binding partner and
mediator of Treg suppression (302), but it remains to be seen whether the CTLA-4-PKC-η
interaction modulates Teff signaling.
In all strains of mice, CTLA-4 deficiency leads to widespread lethal autoimmunity,
placing CTLA-4 at the top of the inhibitory receptor hierarchy (303, 304). In NOD mice,
CTLA-4 deficiency dramatically accelerates T1D (289). However, CTLA-4 blockade
appears to have age-dependent effects. In wild type or BDC2.5 TCR transgenic NOD
mice younger than 5 weeks of age, anti-CTLA-4 rapidly accelerates T1D (305, 306). In
older mice with pre-existing insulitis, anti-CTLA-4 does not accelerate disease
progression (305, 306). Additionally, treating NOD mice with CTLA-4Ig to block CD28
binding to CD80/CD86 was beneficial in young (<5 week old) but not older mice (>10
week old) (307). Collectively, these studies imply that CTLA-4 regulates diabetogenic T
cells following early activation, and is dispensable once T cells acquire effector potential.
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This is in line with other reports which showed that CTLA-4 signaling early during T cell
priming determines T cell fate, and may promote anergy induction after in vivo peptide
injection (308, 309) or may suppress TFH differentiation (310).
As mentioned above, SNPs in the CTLA-4 gene are associated with T1D risk. It is
thought that these reduce CTLA-4 mRNA stability, or reduce the production of ligandindependent CTLA-4, thus contributing to poor T cell regulation (311). Ligandindependent CTLA-4 (li-CTLA-4) is a naturally occurring isoform which acts in a
CD80/86 ligand-independent fashion to reduce T cell proliferation and cytokine
production. Interestingly, NOD Ctla4 allele produces 70% less li-CTLA-4 isoform
compared to the B6 allele. Enforcing li-CTLA-4 constitutive expression or promoting its
expression at a level similar to B6 mice in NOD T cells significantly reduced T1D
incidence, thus providing a mechanism for epidemiological observations (312, 313).
CTLA-4Ig as well as B cells expressing agonistic anti-CTLA-4 scFv reduce NOD T1D
incidence (135, 307), and have prompted clinical trials with CTLA-4Ig (Abatacept).
Recent-onset T1D patients treated with Abatacept experienced a slowed reduction in βcell function over three years compared to the placebo-treated patients and had a similar
rate of infections during the two-year treatment period (314, 315).
While enforcing CTLA-4 signaling is desirable in T1D, blocking CTLA-4 function led to
tumor clearance in multiple different mouse models, through alleviating Treg-mediated
suppression, and enhancing Teff activation (316-319). Success of anti-CTLA-4 treatment
at the bench spurred the development of fully human anti-CTLA-4 antibodies ipilimumab
and tremelimumab, and their use in clinical trials. In seminal studies involving patients
with advanced metastatic melanoma, ipilimumab had a 15% response rate, which has
been durable for >10 years in some individuals (320-322). Unsurprisingly, ipilimumab
has led to many immune related adverse events (irAE) ranging from skin rash and
diarrhea, to endocrine dysfunction and even death (323). As many as 30% of treated
individuals experienced grade 3/4 adverse events, including thyroiditis and hypophisitis
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(324). Adverse events led to treatment discontinuation in some patients. Regardless,
ipilimumab outperformed standard chemotherapy in treating advanced melanoma, and
has been FDA-approved since 2011. Recent efforts have focused on identifying response
predictors (325), and on combining ipilimumab or tremelimumab with other agents, such
as nivolumab (see below), radiation therapy, or vaccination.

The role of the PD-1/PD-L1 pathway in T1D
PD-1 (CD279) is a 55kDa receptor, and a member of the immunoglobulin superfamily,
like CTLA-4. PD-1 was originally described as a receptor inducing cell death of activated
T cells (326), but further inquiry demonstrated that PD-1 is an immune checkpoint. PD-1
is expressed on activated T and B cells, and binds to PD-Ligand 1 (PD-L1; also known as
CD274 and B7-H1) or PD-Ligand 2 (PD-L2; also known as CD273 and B7-DC). PD-L2
is expressed mainly on professional APCs (327), while PD-L1 is constitutively expressed
on resting T cells, B cells, dendritic cells, and macrophages, and is further upregulated
upon cellular activation or in response to cytokines (328). Importantly, nonhematopoietic cells can express PD-L1 upon cytokine stimulation, including tumor cells
(327) and, as we have recently shown, pancreatic beta cells themselves (329).
PD-1 ligation leads to ITIM and ITSM motif phosphorylation and recruitment of
phosphatases SHP1, SHP2, and SHIP2. These dephosphorylate kinases and signaling
molecules downstream of the TCR and CD28, leading to decreased T cell proliferation,
effector function, survival, and reduced contact with APCs (327, 330-332). SNPs in the
PDCD1 and PDCDLG1 loci have been associated with the development of T1D (333335). Additionally, low levels of soluble PD-L1 are associated with disease onset (335),
suggesting that the PD-1/PD-L1 axis plays a role in islet tolerance maintenance in
humans.
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Unlike CTLA-4 deficiency which is uniformly lethal, PD-1 deficiency in mice has straindependent effects. PD-1-deficient B6 mice develop anti-dsDNA autoantibodies and a
lupus-like disease over time, while BALB/c PD-1-deficient mice develop anti-cardiac
troponin I autoantibodies and autoimmune cardiomyopathy (336, 337). NOD mice
lacking PD-1 or PD-L1 develop fully penetrant accelerated T1D (291, 292). While PD1/PD-L1 blocking antibodies accelerate T1D in 5 week old and 15 week old NOD mice,
disease onset is quicker in older animals, likely because they have a larger pool of
activated islet-specific lymphocytes (306). Dependence on PD-1 but not CTLA-4
signaling at all stages of disease progression points to there being non-redundant roles of
CTLA-4 and PD-1 in restraining lymphocyte function. It is important to note that while
PD-1 can bind to both PD-L1 and PD-L2, PD-L2 does not seem to regulate islet-reactive
lymphocytes. Specifically, anti-PD-L2 treatment had no effect on T1D progression in
younger or in older NOD mice (306). Additionally, PD-L2-deficient NOD mice had a
similar T1D incidence compared to wild type littermates (292). Besides binding to PD-1,
PD-L1 can bind to CD80. Using an antibody that specifically blocks PD-L1:CD80
interactions, Paterson et al. showed accelerated T1D in 6-7 week-old and 13 week-old
mice, albeit disease was quicker and more penetrant in older animals (338). Treatment
with a monoclonal antibody that blocks both PD-L1:CD80 and PD-1:PD-L1 interactions
dramatically accelerated T1D in young and in older NOD mice (338), confirming that
PD-1:PD-L1 axis is important during both disease initiation and progression. Pancreatic
lymph node removal prevented T1D development after anti-PD-L1 in 3 week old, but not
in 10 week old mice (339). Therefore, early on during disease process, PD-1:PD-L1
interactions in the lymph node control T1D, while later on, PD-1:PD-L1 signaling in the
pancreas is important.
PD-1-deficient TCR transgenic CD4+ or CD8+ T cells acquire effector function and
infiltrate the islet core more effectively than wild type or PD-L1-deficient T cells,
demonstrating that PD-1 on the T cells is playing a critical role in regulating T1D
pathogenesis (340, 341). To understand the cellular location of PD-L1 expression, Keir
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and colleagues used elegant mixed bone marrow chimeras, and demonstrated that PD-L1
expression by nonlymphoid hematopoietic cells was not sufficient to keep diabetogenic
cells at bay (292). Additionally, in a syngeneic transplant setting, islet grafts lacking PDL1 had reduced survival compared to wild type islets (292). Collectively, these lines of
evidence implied that PD-L1 expression by the non-hematopoietic compartment, and
likely by beta cells themselves, was a gate-keeper of islet tolerance. In support of that
idea, we recently showed that mouse and human beta cells upregulate PD-L1 in response
to T cell infiltration and IFNγ (329).
There have been several attempts to increase PD-1:PD-L1 signaling in autoimmune
diseases or transplantation. Embryonic stem cell-derived dendritic cells transfected to
express PD-L1 and myelin oligodendrocyte peptide reduced the severity of experimental
autoimmune encephalomyelitis (342). Additionally, treatment with adenovirus encoding
PD-L1 prolonged islet graft survival (343), as did PD-L1 overexpression in an ectopic
islet neogenesis model (344). Treatment with PD-L1Ig extended graft survival when used
as adjuvant therapy (345), suggesting that a similar strategy could be employed in T1D.
As mentioned above, chronically stimulated T cells express high levels of PD-1, and have
an exhausted, poorly functional phenotype. In the context of persistent viral infection or
tumor models, PD-1 blockade has an ability to reinvigorate a subset of these cells, and reboot viral or tumor control (346-350). These exciting pre-clinical studies led to the
development of the fully human anti-PD-1 monoclonal antibody nivolumab. Nivolumab
was first used in 16 patients with advanced melanoma, renal cell carcinoma, and nonsmall cell lung cancer. It had an outstanding 37.5% response rate (351) and was
accompanied with a manageable toxicity profile. The success of this clinical trial led to
rapid scaling of subsequent phase 2 and phase 3 trials, and prompted the development of
other anti-PD-1 (pembrolizumab) or anti-PD-L1 antibodies (atezolizumab, avelumab,
durvalumab). Phase 1 clinical trial with pembrolizumab eventually enrolled >650 patients
(352) and had a 33% rate with 15% of patients experiencing grade 3/4 irAE (352). PD30

1/PD-L1 blocking antibodies received rapid FDA approval, and are currently used to treat
11 different malignancies, including melanoma, with 35-40% response rates and Merkel
cell carcinoma, where objective responses are as high as 90% (353).
By preventing PD-1 binding to PD-L1 on dendritic, myeloid or tumor cells, PD-1/PD-L1
blocking antibodies release the break on CD8+ T cells and boost IFNγ secretion, as well
as cytotoxic abilities. Several studies demonstrated that response to PD-1 blockade
depends on the differentiation state of the CD8+ T cell. Cells which are not terminally
differentiated and still express co-stimulatory molecule CD28 are susceptible to PD-1blockade-mediated reinvigoration (331, 332). However, it is becoming clear that even
though PD-1 blockade restores effector function to a subset of CD8+ T cells, this effect is
temporary. Surprisingly, the epigenetic landscape of reinvigorated CD8+ T cells is not
durably rewired, and these cells have the potential to revert back to an exhausted state.
Additionally, CD8+ T cells lacking PD-1 also eventually become exhausted, suggesting
that targeting PD-1 alone is not sufficient to durably re-program cytotoxic CD8+ T cells
into potent effectors. Studies on CD4+ T cells in the context of cancer focused mainly on
Tregs, and their contributions to tumor progression. It is clear that helper CD4+ T cells
participate in tumor clearance, directly and through helping CD8+ T cells, yet how these
cells change following PD-1/PD-L1 blockade remains unclear. To begin to bridge this
gap, herein we addressed whether PD-1 was necessary for the induction or the
maintenance of anergy in self-specific CD4+ T cells. Since tumor-infiltrating CD4+ T
cells are likely responding to shared self-tissue and tumor antigens, our findings are
applicable to cancer immunotherapy as well.
Pre-clinical models and extensive analyses of CD8+ T cell phenotypes after anti-PD-1,
anti-CTLA-4, or combination therapy demonstrated that these two pathways have nonredundant roles in controlling anti-tumor immunity (354, 355). In patients with metastatic
melanoma, nivolumab and ipilimumab combination therapy led to >50% response rate,
but was associated with a 60% incidence in immune-related toxicities. This undesirable
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safety profile led to further exploration of anti-PD-1 or anti-CTLA-4 treatment synergy
with standard cancer therapy, such as radiation.
Immune-related adverse events after anti-PD-1 treatment most commonly manifest as
skin rash, colitis, or thyroid issues. However, there have been numerous case reports of
T1D development following anti-PD-1 treatment, in some instances, disease onset took
place less than a month after treatment initiation. While T1D is estimated to arise in 1-3%
of anti-PD-1-treated patients, its onset represents a significant barrier to the safe and
efficacious use of PD-1 checkpoint blockade. A recent study demonstrated that >70% of
patients who went on to develop T1D after treatment with anti-PD-1/PD-L1 blocking
antibodies expressed HLA DR4 allele, highly associated with T1D risk (356). More than
50% of patients presented with islet autoantibodies, which in some cases arose de novo
after treatment. These clinical observations point to the PD-1/PD-L1 axis as being a
critical regulator of islet tolerance in a subset of genetically predisposed individuals.
Herein, our goal was to understand how the PD-1/PD-L1 pathway regulates islet-reactive
CD4+ T and B cells, and how PD-1 controls the germinal center reaction. As mentioned
above, PD-1-deficient B6 and BALB/c mice develop autoantibodies, yet the exact
mechanisms remain unclear. Several studies have shown that PD-1 deficiency or
blockade impairs the outcome of the GC, resulting in fewer long-lived plasma cells (357)
and lower affinity antibodies (358, 359). Others demonstrated that PD-1 blockade
enhances antibody production in the context of malaria (62) and fetal allorejection (360).
Sage et al. revisited problem, and reported that PD-1 blockade enhanced both the TFH and
TFR CD4+ T cells, and that the relative ratio of these two cell subsets dictated the final
outcome of the GC (61, 361). While informative, neither study evaluated the effect of
PD-1/PD-L1 deficiency or blockade on self antigen-specific CD4+ T or B cells. Using
sophisticated tetramer technology, we bridged this knowledge gap, and also tested
potential therapeutic agents that could alleviate off-target autoimmune effects in the face
of checkpoint blockade
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Figures

Figure 1-1. Model of T1D pathogenesis.
Naïve islet-reactive T and B cells develop in the thymus and the bone marrow, respectively, and traffic to the pancreatic
lymph node. There, these cells encounter cognate antigen and become activated. Activated T and B cells traffic to the
pancreas, surround the islets (insulitis) and cause beta cell death.

Figure 1-2. Model of T1D clinical progression.
In genetically susceptible individuals, an environmental trigger unleashes islet-reactive T cells. Activated T cells
infiltrate the pancreas and cause beta cell death, as well as help B cells produce autoantibodies. At this time, individuals
are presymptomatic, but have detectable autoantibodies in the serum. At disease onset, 60-90% of islet mass is
destroyed, and patients are placed on insulin replacement.
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Figure 1-3. CD8+ T cells directly target and kill insulin-producing beta cells.
Activated CD8+ T cells infiltrate the pancreas and interact with beta cells presenting p:MHCI molecules. CD8+ T cells
kill beta cells via IFNγ secretion and/or perforin and granzyme B.
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Figure 1-4. B cells secrete autoantibodes and present antigen to CD4+ and CD8+ T cells.
(A) Autoantibody production is a hallmark of T1D, and a predictor of future T1D development. Serum transfer does
not cause T1D, however if B cells lack the ability to secrete autoantibodies, then disease incidence is significantly
reduced and delayed. (B, C) B cells internalize their congate antigen via the BCR, and process and present peptides via
MHCI or MHCII to CD8+ and CD4+ T cells. B cell-mediated antigen presentation is required for the transition from
insulitis to over T1D.
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Figure 1-5. CD4+ T cells help other lymphocytes and M1 macrophages, and orchestrate T1D.
(A) Through secreting cytokines and providing CD40L stimulation, TH1 CD4+ T cells increase the expression of costimulatory molecules on dendritic cells, thus promoting more efficient antigen presentation to CD8+ T cells. (B)
Pancreas-infiltrating TH1 CD4+ T cells secrete IFNγ and TNFα to activate islet-resident macrophages and skew them
into an M1 phenotype. M1 macrophages in turn produce more pro-inflammatory cytokines that are directly toxic to
beta cells. CD4+ T cell-derived cytokines can also directly cause beta cell death, and recent evidence suggest that direct
contact between CD4+ T cells and beta cells via peptide:MHCII might also take place. (C) T follicular helper (TFH)
cells interact with B cells to promote affinity maturation and immunoglobulin class switching. (D) Regulatory T cells
(Treg) suppress immune responses and are critical mediators of tolerance.
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Figure 1-6. CD4+ T and B cells interact in the germinal center to promote (auto)antibody production.
T follicular helper (TFH) cells interact with germinal center (GC) B cells via peptide:MHCII, provide CD40L and
secrete IL-4, IL-21, to promote affinity maturation, proliferation and ultimately immunoglobulin class switching. T
follicular regulatory cells (TFR ) suppress this interaction via IL-10, CTLA-4 and PD-1.
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Figure 1-7. Central tolerance prunes T and B cell repertoire of highly autoreactive clones via clonal deletion.
(A) During development, thymocytes interact with antigen-presenting dendritic cells and mTECs, and are selected
based on their affinity for self-peptide:MHC complexes. Cells with too low of an affinity die by neglect, while cells
with too high of an affinity die due to strong TCR signaling. CD4+ T cells with a medium-to-high affinity can
differentiate into regulatory T cells (Tregs). It is thought that defects in central tolerance (i.e. incomplete presentation of
self peptides, or T cell-intrinsic resistance to apoptosis) allow autoreactive thymocytes to escape into the periphery and
drive autoimmunity. (B) Developing B cells similarly test their receptor signaling machinery in the bone marrow, and
are deleted if they are too strongly reactive to self antigens present in the bone marrow, or if they have a very low
affinity.
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Figure 1-8. In the draining lymph nodes, autoreactive CD4+ T cells are held in check through deletion,
differentiation into anergic cells, or differentiation into peripheral Tregs.
CD4+ T cell interaction with antigen-presenting cells in the lymph node can result in strong TCR stimulation and
activation-induced cell death (deletion), differentiation into an anergic phenotype (FR4+ CD73+ ), skewing towards an
effector phenotype, or differentiation into the Treg lineage. Anergic cells are thought to arise due to insufficient
costimulation during activation, while peripheral Tregs differentiate in the presence of TGFβ. Upon chronic antigen
stimulation, effector cells may become exhausted (Tex). Recent evidence suggests that in some cases anergic cells
serve as pre-cursors to Tregs, and could contribute to immune regulation in that way as well.
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Figure 1-9. Model for PD-1/PD-L1 pathway involvement in anergy induction and/or maintenance.
(A) If PD-1 signaling is involved in anergy (TAN) establishment, then PD-1 expression shortly after antigen encounter
would instruct the CD4+ T cell into differentiation to this phenotype, and absence of PD-1 would promote skewing
towards effector state (Teff ). (B) If PD-1 is involved in anergy maintenance, then blocking PD-1/PD-L1 interactions
would restore effector function to anergic cells.
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Table 1-1. Antigens implicated in human T1D.

Table 1-2. Antigens implicated in NOD T1D.
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Chapter 2 : PD-1 blockade preferentially affects pre-existing
effector but not anergic CD4+ T cells2
Introduction
Prolonged, elevated PD-1 expression occurs during chronic infections and cancer, and
leads to CD8+ T cell exhaustion (346). PD-1 blockade can reinvigorate exhausted T cells,
providing enhanced anti-viral and anti-tumor responses (347). These observations led to
the development of PD-1 pathway inhibitors, which have already revolutionized cancer
therapy and are currently approved to treat as many as 11 different types of malignancies
(353).
While inhibitory receptor blockade can be successful, not all patients experience positive
outcomes, and some develop autoimmunity (353). Adverse events following anti-PD-1/PD-L1 include vitiligo, colitis, hepatitis, thyroiditis, and notably, T1D. Importantly,
patients who developed T1D after PD-1/PD-L1 pathway blockade had DR4 or DQ8
HLA-A2 alleles, associated with a high risk of developing T1D (356). This suggests that
in a subset of genetically predisposed individuals, PD-1 serves as a gatekeeper of islet
tolerance. While numerous studies to date attempted to identify CD8+ T cells that
responded to PD-1 blockade (332, 362, 363), and mapped the effects of PD-1 blockade
on the CD8+ T cell compartment (364), there is little insight into what determines CD4+ T
cell susceptibility to reinvigoration after PD-1 pathway inhibition.
In this study, we used peptide:MHCII tetramer technology to determine the role of PD1/PD-L1 in regulating islet-specific CD4+ T cells in mice of varying susceptibilities to
2
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T1D. We discovered that PD-1 was expressed on antigen-experienced insulin-reactive
CD4+ T cells in NOD mice. Cells with the highest autoimmune potential (i.e. the highest
antigen affinity) expressed the most PD-1. PD-1/PD-L1 deficiency or blockade promoted
the accumulation of these cells in the target organ, and accelerated T1D in NOD mice,
consistent with previous work (291, 292, 306). Given the onset of autoimmunity in a
subset of patients treated with PD-1 pathway inhibitors, we also examined the role of PD1 in regulating islet-specific CD4+ T cells in diabetes-resistant MHCII-matched B6.g7
mice. In this strain, insulin-specific CD4+ T cells are predominantly naïve (277). We
show herein that PD-1 pathway blockade does not unleash these autoreactive cells, nor
accelerate disease in B6.g7 mice.
We have previously shown that the majority of insulin-specific CD4+ T cells in NOD
mice are successfully tolerized (anergic), and characterized by the expression of folate
receptor 4 (FR4) and CD73, with low proliferative capacity, and low cytokine producing
abilities (277). We sought to determine whether PD-1, or another inhibitory receptor,
CTLA-4, was required for the induction or the maintenance of this anergic state, using an
adoptive transfer model of TCR-transgenic islet-specific BDC2.5 CD4+ T cells (340).
Within 7 days post transfer, as many as 80% of BDC2.5 CD4+ T cells become anergic in
the pancreatic LN. However, unlike CTLA-4-deficient cells, PD-1-deficient BDC2.5
CD4+ T cells were not as efficiently tolerized upon transfer into NOD recipients. After
anergy was established, PD-1 pathway blockade did not override hyporesponsiveness,
and it mostly resulted in enhanced functionality of pre-existing effector T cells. These
findings suggest that PD-1 signaling is involved in regulating CD4+ T cell fate early after
antigen encounter, and does not contribute to anergy maintenance.
Collectively, our findings have important clinical implications, and suggest that
productive anti-tumor responses and patient autoimmune susceptibility are linked to
CD4+ T cell activation state at the time of treatment. Assessing self- and tumor-specific
CD4+ T cell phenotype prior to immunotherapy might help identify patients who are
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likely to benefit from treatment or those who might develop organ-specific
autoimmunity.

Methods
Mice
NOD mice were purchased from Taconic (Hudson, New York). NOD.PD-1KO,
NOD.PD-L1KO, NOD.BDC2.5.Thy1.1, NOD.BDC.2.5.Thy1.1.PD-1KO,
NOD.BDC2.5.Thy1.1.CTLA-4KO and B6.I-Ag7 (B6.g7) mice were generated as
previously described (82, 340). All mice were housed in specific pathogen-free
conditions, with free access to food and water and a 12 hour light/dark cycle. The
Institutional Animal Care and Use Committee of the University of Minnesota approved
all animal experiments.
Insulin peptide:I-Ag7 tetramer development and validation
To detect insulin B10-23-specific CD4+ T cells (277, 365-369) we developed I-Ag7 tetramer
reagents covalently linked to HLVERLYLVCGEEG (p8E) peptide sequence using the
Drosophila S2 expression system (Thermo Fisher Scientific) (277, 370, 371). Briefly,
Drosophila S2 cells were transfected with plasmids encoding I-Ag7 alpha chain
containing a BirA ligase recognition sequence, 6X HIS-tagged p8E- or p8G-linked I-Ag7
beta chain, BirA ligase from E. coli and blasticidin resistance gene. Transfected cells
were selected in blasticidin-containing Schneider's Drosophila medium (21720024,
Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS),
100 U/ml penicillin/streptomycin (Gibco) and 20 µg/ml gentamycin (Thermo Fisher
Scientific) for 1 week at 28 °C. S2 cells were then passaged into serum-free media
containing 25 µg/ml blasticidin (Thermo Fisher Scientific), scaled to 0.5 L cultures and
induced to produce monomer by the addition of 0.8 mM copper sulphate when cell
density reached 5 × 106/mL. I-Ag7 monomers were subsequently purified by metal ion
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affinity chromatography using a His-Bind purification kit (70239, MilliporeSigma) and
eluted using 1M imidazole. Biotinylated monomer was then purified on a monomeric
avidin column according to manufacturer’s instructions (20228, Thermo Fisher
Scientific) (340) and free biotin was removed with 30 kDa cut-off Amicon Ultra-15 filter
(UFC903008, MilliporeSigma). Purified monomers were conjugated with streptavidin
SA-PE or SA-APC at a 4.5:1 ratio to yield tetramers. Tetramer specificity was validated
by staining single cell suspensions from NOD mice immunized with p8E peptide
(Genscript, Piscataway, NJ) in Complete Freund’s Adjuvant (CFA; F5881, SigmaAldrich) (277).
Isolation and detection of insulin-specific CD4+ T cells
Single cell suspensions were obtained from pancreatic lymph nodes (pLN), and spleen
and other lymph nodes (inguinal, brachial, axillary, cervical) by mechanical disruption.
Pancreata were digested in 0.8 mg/mL Collagenase P (11249002001, Roche) for 10
minutes at 37C, and lymphocytes were isolated using a 44%/67% Percoll gradient (170891-01, GE Healthcare, Uppsala, Sweden). For identifying and phenotyping insulinspecific CD4+ T cells, pancreas and pLN cell suspensions were stained with PE- and
APC-conjugated insulinB10-23:I-Ag7 tetramers (10nM), for 1 hour at room temperature in
the presence of Fc block (purified 2.4G2; BioXCell) in 1xPBS with 2% FBS and 0.01%
sodium azide, followed by 30 minute incubation at 4C with antibodies (Thermo Fisher
Scientific) targeting: CD3 (PerCp-Cy5.5, 145-2C11), CD44 (BV510, IM7, BD
Biosciences, Franklin Lakes, NJ), CD4 (BUV395, GK1.5, BD Biosciences), B220 (APC
efluor 780, RA3-6B2), CD8 (BV650, 53.6-1, BD Biosciences), CD11b (APC efluor 780,
M1/70), CD11c (APC efluor 780, N418), Ghost dye (Red 780, Tonbo Biosciences, San
Diego, CA), PD-1 (PE-Cy7, J43). Cell suspensions from the spleen and other lymph
nodes were subjected to enrichment with anti-APC and anti-PE magnetic beads following
tetramer stain, and bound fractions were surface stained as described above. Samples
were acquired using BD LSRII or Fortessa instruments (BD) and analyzed with Flow Jo
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software (Treestar). Insulin-specific CD4+ T cells were identified as: singlet+, live, CD3+
lineage- (B220-, CD11b-, CD11c-) CD4+ CD8-, insB10-23: I-Ag7-PE and -APC double
positive.
BDC2.5 CD4+ T cell transfer, isolation and phenotypic characterization
Naïve (>98% CD44low) NOD.BDC2.5.Thy1.1+ CD4+ T cells were isolated from 4-6 week
old NOD.BDC2.5.Thy1.1 (WT), NOD.BDC2.5.Thy1.1.PD-1KO (PD-1KO), or
NOD.BDC2.5.Thy1.1.CTLA-4KO (CTLA-4KO) donors using negative selection.
Briefly, single cell suspensions were prepared from spleen and lymph nodes (inguinal,
brachial, axillary, cervical) by mechanical disruption, and incubated for 30 minutes at 4C
with biotinylated antibodies (Thermo Fisher Scientific) targeting: Ly6G (RB6-8C5),
MHCII (NIMR-4), CD8 (53.6-1), CD25 (PC61), CD117 (2B8), CD24 (M1/69), TER119
(TER-119), CD44 (IM7), CD19 (1D3), B220 (RA3-6B2). Cell suspensions were then
incubated with anti-biotin magnetic microbeads (130-090-485, Miltenyi Biotec) for 30
minutes and passed through a magnetic field in LS columns. Unbound fractions were
washed, resuspended in complete D10 media, and counted. At least 50,000 cells from the
unbound fraction were surface stained with antibodies (Thermo Fisher Scientific) against
CD4 (GK1.5), CD44 (IM7), CD3 (145-2C11), CD8 (53.6-1), Thy1.1 (OX-7), Vb4 (KT4),
B220 (RA3-6B2), CD11b (M1/70), CD11c (N418), and analyzed on an LSRII cytometer
to determine CD4+ T cell purity and efficiency of memory cell depletion. 7,500 CD44low
BDC2.5.Thy1.1+ CD4+ T cells were transferred into prediabetic 6-8 week old NOD mice
(Thy1.2+).
On Day 7 post transfer, WT, PD-1KO, or CTLA-4KO BDC2.5.Thy1.1+ CD4+ T cells
were enumerated and phenotyped in the pancreatic LN and spleens of recipient mice.
Briefly, pancreatic LN cells were surface stained with antibodies against FR4
(eBio12A5), CD73 (eBioTy.11.8), CD44, CD4, CD8, B220, CD11b, CD11c, and Thy1.1,
fixed and permeabilized (eBioscience kit), and stained with anti-Foxp3-antibody (FKJ46

16s) overnight at 4C. Thy1.1+ BDC2.5 CD4+ T cells were magnetically enriched from
spleen cell suspensions using APC-conjugated anti-Thy1.1 antibody and anti-APC
microbeads, surface stained, fixed and permeabilized, and stained for Foxp3 as described
above. BDC2.5 CD4+ T cells were identified as: singlets, CD3+, live, lineageneg (B220,
CD11b, CD11c), CD8-, CD4+, Thy1.1+.
On Day 48 post transfer, mice that received WT BDC2.5 CD4+ T cells were injected i.v.
with 500µg acetylated p31 peptide (YVRPLWVRME) (Genemed Sythesis) and harvested
4h later into complete D10 media with Brefeldin A (Sigma Aldrich). Single cell
suspensions were created from pancreatic LN and spleen. Pancreatic LN cells were
surface stained with antibodies against FR4, CD73, CD44, CD3, CD4, CD8, B220,
CD11b, CD11c, and Thy1, fixed and permeabilized (BD Cytofix/Cytoperm kit), and
stained with anti-IFNγ antibody (XMG1.2) overnight at 4C. Thy1.1+ BDC2.5 CD4+ T
cells were magnetically enriched from spleen cell suspensions using APC-conjugated
anti-Thy1.1 antibody and anti-APC microbeads, surface stained, fixed and permeabilized,
and stained for IFNγ as described above. BDC2.5 CD4+ T cells were identified as:
singlets, CD3+, live, lineageneg (B220, CD11b, CD11c), CD8-, CD4+ , Thy1.1+. Cells
from an unstimulated mouse were used to determine IFNγ background levels.
Administration of antibodies
10 or 15-week-old mice were treated two times (250µg/injection) with anti-PD-L1
(MIH6), anti-PD-1 (J43), anti-B7-1 (16-10-A1) purchased from BioXCell, vehicle or
isotype controls via the intraperitoneal route. BDC2.5.Thy1.1+ CD4+ T cell recipients
were treated with anti-PD-L1 (MIH6) on days 45 and 47 post transfer. Glucose levels
above 250mg/dL were considered diabetic.
Histology
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Pancreata were harvested into OCT media, frozen, and cut into 7µm sections, as
described (329). Antibodies included guinea pig anti-swine insulin (Dako, Denmark),
goat anti-mouse CXCL10 (R&D systems), donkey anti-guinea pig Alexa Fluor 488,
bovine anti-goat Alexa Fluor 647 (Jackson Immunoresearch), and hamster anti-mouse
CD3-PE (Thermo Fisher Scientific). Slides were mounted using Prolong Gold with DAPI
(Life Technologies) and imaged on a Leica epifluorescent DM5500 microscope
(Germany). Islet were scored for inflammation: 0–no insulitis; 1–perinsulitis; 2–less than
25% of the islet is infiltrated; 3–less than 75% of the islet is infiltrated; 4–less than 25%
of the islet mass is intact (329).
Statistics
Unpaired two-tailed Student’s t tests, One-Way ANOVA with Tukey post hoc analysis
for multiple comparisons, and Mantel-Cox log rank test for survival analysis were
performed using Prism 7 software (GraphPad).

Results
Islet-specific CD4+ T cells with the highest autoimmune potential express the most PD1 in NOD mice
Using insulin B10-23:I-Ag7 tetramer, we found that 30-50% of endogenous, polyclonal
insulin-specific CD4+ T cells expressed PD-1 in the pancreatic LN of NOD mice during
disease progression (Fig. 2-1A). Importantly, nearly all insulin-reactive CD4+ T cells that
infiltrated the pancreas expressed PD-1 (Fig. 2-1B).
Insulin-tetramer+ cells that had the highest tetramer mean fluorescent intensity (i.e. those
that bound tetramer with the highest affinity) also expressed the most PD-1 (R2 = 0.24, p
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= 0.04; Fig. 2-2A). This was also true for another population of T1D-relevant CD4+ T
cells that bound to p31:I-Ag7 tetramer (R2 = 0.84, p < 0.0001; Fig. 2-2B).
PD-1/PD-L1 deficiency promotes increased CD4+ T cell activation in the pancreatic LN
of NOD mice and accelerates T1D
We next examined the effect of PD-1 or PD-L1 deficiency on the CD4+ T cell
compartment. In the pancreatic LN, we noted a significant increase in the number of total
CD4+ T cells of PD-1KO and PD-L1KO mice, compared to age-matched NOD animals
(Fig. 2-3). While there was a trend towards increased numbers of CD4+ T cells in the
pancreas of PD-1KO mice, the difference was not significant. In PD-L1KO mice, we did
observe significantly increased CD4+ T cell infiltration (Fig 2-3). The total number of
CD4+ T cells in lymphoid organs devoid of pancreatic antigen was unchanged with PD1/PD-L1 deficiency (Fig. 2-3). Genetic ablation of the PD-1/PD-L1 pathway promoted an
increase in the frequency (Fig. 2-4A) and number (Fig. 2-4B) of antigen-experienced
(CD44high Foxp3-) CD4+ T cells as well as T cells with a regulatory phenotype (Foxp3+)
in the pancreatic LN. This was accompanied with a significant increase in the severity of
islet inflammation in mice that lacked PD-1 or PD-L1 (Fig. 2-5A), and accelerated T1D
onset (Fig. 2-5B), consistent with previous reports (291, 292).
PD-1/PD-L1 deficiency increases the number of total and activated insulin-specific
CD4+ T cells
We then specifically interrogated the effect of PD-1/PD-L1 deficiency on insulin-reactive
CD4+ T cells. PD-1KO mice had significantly more insulin B10-23:I-Ag7 tetramer-binding
cells (Fig. 2-6A), but not hen egg-lysozyme (HEL)-specific cells (Fig. 2-7) in the
pancreatic LN and pancreas compared to age-matched wild type mice.
Importantly, in the pancreatic LN, PD-1KO mice had more antigen-experienced CD44high
cells compared to NOD mice (Fig. 2-6B). Similarly, PD-L1KO mice had significantly
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increased total (Fig. 2-6C) and CD44high (Fig. 2-6D) insulin-specific CD4+ T cells in the
pancreatic LN, but a similar number of HEL-specific CD4+ T cells (Fig. 2-7). While more
PD-L1KO mice had detectable insulin-specific CD4+ T cells in the pancreas, the total
number of cells was not significantly different compared to NOD.
PD-1:PD-L1 but not PD-L1:B7-1 interactions restrain insulin-specific CD4+ T cells in
NOD mice
PD-1 can dampen T cell function by binding to PD-L1 (372) or PD-L2 (373). Previous
work has shown that PD-1 and PD-L1, but not PD-L2 blockade accelerate T1D in NOD
mice regardless of age, suggesting that PD-1:PD-L1 interactions might be more important
in regulating autoimmunity (306). However, besides binding to PD-1, PD-L1 also has the
potential to engage B7-1 (CD80) (374). B7-1 blockade in 2-3 week old NOD mice
accelerates disease, but has no effect later in life, after insulitis is established (306, 307).
We examined whether PD-1:PD-L1 or PD-L1:B7-1 interactions were regulating insulinspecific CD4+ T cells by treating NOD mice with anti-PD-1, anti-PD-L1, or anti-B7-1
and respective isotype controls. As shown in Fig. 2-8, 15 week old NOD mice treated
with anti-PD-L1 had significantly more total insulin-specific CD4+ T cells in the
pancreas, and increased antigen-experienced CD4+ T cells in the pancreatic LN. This was
concomitant with severe islet inflammation (Fig. 2-8C) and disease acceleration (Fig. 211F). Increased T cell infiltration in the pancreas promoted CXCL10 chemokine
expression, to further potentiate T cell homing (Fig. 2-8D). NOD mice treated with antiPD-1 (Fig. 2-9A, 2-9B), but not anti-B7-1 (Fig. 2-9C, 2-9D) had increased numbers of
total and antigen-experienced insulin-specific CD4+ T cells, especially in the target organ.
PD-1 blockade does not precipitate autoimmunity in diabetes-resistant B6.g7 mice
To better understand why some individuals treated with anti-PD-1/PD-L1 agents develop
T1D in the clinic, we evaluated insulin-specific CD4+ T cells in MHCII-matched,
diabetes-resistant B6.g7 mice. A small fraction of tetramer+ cells in these mice expressed
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PD-1 in the pancreatic LN and spleen and other lymph nodes (Fig. 2-10) and no tetramer+
cells were detected in the pancreas (277), unlike in NOD mice (Fig. 2-1). We treated 8-10
week old B6.g7 mice with isotype control or anti-PD-L1 twice (250 µg/injection) and
enumerated and phenotyped insulin-reactive cells in the pancreatic LN, spleen and other
lymph nodes, and the pancreas.
As shown in Fig. 2-11A, anti-PD-L1 promoted a slight increase in the number of total
insulin-specific CD4+ T cells, but this increase was not significant. Furthermore, insulinspecific CD4+ T cells did not traffic to the pancreas (Fig. 2-11B), or become activated
(Fig. 2-11C) and there was no change in overall islet inflammation (Fig. 2-11D),
chemokine expression (Fig. 2-11E) in the pancreas, or disease (Fig. 2-11F).
PD-1 is partially required to establish anergy in the CD4+ T cell compartment
Folate receptor 4 (FR4) and CD73 are highly expressed on tolerized (anergic) CD4+ T
cells (274, 277). As many as 50% of antigen-experienced CD44high Foxp3- insulinspecific CD4+ T cells are FR4+CD73+ (277), suggesting that they are held in check by
peripheral tolerance mechanisms. Given the increase in Pdcd1 and Ctla4 mRNA during
anergy induction (274), and the increase in total and CD44high insulin-specific CD4+ T
cells after PD-1 pathway blockade, we sought to determine whether PD-1 or CTLA-4
signaling was important for the induction or maintenance of the FR4+CD73+ anergic
state. To test this, we utilized an adoptive transfer system of congenically labeled isletspecific TCR transgenic BDC2.5 CD4+ T cells, to mimic the endogenous response, as
previously described (340). Briefly, we transferred 7,500 naïve WT, PD-1KO, or CTLA4KO BDC2.5 CD4+ T cells into 6-8 week old NOD mice, and assessed their phenotype
on day
7 post transfer. There were significantly more PD-1KO BDC2.5 cells compared to WT
and CTLA-4KO cells in the pancreatic LN and spleen and other lymph nodes (Fig. 212A). In the pancreatic LN, >80% of WT or CTLA4KO BDC2.5 cells were CD44high
Foxp3- FR4+CD73+ , while 60% of PD-1KO cells displayed the anergic phenotype (Fig.
2-12B). Effector CD44high Foxp3- FR4-CD73- cells constituted 15-20% of WT and
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CTLA-4KO cells, as opposed to 40% among transferred PD-1KO cells (Fig. 2-12B). The
number of anergic and effector PD-1KO BDC2.5 cells was higher compared to WT and
CTLA-4KO cells (Fig. 2-12C). The induction efficiency of anergic or effector phenotype
was similar between WT and CTLA-4KO cells, while PD-1KO cells had a significantly
reduced capacity to assume the FR4+CD73+ fate as opposed to FR4-CD73- phenotype
(Fig. 2-12D).
PD-1 is dispensable for anergy maintenance in the CD4+ T cell compartment
To test whether PD-1 signaling regulated anergy maintenance, we examined the
expression of PD-1 on anergic and effector BDC2.5 cells on Day 48 post transfer. While
there was a slight trend towards effector cells having higher PD-1 expression, this was
not significant (Fig. 2-13A). We treated recipient mice with anti-PD-L1 on days 45 and
47 post transfer, and assessed cytokine production by CD44high Foxp3- FR4+CD73+
(anergic) and FR4-CD73- (effector) cells. We measured a significant increase in IFNγ
production by effector T cells with anti-PD-L1 (Fig. 2-13B). The frequency of IFNγ+
anergic cells rose from 16.9 to 25.6% after anti-PD-L1, but remained lower than effector
cells (43.7 and 58.4% after anti-PD-L1). Furthermore, the geometric mean fluorescent
intensity of IFNγ staining, indicative of the amount of IFNγ produced on a per cell basis,
did not change after anti-PD-L1 treatment in the anergic cell compared, and remained
significantly lower compared to effector cells (Fig. 2-13C).

Discussion
In pre-diabetic NOD mice, 30-60% of insulin-specific CD4+ T cells in the pancreatic LN
and virtually all cells in the pancreas expressed PD-1. This suggests that the PD-1
pathway restrains endogenous islet-reactive cells in the pancreatic LN and in the
pancreas, consistent with our previous work (339, 340). Interestingly, the frequency of
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PD-1+ insulin-specific CD4+ T cells in the pancreas decreased at disease onset. We
hypothesize that this is due to beta cell death and antigen loss.
TCR signal strength or TCR avidity has been shown to tune PD-1 expression levels on
TCR transgenic OT-II CD4+ T cells and on human CD8+ T cells responding to chronic
viral infection (375, 376). Similarly, we observed a positive correlation between PD-1
expression levels and tetramer binding intensity. Antigen-experienced cells with the
highest autoimmune potential expressed the most PD-1, explaining why PD-1 deficiency
promotes T1D. PD-1KO, PD-L1KO mice, and NOD mice treated with anti-PD-1 or antiPD-L1, had significantly more total and antigen-experienced CD4+ T cells in the
pancreatic LN, but not in other secondary lymphoid organs. Insulin-specific CD4+ T cells
were similarly increased in number and activation in the absence of PD-1/PD-L1
signaling, but not B7-1, further showing that this pathway is a critical gate-keeper of islet
tolerance in NOD mice.
To understand T1D development in individuals treated with anti-PD-1/PD-L1 antibodies
in the clinic, we tested the effect of PD-1 blockade in diabetes-resistant MHCII-matched
B6.g7 mice. These animals have a detectable pool of insulin-specific CD4+ T cells;
however, most cells are naïve, and only ~20% express PD-1 in the pancreatic LN. AntiPD-L1 treatment did not unleash these cells, or promote pancreatic inflammation and
T1D.
Given that most insulin-specific CD4+ T cells and most adoptively transferred BDC2.5
CD4+ T cells are anergic (CD44high Foxp3- FR4+CD73+ ) in NOD pancreatic LN, we
sought to determine whether PD-1 was required for the induction or the maintenance of
this anergic state. Pdcd1 and Ctla4 mRNA are both increased during anergy induction
phase, but surprisingly, PD-1 and not CTLA-4 deficiency slightly impaired BDC2.5
skewing towards the anergic fate. This is in contrast to previous studies that showed
impaired anergy induction in CTLA-4-deficient DO11 TCR transgenic CD4+ T cells
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(308, 309). Differences in TCR affinity or antigen dose (300 µg peptide injection versus
endogenous antigen encounter) might explain this discrepancy. We then investigated
whether PD-1 signaling was required to maintain anergy in the CD4+ T cell compartment.
If anti-PD-L1 released the anergic CD4 T cells, we would have observed equal frequency
of IFNγ producers after PD-1 blockade, but this was not the case indicating that there is a
subset of anergic CD4+ T cells that are not reinvigorated by anti-PD-L1. Even though the
percentage of IFNγ+ cells changed in the anergic population, the amount of produced
IFNγ did not increase above baseline following anti-PD-L1. Anergic cells still made 1.5
fold less IFNγ than effector cells in control animals and 2 fold less than effectors after
anti-PD-L1. These results suggest PD-L1 blockade has the greatest impact on the effector
T cell subset.
We report the unexpected finding that the inhibitory effects of PD-1/PD-L1 signaling and
subsequent blockade act on specific subsets of CD4+ T cells. We found that PD-1/PDL1
blockade preferentially acts to restore or potentiate the function of pre-existing effector
cells, rather than broadly promoting activation of all CD4+ T cell subsets. These results
suggest that effector T cells are restrained via PD-1 inhibitory signals, whereas naïve and
anergic T cells are not released through PD-L1 blockade alone. These data have
important implications for patients receiving PD-1 pathway inhibitors for treatment of
cancer or chronic infections, as it suggests the functional state of T cells will impact
patient outcomes. This highlights the importance of autoreactive T cell activation status
as an indicator for study exclusion criteria. Better clinical efficacy of PD-1 pathway
inhibitors may be possible by combining blockade with effective therapeutic vaccination
to reverse the tolerant or exhausted state of tumor- or microbe-specific T cells and
produce synergistic effects.

54

Figures

Figure 2-1. Insulin-specific CD4+ T cells express high levels of PD-1 in the pancreatic LN and pancreas.
(A) Frequency of PD-1+ insulin-specific CD4+ T cells in the pancreatic LN (left) and spleen and other lymph nodes
(right) in NOD mice (n=9-19). (B) Frequency of PD-1+ insulin-specific CD4+ T cells in the pancreas of non-diabetic
(n=15) and diabetic (n=21) NOD mice. Data are compiled from at least 10 experiments. Student’s T-test was
performed to determine statistically significant differences. * = p <0.05. In collaboration with Dr. Kristen Pauken.

55

Figure 2-2. Insulin-specific CD4+ T cells with the highest autoimmune potential express the most PD-1.
(A) Insulin:I-Ag7 tetramer MFI and PD-1 expression levels for insulin-specific CD4+ T cells pooled from the spleen
and peripheral lymph nodes of 15–18 week old NOD mice (n=17). (B) p31:I-Ag7 tetramer MFI and PD-1
expression levels for peripheral chromogranin A-specific CD4+ T cells pooled from the spleen and peripheral lymph
nodes of 13–16 week old NOD mice (n=14). Linear regression was performed to determine R2 and p-value.
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Figure 2-3. PD-1 or PD-L1 deficiency increases the number of total CD4+ T cells in the pancreatic LN
and pancreas.
(A) Number of CD4+ T cells in the pancreatic LN, pancreas, and spleen and other LNs in NOD (n = 11) and
PD-1KO mice (n = 16). (B) Number of CD4+ T cells in the pancreatic LN, pancreas, and spleen and other
LNs in NOD (n = 13) and PD-L1KO mice (n = 11). Student’s T-test was performed to determine
statistically significant differences. * = p <0.05; ** p < 0.01.

Figure 2-4. PD-L1-deficient mice have more antigen-experienced and regulatory CD4+ T cells in the
pancreatic LN.
(A) Frequency and number (B) of antigen-experienced CD44highFoxp3neg and Foxp3+ CD4+ T cells in the
pancreatic LN of NOD (n =17) and PD-L1KO mice (n=17). Data are compiled from five independent experiments.
Student’s T-test was performed to determine statistically significant differences. * = p <0.05; ** p < 0.01.
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Figure 2-5. PD-1 or PD-L1 deficiency promotes severe islet inflammation and accelerated T1D.
(A) Frequency of infiltrated islets in NOD (n = 10), PD-1KO (n = 11), and PD-L1KO mice (n = 10). (B) T1D incidence
in the Fife lab colony of NOD (n = 36), PD-1KO (n=36), and PD-L1KO mice (n=33). Log rank Mantel-Cox test was
used to determine differences in disease incidence. * p <0.05, **** p <0.0001.
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Figure 2-6. PD-1 or PD-L1 deficiency increases the number of total and antigen-experienced insulin-specific CD4+
T cells in the pancreatic LN and pancreas.
(A) Number of insulin-specific CD4+ T cells in the pancreatic LN, pancreas, and spleen and other LNs in NOD (n = 11)
and PD-1KO mice (n = 16). (B) Number of CD44high insulin-specific CD4+ T cells in the pancreatic LN and spleen and
other LNs in NOD (n = 11) and PD-1KO mice (n = 16). (C) Number of insulin-specific CD4+ T cells in the pancreatic LN,
pancreas, and spleen and other LNs in NOD (n = 13) and PD-L1KO mice (n = 11). (D) Number of CD44high insulinspecific CD4+ T cells in the pancreatic LN and spleen and other LNs in NOD (n = 13) and PD-L1KO mice (n = 11).
Student’s T-test was performed to determine statistically significant differences. * = p <0.05; ** p < 0.01.

Figure 2-7. PD-1 or PD-L1 deficiency does not alter the number of foreign antigen-specific CD4+ T cells.
Number of hen egg lysozyme-specific CD4+ T cells in the spleen and peripheral LNs in NOD (n = 9), PD-1KO (n = 9),
and PD-L1KO mice (n = 4). Data are compiled from two independent experiments.
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Figure 2-8. PD-1 blockade increases the number of total and antigen-experienced insulin-specific CD4+ T cells,
and accelerates T1D.
(A) Number of insulin-specific CD4+ T cells in the pancreatic LN, pancreas, and spleen and other LNs in isotype- and
anti-PD-L1 treated 11-16 week old NOD mice (n = 16). (B) Number of CD44high insulin-specific CD4 T cells in the
pancreatic LN and spleen and other LNs in isotype- and anti-PD-L1 treated NOD mice (n = 16). (C). (D). Student’s Ttest was performed to determine statistically significant differences. * = p <0.05; ** p < 0.01.
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Figure 2-9. PD-1:PD-L1 interaction, but not PD-L1:B7-1 regulate insulin-specific CD4 T cells.
(A) Number of insulin-specific CD4+ T cells in the pancreatic LN, pancreas, and spleen and other LNs in isotype- and
anti-PD-1-treated 13-15 week old NOD mice (n = 15-18). (D) Number of CD44high insulin-specific CD4+ T cells in the
pancreatic LN and spleen and other LNs in isotype- and anti-PD-1-treated NOD mice (n = 15-18). (E) Number of
insulin-specific CD4+ T cells in the pancreatic LN, pancreas, and spleen and other LNs in isotype- and anti-B7-1treated 13-15 week old NOD mice (n = 8). (F) Number of CD44high insulin-specific CD4+ T cells in the pancreatic LN
and spleen and other LNs in isotype- and anti-B7-1-treated NOD mice (n = 8). Student’s T-test was performed to
determine statistically significant differences. * = p <0.05; ** p < 0.01.

Figure 2-10. Insulin-specific CD4+ T cells in diabetes-resistant B6.g7 mice express low levels of PD-1.
Frequency of PD-1+ insulin-specific CD4+ T cells in the pancreatic LN (left) and spleen and other lymph nodes (right)
in B6.g7 mice (n = 7-10). Data are compiled from at least five independent experiments. In collaboration with Dr.
Kristen Pauken.
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Figure 2-11. PD-L1 blockade does not affect insulin-specific CD4+ T cells in diabetes-resistant B6.g7 mice.
(A) Number of insulin-specific CD4+ T cells in the pancreatic LN, and spleen and other LNs in isotype- and anti-PDL1 treated 8- 10 week old B6.g7 mice (n = 8-12). (B) Number of CD44high insulin-specific CD4 T cells in the
pancreatic LN and spleen and other LNs in isotype- and anti-PD-L1 treated B6.g7 mice (n = 8-12). Student’s T-test was
performed to determine statistically significant differences between treatment groups.
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Figure 2-12. PD-1, but not CTLA-4 deficiency, reduces anergy induction after BDC2.5 CD4+ T cell adoptive
transfer.
(A) Number of WT, CTLA-4KO, and PD-1KO BDC2.5 CD4+ T cells recovered from the pancreatic LN (left) or spleen
and other lymph nodes (right) on day 7 post transfer into 6 week old NOD mice (n = 6-7). (B) Frequency and (C)
number of anergic FR4+CD73+ (left) and effector FR4-CD73- (right) BDC2.5 cells in the pancreatic LN on day 7 post
transfer. (D) Change in the percentage of anergic (FR4+CD73+) or (FR4-CD73-) cells among CTLA-4KO or PD-1KO
BDC2.5 cells. Data are compiled from two independent experiments. Student’s T-test (A-C) or one-sample t-test (D)
against a hypothetical mean of 1 was performed. * = p <0.05; ** p < 0.01, *** p < 0.001.
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Figure 2-13. PD-L1 blockade preferentially affects BDC2.5 CD4+ T cells with a pre-existing effector phenotype.
(A) PD-1 expression on anergic (FR4+CD73+) and effector (FR4-CD73-) BDC2.5 cells in the pancreatic LN. (B)
Frequency and (C) IFNγ geometric mean fluorescence intensity (gMFI) of cytokine-producing anergic and effector
BDC2.5 CD4+ T cells in the pancreatic LN 48 days post-transfer. Data are representative of 3 experiments. In
collaboration with Dr. Kristen Pauken.
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Chapter 3 : PD-1 restrains the germinal center in type 1
diabetes3
Introduction
Blocking the PD-1/PD-L1 signaling pathway via monoclonal antibodies can re-invigorate
tumor-specific exhausted T cells, and reboot anti-tumor immunity (347, 348, 350, 377).
Exciting results in pre-clinical models led to clinical trials testing the efficacy of PD1/PD-L1 checkpoint blockade (351, 378) (379-384) and rapid FDA approvals of
antibodies that block PD-1 (nivolumab) or PD-L1 (avelumab, atezolizumab,
pembrolizumab) to treat a wide variety tumor types (353). However, a significant
proportion of patients do not respond, and of those that do respond, many patients
develop immune related adverse events (irAE) (323, 353, 385-388). Autoimmune-like
symptoms, and in some cases, overt autoimmunity such as type 1 diabetes (T1D), have
been reported following PD-1/PD-L1 blockade in the clinic (124, 353, 356, 389).
Interestingly, T1D has been documented in patients who carried DR4, DQ8, or HLA-A2
HLA-alleles associated with T1D risk, suggesting that PD-1 may maintain islet tolerance
in that subset of individuals (356, 390-394). Increased B cell clonality and increase in
plasmablasts are predictive of grade 3 and 4 irAE after combined checkpoint blockade
(395), but there are still no reliable biomarkers that can predict the development of
autoimmunity. To develop biomarkers, we must first understand the mechanism by which
PD-1 maintains tolerance to self-antigen(s).
Autoantibodies are a hallmark of autoimmunity, and their production depends on cognate
interactions between CD4+ T and B cells in the germinal center (GC) region of the lymph
node (70, 120, 123, 279, 396, 397). There are two important types of CD4+ T cells within
the GC. First, T follicular helper cells (TFH) are defined by high expression of PD-1,
3

Portion of this work is currently under peer review for publication.
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ICOS, CXCR5 and Bcl-6 (398-400). When localized in the germinal center (GC-TFH),
they provide help to germinal center B cells in the form of IL-4, IL-21 and CD40-ligand
stimulation, thus promoting antibody affinity maturation and somatic hypermutation
(121, 122, 401). Increases in circulating TFH-like cells have been reported in patients with
autoimmunity, suggesting that these cells may contribute to pathology (72, 73, 125-129).
Second, T follicular regulatory cells (TFR ) are largely derived from Treg cells, and are
defined by high levels of PD-1, ICOS, CXCR5, CD25, Bcl-6 and Foxp3 (402-407). TFR
cells have been shown to suppress TFH-B cell interactions via CTLA-4 (408, 409) and
limit autoimmunity (410, 411). Recent evidence suggests that TFR cells are predominantly
situated at the T-B border and in the B cell follicle, and to a lesser extent in the GC itself
(405).
Given that the critical cellular players involved in the germinal center express PD-1 (69,
412) and PD-L1 (357), it is likely that this pathway plays an important role in regulating
CD4+ T cell-B cell cross-talk. Indeed, loss of PD-1/PD-L1 in C57BL/6 mice precipitates
autoantibody production against ds-DNA and a lupus-like disease (336), while PD-1
deficiency in BALB/c mice leads to autoantibody production against cardiac troponin I
and autoimmune cardiomyopathy (337, 413). Loss of PD-1 or PD-L1 in non-obese
diabetic (NOD) mice accelerates T1D (reflecting irAE after checkpoint therapy), and
involves anti-insulin T and B cells, and insulin autoantibodies (292, 306, 339, 414-416).
However, there is conflicting evidence regarding how exactly PD-1 controls the germinal
center. Several studies have shown that PD-1 deficiency or blockade impairs the outcome
of the germinal center, resulting in fewer long-lived plasma cells (357) and lower affinity
antibodies (358, 359). Others demonstrated that PD-1 blockade enhances antibody
production in the context of malaria (119) and fetal allorejection (360). Sage et al.
reconciled these contradicting findings, and reported that PD-1 blockade enhanced both
the TFH and TFR CD4+ T cells, and that their ratio determined the final outcome of the GC
during foreign antigen immunization and in experimental autoimmune encephalomyelitis
(417, 418).
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Herein, we sought to determine the role of PD-1 in regulating the endogenous, polyclonal
germinal center response in pre-diabetic NOD mice. Insulin is a critical autoantigen in
T1D (132), and as many as 90% of insulin-specific CD4+ T cells in NOD mice respond to
the insulin B10-23 peptide (134). Thus, we used insulin B10-23:MHC II tetramers to track
insulin-specific CD4+ T cells, and insulin tetramers to track cognate B cells. We show
that these two cell populations collaborate in pre-diabetic mice to give rise to insulin
autoantibodies, as previously shown with T and B cell receptor transgenic cells (397). We
also demonstrate that PD-1 deficiency or blockade impacted both insulin-specific TFH and
TFR cells, and that PD-1 deficient insulin-specific CD4+ T cells had an advantage in the
GC over wild type cells. PD-L1 deficiency or blockade, but not PD-L2 blockade,
recapitulated the findings with anti-PD-1, suggesting that PD-1/PD-L1 interactions
restrain the GC. Our initial experiments demonstrated that CTLA-4 blockade also
increased TFH and TFR cells and promoted de novo IAA production. Using an antibody
that specifically disrupts TCR interactions with insulin peptide:MHCII complex, we
show that the effects of PD-1 blockade on the germinal center are peptide:MHCIIdependent. We hypothesize that blocking self-peptide:MHCII complexes during
checkpoint blockade with monoclonal antibodies or small molecule inhibitors (419) may
circumvent the autoimmune side effects of immunotherapy, while still allowing antitumor immunity to reboot.

Materials and Methods
Mice
NOD mice were purchased from Taconic (Hudson, New York). NOD.CD45.2 and
BALB/cJ mice were purchased from Jackson Laboratories (Bar Harbor, ME).
NOD.CD45.1/2 mice were generated in house by breeding NOD (CD45.1) with
NOD.CD45.2 mice. NOD.PD-1KO and NOD.PD-L1KO mice were generated as
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previously described (340). Dr. R. G. Gill (University of Colorado) provided
NOD.CIITAKO mice (110). Dr. J.W. Thomas (Vanderbilt University) provided antiinsulin B cell receptor (BCR) transgenic NOD.Tg125 mice (420). Dr. M. K. Jenkins
(University of Minnesota) provided PBMCs from anti-hen egg lysozyme BCR transgenic
C57BL/6.MD4.Rag1KO mice (213). All mice were housed in specific pathogen-free
conditions, with free access to food and water and 12 hour light/dark cycle. The
Institutional Animal Care and Use Committee of the University of Minnesota approved
all animal experiments.
In vivo checkpoint blockade
Five-week-old female NOD mice were treated with 250µg anti-PD-1 (clone J43), antiPD-L1 (MIH6), anti-PD-L2 (TY25), anti-CTLA-4 (4F10) (all purchased from BioXCell,
West Lebanon, NH) or vehicle via intraperitoneal route every other day for a total of five
injections, and harvested one day after the last injection (306, 340, 415).
Serum collection and insulin autoantibody ELISA
Serum was collected by cheek bleed before treatment start, or by retro-orbital bleed at
harvest. For insulin autoantibody ELISA, high-bind 96 well plates (3590, Corning,
Corning, NY) were coated with 10 µg/ml human insulin (I2643, Sigma-Aldrich, St.
Louis, MO) and incubated overnight at 4C. Plates were washed and blocked for 1 hour
with 5% BSA in 1x TBST at room temperature. After blocking, plates were washed, and
incubated with diluted serum for 1 hour, and subsequently with HRP-conjugated antimouse IgG for 1 hour (1:2000 dilution, 405306, BioLegend, San Diego, CA). ABTS
substrate (50-66-01, KPL Inc, Gaithersburg, MD) was added to each well for 10 minutes,
and the plate was analyzed at 405 nm using microplate reader (Spectra Max 384 Plus,
Molecular Devices, San Jose, CA). Blank optical density (OD) readings were subtracted
from sample OD readings to account for background.
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B cell tetramer development and validation
To detect antigen-specific B cells, we developed B cell tetramers as previously described
with several modifications (215). Human insulin (I2643, Sigma-Aldrich) or hen egg
lysozyme (HEL; L6876, Sigma-Aldrich) were biotinylated using EZ-Link Sulfo-NHS-LC
Biotinylation Kit (21435, Thermo Fisher Scientific, Waltham, MA) at a biotin:protein
ratio of 1:10 or 1:3, respectively, as per manufacturer’s instructions. Excess biotin was
removed using 3mL SpinOUT GT-600 size exclusion column (786-721, G-Biosciences,
St. Louis, MO). Western blot was performed to determine the molar amount of
biotinylated protein. Briefly, 50-100 pmoles of protein were incubated with serial
dilutions of Streptavidin-R-Phycoerythrin (SA-PE; PJRS27, Prozyme, Hayward, CA),
diluted in 4X Laemmli buffer without SDS or 2-mercaptoethanol, and loaded and run on
a 4-15% gradient gel (456-1083, BioRad, Hercules, CA). Gel was transferred to a
nitrocellulose membrane, blocked with 5% BSA in TBST for 30 minutes, and incubated
with SA-Alexa Fluor 790 (S11378, Thermo Fisher Scientific) overnight. After washing,
membrane was imaged on Odyssey Scanner at 800nm. The amount of biotinylated
protein was calculated based on the minimum amount of SA-PE required to bind all
biotinylated protein, and SA-PE or SA-Allophycocyanin (SA-APC) (PJ27S, Prozyme)
were added at a 4-fold molar excess to yield tetramers. Free unbiotinylated protein was
eliminated from the tetramer solution by overnight dialysis in PBS using 20kDa cut-off
Slide-A-Lyzers according to manufacturer’s instructions (66005, Thermo Fisher
Scientific). Tetramer specificity was confirmed by staining single cell suspensions from
NOD.Tg125 and C57BL/6.MD4.Rag1KO mice with insulin or HEL tetramers (Fig. S1A)
and incubating samples with excess insulin (344 µM) prior to tetramer stain.
Decoy tetramer development
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To exclude B cells specific for tetramer components other than the antigen of choice, we
developed decoy reagents that encompassed streptavidin, PE or APC, and biotin (215,
421). To accomplish this, SA-PE and SA-APC were conjugated to Alexa Fluor (AF) 647
(A20173, Thermo Fisher Scientific) or DyLight 755 (1862394, Thermo Fisher Scientific)
according to manufacturer’s instructions. SA-PE-AF647 and SA-APC-DyLight 755
concentration was adjusted to 1µM, based on PE and APC absorbance at 565 and 650
nm, respectively. Both reagents were biotinylated at a 6-fold molar excess of D-biotin.
Insulin peptide:I-Ag7 tetramers
Insulin-specific CD4+ T cells were detected as described in Chapter 2. Briefly, we
developed I-Ag7 tetramer reagents covalently linked to HLVERLYLVCGEEG (p8E) or
HLVERLYLVCGGEG (p8G) peptide sequences using the Drosophila S2 expression
system (Thermo Fisher Scientific) (277, 370, 371, 421). I-Ag7 monomers were purified by
metal ion affinity chromatography using a His-Bind purification kit (70239,
MilliporeSigma), biotinylated, and conjugated with streptavidin SA-PE or SA-APC at a
4.5:1 ratio to yield tetramers. Tetramers were validated by staining single cell
suspensions from NOD mice immunized with p8E or p8G peptides (Genscript,
Piscataway, NJ) in Complete Freund’s Adjuvant (CFA; F5881, Sigma-Aldrich) (277).
Mixed bone marrow chimera setup
Five-week-old female NOD.CD45.2 mice were lethally irradiated (2 x 550 rads, 4 hours
apart) using RS-2000 X-Ray irradiator (Rad Source Technologies, Buford, GA). Between
irradiations, bone marrow was isolated from femurs and tibias of donor NOD.CD45.1/2
and NOD.PD-1KO.CD45.1 mice. Mature T cells were depleted from the bone marrow
cell preparations using biotinylated anti-CD90.2 antibody (53-2.1, Thermo Fisher
Scientific) and anti-biotin magnetic beads (130-090-485, Miltenyi Biotec, Bergisch
Gladbach, Germany) and LS columns (Miltenyi Biotec). Irradiated mice were
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reconstituted with a 50:50 mixture of WT and PD-1KO cells (10 x 106 cells/mouse)
injected intravenously. Antibiotic water with Polymixin B and Neomycin was provided to
mice for 3 weeks following irradiation and bone marrow transplantation. Mice were
harvested for CD4+ T and B cell analyses 5 weeks after reconstitution.
Flow cytometry
Single cell suspensions were obtained from pancreatic lymph nodes (pLN) by mechanical
disruption, and split into two halves (one for CD4+ T and for B cell analysis). Spleen and
other lymph nodes (inguinal, brachial, axillary, cervical) were collected, minced, and
digested in 40 Mandl U/mL Collagenase D (11088882001, Roche, Indianapolis, IN) with
DNase I (250µg/mL; DN25, Sigma-Aldrich) in RPMI with 2% FCS and 20mM HEPES
for 20 minutes at 37C (421). Digested samples were then mechanically disrupted to
single cell suspensions and washed with HBSS with 5mM EDTA and 2% FBS. Pancreata
were processed as described in Chapter 2, and digested in 0.8 mg/mL Collagenase P
(11249002001, Roche) for 10 minutes at 37C. Pancreas-infiltrating lymphocytes were
isolated using 44%/67% Percoll gradient (17-0891-01, GE Healthcare, Uppsala,
Sweden). PBMCs were isolated from 0.5mL of blood collected in 200 µL 1x Heparin
(NDC 63739-931-14, McKesson) using Lymphoprep (07801, STEMCELL Technologies,
Vancouver, Canada).
For identifying and phenotyping insulin-specific CD4+ T cells, pLN cell suspensions
were stained with PE- and APC-conjugated insB10-23:I-Ag7 tetramers (10nM), and antiCXCR5 (1:20; BV650, L138D7, BioLegend, San Diego, CA) for 1 hour at room
temperature in the presence of Fc block (purified 2.4G2; BioXCell) in 1xPBS with 2%
FBS and 0.01% sodium azide, followed by 30 minute incubation at 4C with antibodies
(Thermo Fisher Scientific) targeting: CD44 (BV510, IM7, BD Biosciences, Franklin
Lakes, NJ), CD25 (BV786, PC6.1, BD Biosciences), CD4 (BUV395, GK1.5, BD
Biosciences), GITR (PE Cy7, DTA-1), ICOS (PerCp-efluor 710, 15F9), B220 (APC
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efluor 780, RA3-6B2), CD8 (APC efluor 780, 53.6-1), CD11b (APC efluor 780, M1/70),
CD11c (APC efluor 780, N418), and Ghost dye (Red 780, Tonbo Biosciences, San
Diego, CA).
For identifying and phenotyping antigen-specific B cells, cell suspensions were first
stained with 10nM decoy reagents (SA-PE-AF647-biotin, SA-APC-DyLight 755-biotin)
for 10 minutes at room temperature, and subsequently with 10nM insulin- or HELtetramers for 30 minutes at 4C in the presence of Fc block (purified 2.4G2) in 1xPBS
with 2% FBS and 0.01% sodium azide. After washing, pLN, pancreas, and PBMC cell
suspensions were stained with antibodies against surface markers. Spleen and other
lymph node cell suspensions were subjected to magnetic enrichment using anti-PE and
anti-APC magnetic beads, according to manufacturer’s instructions (18557, 18452,
EasySep, STEMCELL Technologies) and then stained for 30 minutes at 4C with
antibodies (BD Biosciences), against: GL7 (FITC, GL7), IgM (BV421 or BV605, RMM1, BioLegend), IgD (BV785, 11-26c.2a), CD38 (BV711, 90), CD86 (PE Cy7, GL1,
Thermo Fisher Scientific), B220 (BUV395, RA3-6B2), CD90.2 (BV510, 53-2.1,
BioLegend), Gr1 (BV510, RB6-8C5, BioLegend), CD11c (BV510, N418, BioLegend),
and Ghost Dye (Violet 510, Tonbo Biosciences). Samples were then fixed with
Cytofix/Cytoperm kit (554714, BD Biosciences, San Jose, CA) and stained with antiIg(H+L) (AF350, polyclonal, Thermo Fisher Scientific).
Samples were acquired with BD LSR Fortessa X-20 (BD Biosciences) equipped with five
laser lines (355, 405, 488, 561 and 640 nm) and analyzed with FlowJo version X (FlowJo
LLC, Ashland, OR). Insulin-specific CD4+ T cells were defined as: singlets, live, lineage(B220, CD8, CD11b, CD11c), CD4+, PE- and APC-tetramer+ cells. Insulin-specific B
cells were defined as: singlets, live, lineage- (CD11c, F4/80, Gr1, CD90.2), SA-PEAF647 and SA-APC-DyLight 755 decoy-, PE- and APC-tetramer+ cells.
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Anti-peptide:MHCII antibody generation
To generate a monoclonal antibody that recognizes both p8E:I-Ag7 and p8G:I-Ag7
complexes, we modified a recently published method for rapid generation of antipeptide:MHCII antibodies (421). Briefly, BALB/cJ mice were immunized
subcutaneously in the hind flank with 25µg p8E:I-Ag7 monomer in CFA (day 0) and
boosted twice (day 28, day 42) with 25µg p8G:I-Ag7 monomer in PBS intravenously.
Animals were harvested on day 45, and single cell suspensions were prepared from the
secondary lymphoid organs. Cells were stained with 10nM PE-conjugated p8E- and p8Gtetramers for 30 minutes at 4C in the presence of Fc block (purified 2.4G2) in 1xPBS
with 2% FBS, prior to enrichment with anti-PE magnetic beads (18557, STEMCELL
Technologies). A fraction of the enriched cells was stained as described above to
determine the frequency and phenotype of antigen-specific B cells prior to fusion.
Enriched cells were washed and resuspended in ClonaCell-HY Medium A (03891,
STEMCELL Technologies), and fused with SP2/0 mouse myeloma cells using the HY
Hybridoma Cloning Kit method A (03800, STEMCELL Technologies). 24 hours after
fusion, fused cells were transferred to semi-solid HAT media (Medium D) for selection.
Two weeks later, individual colonies were hand-picked and transferred to 96-well plates
containing Medium E. Supernatants were harvested and tested for specificity by ELISA
as previously described (421). Briefly, wells were coated overnight with 50 ng p8E-,
p8G-, CLIP- or HEL11-25:I-Ag7 monomers, blocked for 1 hour with 1% BSA in 1xPBS,
incubated with diluted supernatant for 1 hour, and subsequently with HRP-conjugated
anti-mouse IgG for 1 hour (1:2000 dilution, 405306, BioLegend). ABTS substrate (5066-01, KPL Inc) was added to each well for 10 minutes, and the plate was analyzed at
405 nm using microplate reader (Spectra Max 384 Plus). Supernatants reacting to both
p8E- and p8G: I-Ag7 monomers, but not others, were considered cross-reactive to insulin
peptide:I-Ag7 and corresponding hybridomas were further subcloned, and characterized
for isotype. Clone Ins4G8 was considered specific for both p8E- and p8G:I-Ag7 and the

73

Ig variable regions of the heavy and light chains were sequenced using the SMARTer
Mouse BCR profiling kit (634422, Clontech).
Antibody staining of peptide-pulsed bone marrow-derived dendritic cells
Bone marrow was isolated from femurs and humerus of donor NOD mice, and cultured
in complete RPMI medium supplemented with 10% FCS, β-mercaptoethanol, HEPES,
Penicllin/Streptomycin, nonessential amino acids and recombinant murine (rm)GM-CSF
(200 U/mL) (415ML010, Biotechne) for 10 days. Non-adherent cells were collected by
gentle pipetting, centrifuged at 300g for 5 minutes at room temperature, and resuspended
in 3mL complete RPMI medium, supplemented with 10ng/mL rmGM-CSF, 1µg/mL
lipopolysaccharide (LPS from E. coli J5(Rc), List Biological Laboratories Inc.,
Campbell, CA), and 40µM peptide. After overnight culture, cells were harvested,
counted, and surface stained with Ins4G8 (conjugated in house to AF647 with Thermo
Fisher Scientific kit), and antibodies against: I-Ag7 (10-2.16, BioXCell; conjugated in
house to AF488 with Thermo Fisher Scientific kit), CD45.1 (PE Cy7, A20, Tonbo
Biosciences), CD11b (PE, M1/70, Tonbo Biosciences), CD11c (BUV395, HL3, BD
Biosciences), and viability Ghost Dye (Violet 510, Tonbo Biosciences).
In vivo Ins4G8 antibody validation
Ten-week-old NOD mice were immunized with 20µg peptide (p8E, p8G or p63) and
50µg LPS on day 0 via intraperitoneal route, and treated with 500µg Ins4G8 or isotype
control (IgG1; clone MOPC21) on days 0 and 4. Animals were harvested on day 7 for
enumeration and phenotypic analysis of antigen-specific CD4+ T cells from the
secondary lymphoid organs.
Ins4G8 and anti-PD-1 treatment
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Five-week-old female NOD mice were treated with 250µg anti-PD-1 (clone J43,
BioXCell) and 250µg Ins4G8 or 250µg IgG1 isotype control (MOPC-21, BioXCell) via
intraperitoneal route five times every other day, and harvested one day after the last
injection (306, 340).
Immunofluorescence
Pancreata were harvested and frozen in Optimal Cutting Temperature compound (Sakura
Finetek, Torrance, CA) as previously described (329, 422). For insulitis quantification,
7µm-thick pancreas sections were stained with guinea pig anti-insulin (#A0564, Dako,
Agilent, Santa Clara, CA) at 1:1000, anti-guinea pig IgG (H + L) (Cy5; #706175148,
Jackson ImmunoResearch, West Grove, PA) at 1:1000, anti-CD4 (AF488; GK1.5) and
anti-CD8 (PE; 53–6.7; Thermo Fisher Scientific) at 1:100. Slides were mounted with
Prolong Gold anti-fade reagent with DAPI (P36935; Thermo Fisher Scientific). Images
were acquired on a Leica DM6000B epifluorescent microscope. Islet scoring was
performed by a blinded investigator using the following scale: 0 – no insulitis, 1 – periinsulitis, 2 – less than 25% of islet mass infiltrated, 3 – less than 75% of islet mass
infiltrated, 4 – more than 75% of islet mass infiltrated (329).
Statistics
Statistical analyses (paired or unpaired Student’s t-test; One-Way ANOVA with Tukey
post-hoc test) were performed in Prism 7 (GraphPad, La Jolla, CA). P-values lower than
0.05 were considered significant. Graphs show mean ± standard error of the mean.

Results
B cell tetramers reliably detect insulin-specific B cells
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To detect and enrich insulin-binding B cells from peripheral blood of T1D patients, Smith
et al. used monomeric biotinylated insulin, and magnetic enrichment with fluorescently
labeled streptavidin and anti-fluorochrome magnetic beads (279). We reasoned that a
tetrameric reagent would allow enhanced detection of lower affinity autoreactive B cells
as well as lower avidity germinal center B cells, as these typically downregulate their B cell receptor
(BCR) (423).

In our approach, we also utilized decoy tetramers to exclude B cells specific

for biotin, streptavidin, or fluorochromes (215, 424-427). Therefore, we generated
fluorescent tetrameric insulin or HEL reagents and confirmed their specificity by staining
single cell suspensions from BCR transgenic C57BL/6.MD4.Rag1KO (213) and
NOD.Tg125 mice (420) (Fig. 3-1A). Insulin-, but not HEL-tetramers stained >90% of B
cells from NOD.Tg125 mice, whereas HEL- but not insulin-tetramers stained >95% of B
cells from C57BL/6.MD4.Rag1KO animals. Next, we verified the specificity of tetramerbinding B cells by pre-incubating splenocytes from NOD.Tg125 and NOD mice with
excess monomeric insulin prior to tetramer stain (Fig. 3-1B) as previously described
(215, 279). Incubation with monomeric insulin reduced the recovery of decoy- insulin
tetramer+ cells by >99% for NOD.Tg125 and ~70% for NOD mice, suggesting that
tetramer-binding B cells are indeed insulin-reactive (Fig. 3-1C). Priming NOD mice with
insulin (25µg) in Complete Freund’s Adjuvant (CFA) led to a significant ~2-fold
expansion of insulin tetramer+ B cells (p<0.05), and a corresponding increase in insulin
autoantibody (IAA) titer, further showing reagent specificity (Fig. 3-1D). Having
validated the tools to track insulin-specific B cells in a polyclonal setting, we proceeded
to examine the effects of PD-1/PD-L1 deprivation on this cell population and on cognate
CD4+ T cells in the polyclonal repertoire of pre-diabetic NOD mice.
Loss of PD-1 or PD-L1 unleashes insulin-specific CD4+ T and B cells
NOD.PD-1KO mice had significantly more insulinB10-23:I-Ag7 tetramer+ CD4+ T cells in
the pancreatic lymph nodes (pLN) compared to age-matched NOD mice (p=0.0097),
consistent with our previous observations (414) (Fig. 3-2A). Additionally, PD-1
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deficiency resulted in an increase in insulin-specific B cells in the pLN, pancreas and
other secondary lymphoid organs (spleen+non-draining lymph nodes (ndLNs); axillary,
brachial, cervical, inguinal), and an increase in insulin autoantibodies (IAA) (Fig. 3-2B,
C). Similarly, NOD.PD-L1KO mice had increased insulin-specific CD4+ T cells in the
pLN (p=0.0012), as we previously described in Chapter 2 (414) (Fig. 3-2D). PD-L1deficient mice also had a larger population of insulin-specific B cells in the pLN, and
spleen+ndLNs, but not in the pancreas (Fig. 3-2E). The increase in insulin-specific
lymphocytes was accompanied with an increase in IAA in NOD.PD-L1KO animals (Fig.
3-2F). Importantly, deficiency in the PD-1/PD-L1 pathway did not affect CD4+ T and B
cell populations specific for foreign antigens, as NOD and NOD.PD-L1KO mice had
comparable numbers of HEL-specific CD4+ T cells (414) and HEL-specific B cells in the
secondary lymphoid organs (Fig. 3-3).
Loss of PD-1 or PD-L1 results in enhanced insulin autoantibody production
Antibody production was shown to positively correlate with a high TFH/TFR CD4+ T ratio
after foreign antigen immunization or induction of experimental autoimmune
encephalomyelitis (417, 418). To detect bulk and insulin-specific TFH and TFR cells, we
utilized a previously reported gating strategy (417, 418). Follicular cells were identified
as ICOS+CXCR5+. Within this gate, GITR and CD25 expression were used to identify
TFR cells (GITR+CD25+). As shown in Fig. 3-4, >90% of ICOS+CXCR5+GITR+CD25+
cells also expressed Foxp3, confirming their regulatory lineage. When examining bulk
CD4+ T cells in the pLN, we observed >4-fold increase in the TFH and TFR cells in
NOD.PD-1KO and NOD.PD-L1KO mice compared to age-matched NOD (Fig. 3-5). We
next extended these observations to insulin-specific CD4+ T cells, identified as shown in
Fig. 3-4. NOD.PD-1KO mice had a 2-fold increase in insulin-specific TFH cells and a
trend towards increased TFR cells in the pLN compared to age-matched NOD mice (Fig.
3-6A). Similarly, NOD.PD-L1KO mice had increased insulin-specific TFH cells and
increased TFR cells in the pLN (Fig. 3-6B). We examined the phenotype of insulin77

specific B cells, and used CD38 and GL7 as markers of naïve/memory and germinal
center (GC) B cells, respectively (Fig. 3-7). Increase in insulin-specific TFH cells in
NOD.PD-1KO and NOD.PD-L1KO mice was accompanied with an increase in germinal
center (GL7+) insulin-specific B cells in the pLN (Fig. 3-8A, 3-8B; p=0.034), a more
modest increase in the spleen+ndLNs (Fig. 3-8C, 3-8D; p = 0.057, p = 0.084,
respectively), and a trend towards increased isotype-switched insulin-specific B cells.
Cell-intrinsic loss of PD-1 favors CD4+ T cell skewing to the follicular phenotype
We and others have previously shown that 5 week-old NOD.PD-1KO and NOD.PDL1KO mice have more severe islet infiltration compared to age-matched NOD mice and
develop T1D more quickly (292, 306, 414, 415). We next performed mixed bone marrow
chimeras to determine if cell-intrinsic PD-1/PD-L1 inhibition contributed to the enhanced
GC reaction and accelerated autoimmunity. This was also done to exclude antigen
availability and systemic inflammation as potential factors contributing to increased
insulin-specific CD4+ T and B cells in NOD.PD-1KO and NOD.PD-L1KO animals. Wild
type 5 week-old NOD.CD45.2 mice were lethally irradiated and reconstituted with a
50:50 mixture of CD45.1+ PD-1KO and CD45.1/CD45.2+ WT cells (10 x 106 cells total).
Five weeks after reconstitution, we assessed the number of insulin-specific CD4+ T cells
in the thymus and the pLN. We did not detect differences in the number of donor-derived
insulin-specific CD4+ T cells in the thymus (Fig. 3-9A). However, in the pLN, PD-1KO
cells vastly outnumbered WT cells (Fig. 3-9B). This was also true for the bulk CD4+ T
cells; however, the bias towards PD-1KO cells was higher among tetramer+ cells (Fig. 39C). In the pLN, PD-1KO insulin-specific TFH and TFR cells outcompeted WT
counterparts, as most detectable follicular cells originated from the PD-1KO donor (Fig.
3-10A). Similarly, PD-1KO insulin-specific B cells outnumbered WT cells in the pLN
and other secondary lymphoid organs, but did not exhibit a strong bias towards germinal
center or isotype-switched phenotype (Fig. 3-10B, 3-10D). Importantly, we did not
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observe a difference in the number of PD-1KO and WT HEL-specific B cells in the pLN
(Fig. 3-11).
PD-1/PD-L1 blockade increases insulin-specific TFH cells, insulin-specific germinal
center B cell numbers, and enhances IAA production
To better model the clinical scenario of irAE associated with checkpoint blockade, we
examined the effects of PD-1/PD-L1 blockade on the germinal center reaction. Five
week-old NOD mice were treated with vehicle or anti-PD-1 (J43 clone) five times at a
dose that accelerated T1D (306, 340), and were harvested one day after the last injection.
Anti-PD-1-treated mice had more insulin-specific CD4+ T cells in the pLN (Fig. 3-12A),
and significantly higher numbers of insulin-specific B cells in the pLN and
spleen+ndLNs (Fig. 3-12B). Importantly, this led to de novo generation of IAA as treated
mice had significantly higher titers at harvest compared to baseline and compared to
vehicle-treated mice (Fig. 3-12C).
We next analyzed the phenotype of insulin-specific lymphocytes, and found that anti-PD1 treated mice had significantly higher total (Fig. 3-13A) and insulin-specific TFH and TFR
cells in the pLN (Fig. 3-13B). Previous work has shown that the relative ratio of these
two subsets determines the outcome of the germinal center reaction (406, 417, 418).
Indeed, anti-PD-1 treatment led to an increase in the TFH/TFR ratio among tetramer+ cells
(Fig. 3-13C). This was concomitant with an increase in germinal center B cells (pLN;
p=0.0003) and isotype-switched cells (spleen+ndLNs; p=0.0085) (Fig. 3-14).
PD-L1, but not PD-L2 blockade, led to an increase in insulin-specific CD4+ T cells (Fig.
3-15, Fig. 3-16). Importantly, PD-L1 but not PD-L2 blockade also increased insulinspecific TFR cells in the pLN (p =0.0122). PD-L2 blockade did not alter the number of
total or insulin-specific B cells, nor change their phenotype (Fig. 3-17). This was also
reflected in IAA titers – anti-PD-L1, but not anti-PD-L2-treated mice had significantly
higher IAA titer after treatment completion (Fig. 3-18).
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CTLA-4 blockade increases insulin-specific TFH cells, insulin-specific germinal center
B cells, and promotes de novo IAA production
CTLA-4 blockade in the clinic was also associated with autoimmune-like phenotypes
(353), and was shown to regulate TFH and TFR CD4+ T cells following immunization
(408). We thus examined the effects of CTLA-4 blockade on the germinal center
reaction. Five week-old NOD mice were treated with vehicle or anti-CTLA-4 (4F10
clone) five times (306) and harvested one day after the last injection. Anti-CTLA-4
treated mice had increased total and insulin-specific CD4+ T cells (p = 0.0035 and p=
0.06), as well as increased total (p<0.0001) and insulin-specific TFH and TFR cells (p =
0.07 and p= 0.04) (Fig. 3-19). Increase in CD4+ T cell follicular helper signature was
accompanied with an increase in GC and isotype-switched insulin-specific B cells in the
spl+ndLNs (p=0.04, p = 0.01) (Fig. 3-20). Importantly, similarly to what we observed
with PD-1/PD-L1 blockade, CTLA-4 blockade promoted an increase in IAA (Fig. 3-18).
Effects of PD-1 blockade are reduced by treatment with a monoclonal antibody
targeting insB10-23:I-Ag7 complexes
IAA production in NOD mice depends on CD4+ T cell help (Fig. 3-21), and specifically,
on CD4+ T cell recognition of tyrosine at position 16 in the insulin B10-23 peptide (132,
397, 428). Blocking TCR recognition of insulin B10-23 p8E and p8G peptide variants in the
context of I-Ag7 with a monoclonal antibody reduced IAA titers and significantly delayed
type 1 diabetes onset in NOD mice (428). We therefore reasoned that a similar strategy
could be used to dampen the effects of PD-1 blockade on the GC reaction.
To generate a monoclonal antibody against insulin B10-23 p8E and p8G:I-Ag7, we modified
our recently developed approach (421). We immunized BALB/c mice with insB10-23p8E:IAg7 monomer in CFA (day 0) and boosted them twice (day 28 and day 42) with insB1080

23p8G:I-A
23p8E

g7

monomer intravenously. Antigen-specific B cells were enriched using insB10-

and insB10-23p8G:I-Ag7 tetramers, and fused with SP2/0 mouse myeloma cells to

create hybridomas. Out of 31 tested hybridomas, 3 tested positive for insB10-23p8E:I-Ag7
and insB10-23p8G:I-Ag7, and were minimally reactive with other peptide:MHCII complexes.
We further purified a monoclonal IgG1 antibody from one hybridoma and termed it
Ins4G8.
To validate Ins4G8 specificity, we pulsed bone marrow-derived dendritic cells with
various peptides, and evaluated the ability of fluorescently labeled Ins4G8 to specifically
bind to insB10-23p8E and insB10-23p8G:I-Ag7 complexes. As shown in Fig. 3-22, mean
fluorescent intensity of Ins4G8 staining was at least 2-fold higher when bone marrowderived dendritic cells were pulsed with insB10-23p8E or insB10-23p8G versus OVA323-339,
BDC2.5 mimetope 1040-p63, or no peptide. To validate this antibody in vivo, we
immunized NOD mice with 20µg of 1040-p63, insB10-23p8E or insB10-23p8G peptide and
50µg LPS, and treated them twice on days 0 and 4 with 500µg Ins4G8 or isotype (IgG1;
MOPC21 clone) antibody. Seven days after immunization, we enumerated cognate CD4+
T cells, and found that Ins4G8 treatment did not impact the activation or proliferation of
p63:I-Ag7-restricted CD4+ T cells, but did reduce the activation and expansion of both
subsets of insulin-specific CD4+ T cells (Fig. 3-22B, 3-22C).
We next tested whether Ins4G8 would decrease the effects of anti-PD-1 on the GC.
Neither treatment modality altered the number of total or insulin-specific B cells in
peripheral blood (Fig. 3-23A, 3-23B). In the pLN, anti-PD-1 treatment led to a significant
increase in total and insulin-reactive B cells, while Ins4G8 alone had no effect (Fig. 323C, 3-23D). Importantly, mice treated with both Ins4G8 and anti-PD-1 had fewer total
and insulin-reactive B cells in the pLN compared to anti-PD-1 treated mice (Fig. 3-23C,
3-23D). Mice that received combination treatment also had a reduced degree of severely
infiltrated islets compared to anti-PD-1 treated mice (Fig. 3-23E), suggesting that
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blocking insulin peptide presentation in the face of PD-1 blockade might impede
autoimmune pathology.

Discussion
The role of PD-1 in regulating the germinal center reaction has been a matter of debate.
While several studies reported lower antibody production, poor antibody affinity and
diversity after PD-1 blockade, others found that PD-1 deficiency or blockade augmented
antibody titers in the context of immunization or infection (119, 358, 417). With reports
of autoantibody development after PD-1 inhibition in the clinic, there is an urgent need to
determine how PD-1 regulates self antigen-specific TFH and TFR CD4+ T cells or cognate
B cells. Herein, we developed and used insulin peptide:MHC II and whole insulin
tetramer reagents to track endogenous, polyclonal insulin-reactive CD4+ T and B cells in
PD-1-sufficient and -deficient NOD mice.
PD-1/PD-L1 deficiency or blockade increased the number of total and insulin-specific
TFH and TFR cells in the pancreatic lymph node, led to a concomitant increase in germinal
center B cells and increased de novo IAA production, reflecting clinical observations
(356, 394, 429-431). We also observed an increase in insulin-specific TFH/TFR cell ratio
after PD-1 blockade, and speculate that this accounts for increased IAA production,
similarly to what has been described previously for bulk TFH/TFR ratio (417). Importantly,
PD-L2 blockade had no effect on insulin-specific lymphocytes, suggesting that PD-1/PDL1 and not PD-1/PD-L2 interactions regulate diabetogenic cells. Using mixed bone
marrow chimeras, we showed that PD-1 on CD4+ T cells, and to a much lesser extent on
B cells, regulates the GC. CD4+ T cell-intrinsic PD-1 might bind to PD-L1 on dendritic
cells (418) and/or on B cells (357) and limit T cell dwell time (330), and by extension
limit TCR signaling, leading to decreased cytokine production and reduced T cell help to
B cells. In turn, CD4+ T cell-intrinsic PD-1 deficiency results in augmented T cell help.
Although still preliminary, our studies with anti-CTLA-4 suggest that CTLA-4 also
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restrains the GC reaction. Increased T cell help following PD-1/PD-L1 and CTLA-4
checkpoint blokcade perhaps reduces the selective pressure for affinity maturation, thus
leading to greater IAA production but lower overall IAA affinity (358, 359, 361). It is
also possible that increased insulin-specific CD4+ T cell help licenses a small population
of B cells to mutate towards autoreactivity (281, 432).
Our study is one of few that tracks endogenous, polyclonal self-specific TFH and TFR cells
using peptide:MHCII tetramers (406). To identify TFR cells, we utilized ICOS, CXCR5,
GITR, and CD25 expression, as previously reported (417, 418, 433, 434). It is important
to note that recent work has challenged CD25 expression on TFR cells. When compared to
non-follicular Treg cells, TFR cells were shown to express lower CD25 (435, 436).
However, when compared to TFH cells which are CD25null, TFR cells are considered
CD25pos (437). Further adding to this complexity, there appear to be two populations of
TFR , one that is CD25+ and one that is CD25- (437). By enumerating
ICOS+CXCR5+GITR+CD25+ cells, our study likely underestimated the number of TFR .
However, in experiments where we used Foxp3 to delineate TFH versus TFR cells, we also
observed increased ICOS+CXCR5+Foxp3- and ICOS+CXCR5+Foxp3+ cells (Fig. 3-24),
thus validating our findings with the CD25-encompassing gating strategy.
Previous work has shown that CXCR5+CD8+ T cells infiltrate the germinal center and
contribute to its regulation (438-442). This was largely documented in the context of
chronic viral infection, namely HIV/SIV and EBV, where the infected cells are CD4+ T
cells and B cells, respectively, and as many as 20% of CD8+ T cells in peripheral lymph
nodes express CXCR5. Herein, <0.5% of CD8+ T cells in the pancreatic lymph nodes
expressed CXCR5 (in NOD and PD-1KO mice), suggesting that CD8+ T cells likely do
not participate in the GC, but rather contribute to beta cell death in the pancreas.
Autoreactive B cells, including those responding to insulin, have been shown to be
polyreactive (279). While we observed a significant expansion of insulin tetramer+ B
cells and a corresponding increase in IAA titer after insulin immunization and after PD-1
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inhibition, it is still possible that a fraction of insulin tetramer-binding cells may be
polyreactive and not solely bind insulin under physiological conditions. Whether
polyreactive insulin tetramer+ B cells are more or less pathogenic remains to be
determined.
Herein, treatment with a novel antibody that blocks insulin peptide:MHCII complexes
reduced the effects of PD-1 blockade on insulin-reactive B cell expansion. Recent work
has shown that Methyldopa, a drug used to treat hypertension, has the ability to block
insB10-23 but not viral peptide docking in the context of the DQ8 molecule in T1D
patients (419). We speculate that anti-peptide:MHCII antibodies, chimeric antigen
receptor Tregs incorporating the antigen-recognition domain of anti-peptide:MHCII
antibodies, compounds like Methyldopa, antigen-coupled nanoparticles (443) or antigencoupled apoptotic splenocytes (416) could limit the autoimmune side effects of
checkpoint blockade in at-risk patients, while still allowing anti-tumor immunity to
reboot and eradicate tumors.
We have previously shown that PD-1 blockade in mice largely impacts effector, but not
anergic or naïve insulin-specific CD4+ T cells (414, 422). Since most non-diabetic
individuals harbor naïve insulin-specific CD4+ T cells (44), we hypothesize that only
people with pre-existing effector self-specific CD4+ T cells are at risk of developing
autoimmunity after PD-1 blockade. Phenotyping self-specific CD4+ T cells prior to
checkpoint blockade or screening for anti-islet autoantibodies might be a useful
prognostic tool for the development of autoimmunity, and it might identify a window of
opportunity for therapeutic interventions.
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Figures

Figure 3-1. B cell tetramers reliably detect antigen-specific B cells.
(A) Splenocytes from BCR transgenic NOD.Tg125 and C57BL/6.MD4.Rag1KO mice were stained with insulin(top) and HEL- (bottom) B cell tetramers to determine reagent specificity. (B) Single cell suspensions from the
secondary lymphoid organs of 5 week-old NOD mice (n = 5) were pooled, and incubated with monomeric insulin
prior to B cell tetramer stain and magnetic enrichment. Numbers in parentheses correspond to the total number of
recovered decoy- tetramer+ B cells. (C) Percent recovered decoy- tetramer+ B cells from NOD.Tg125 (left) and
NOD mice (right) with (+Insulin) or without (No insulin) pre-incubation with 344µM insulin. (D) Number of
insulin-tetramer+ B cells (left) and corresponding IAA titer (right) in naïve NOD mice and NOD mice 14 days
after immunization with insulin (25 µg) in CFA. Student’s T test was performed to determine statistical
significance. * denotes p<0.05.
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Figure 3-2.Loss of PD-1 or PD-L1 results in increased numbers of insulin-specific CD4+ T and B cells, and
increased insulin autoantibody (IAA) production.
(A, D) Number of insB10-23:I-Ag7 tetramer+ CD4+ T cells in the pLN of 5-7 week old NOD, PD-1KO and PDL1KO mice (n=9-13). (B, E) Number of insulin-tetramer+ B cells in the pLN, pancreas, and other secondary
lymphoid organs (spl+ndLNs; spleen, inguinal, axillary, brachial, cervical) in NOD, PD-1KO, and PD-L1KO mice.
(C, F) IAA ELISA OD measurements at 405nm (n = 19-22). Data are compiled from 3-4 independent experiments.
Statistical significance was determined by unpaired Student’s T-test. * p <0.05, ** p < 0.01.
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Figure 3-3. PD-1 deficiency does not impact foreign antigen-specific lymphocytes.
Number of HEL tetramer+ B cells in the secondary lymphoid organs of NOD (n=7) and PD-L1KO mice (n=6) (two
independent experiments). Student’s T test was performed to determine statistical significance.

Figure 3-4. ICOS, CXCR5, GITR, and CD25 delineate T follicular helper and regulatory cells.
Follicular CD4+ T cells in the pancreatic LN were identified as ICOS+CXCR5+, as shown previously by Sage et al. (2013). TFR
cells were identified as GITR+CD25+, and >90% of these cells expressed Foxp3+. Gates for identifying follicular cells were then
applied to PE- and APC-tetramer+ cells in NOD (A) and PD-L1KO mice (B).
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Figure 3-5. PD-1 and PD-L1 deficiency promotes increased numbers of TFH and TFR CD4+ T cells in the
pancreatic lymph nodes.
(A) Number of TFH and TFR CD4+ T cells in the pancreatic lymph nodes of (n = 9) and PD-1KO mice (n=12). (B)
Number of TFH and TFR CD4+ T cells in the pancreatic lymph nodes of NOD (n=11) and PD-L1KO mice (n=13). Data
are compiled from 3-4 independent experiments. Statistical significance was determined by unpaired Student’s T-test.
** = p < 0.01, *** p < 0.001, **** p < 0.0001.

Figure 3-6. PD-1 and PD-L1 deficiency promotes increased numbers of insulin-specific TFH and TFR CD4+ T
cells in the pancreatic lymph nodes.
(A) Number of TFH and TFR insB10-23:I-Ag7 tetramer+ CD4+ T cells in the pancreatic lymph nodes of 5-7 week old
NOD (n = 9) and PD-1KO mice (n=12). (B) Number of TFH and TFR insB10-23:I-Ag7 tetramer+ CD4+ T cells in the
pancreatic lymph nodes of 5-7 week old NOD (n=11) and PD-L1KO mice (n=13). Data are compiled from 3-4
independent experiments. Statistical significance was determined by unpaired Student’s T-test. * = p <0.05, ** = p <
0.01.
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Figure 3-7. CD38 and GL7 delineate naïve/mermory and germinal center B cells, respectively.
Insulin-specific B cells were identified as decoyneg and tetramer+, and subsetted into naïve/memory (CD38+) or GC
B cells (GL7+) in (A) control NOD and (B) anti-PD-1 treated NOD mice.
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Figure 3-8. PD-1/PD-L1 deficiency promotes increased germinal center and isotype-switched insulin-specific
B cells.
(A, B) Number of GC (GL7+) and isotype-switched (IgM-IgD-) insulin-tetramer+ B cells in the pLN and (C, D)
spl+ndLNs in NOD, PD-1KO, and PD-L1KO mice. Data are compiled from 3-4 independent experiments.
Statistical significance was determined by unpaired Student’s T-test. * p <0.05, ** p < 0.01.
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Figure 3-9. PD-1 deficient insulin-specific CD4+ T cells outcompete wild type cells in a mixed bone marrow
chimera.
Five-week-old female NOD mice were irradiated and reconstituted with a 50:50 mixture (10x106 cells) of congenically
disparate wild type (WT) and PD-1KO bone marrow (depleted of mature T cells) (n = 8). Mice were harvested 5 weeks
after reconstitution. (A) Number of WT and PD-1KO CD4+ T cells in the thymus and pancreatic LN. (B) Number of
WT and PD-1KO insB10-23:I-Ag7 tetramer+ CD4+ T cells in the thymus and pLN of chimeric mice (n = 8). (C) Ratio
of PD-1KO and WT donor cells among total and tetramer+ CD4+ T cells in mice (n = 8). Statistical significance was
determined by paired Student’s T-test. * p <0.05, ** p < 0.01, *** p <0.0001.
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Figure 3-10. PD-1 deficient insulin-specific lymphocytes outcompete wild type cells in the germinal center.
Five-week-old female NOD mice were irradiated and reconstituted with a 50:50 mixture (10x106 cells) of
congenically disparate wild type (WT) and PD-1KO bone marrow (depleted of mature T cells) (n = 8). Mice were
harvested 5 weeks after reconstitution. (A) Number of WT and PD-1KO TFH and TFR insB10-23:I-Ag7 CD4+ T cells in
the pLN (n = 8). (B) Number of WT and PD-1KO insulin-tetramer+ B cells in the pLN and spl+ndLNs. (C) Number
of WT and PD-1KO GC (GL7+) and isotype-switched (IgM-IgD-) insulin-tetramer+ B cells in the pLN and (D)
spl+ndLNs (n = 8). Data are compiled from two independent experiments. Statistical significance was determined
by paired Student’s T-test. * p <0.05, ** p < 0.01, *** p <0.0001.
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Figure 3-11. Equal representation of WT and PD-1KO donor cells among foreign antigen-specific B cells.
Number of HEL tetramer+ B cells in the pancreatic LN of mixed bone marrow chimera mice set up as in Figures 39, and 3-10 (n=3). Paired T test was performed to determine statistical significance.

Figure 3-12. PD-1 blockade increases the number of insulin-specific CD4+ T and B cells, and IAA production.
(A) Number of insulin-specific CD4+ T cells in the pLN and (B) B cells in the pLN and spl+ndLNs of control and antiPD-1-treated mice. (C) Serum IAA at baseline and after treatment completion in control and anti-PD-1-treated mice.
Data are representative of two independent experiments. Statistical significance was determined by unpaired Student’s
T-test. * p <0.05, ** p < 0.01, *** p <0.001.
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Figure 3-13. PD-1 blockade increases the number of total and insulin-specific TFH and TFR CD4+ T cells.
(A) Number of total and (B) insulin-specific TFH and TFR CD4+ T cells in the pLN of control and anti-PD-1-treated
mice. (C) Ratio of TFH and TFR insulin-tetramer+ CD4+ T cells in the pancreatic LNs of control and anti-PD-1-treated
mice. Data are representative of two independent experiments. Statistical significance was determined by unpaired
Student’s T-test. * p <0.05, ** p < 0.01, *** p <0.001.

Figure 3-14. PD-1 blockade increases the number of germinal center and isotype-switched insulin-specific B
cells.
(A) Number of GC (GL7+) and isotype-switched (IgM-IgD-) insulin-tetramer+ B cells in the pLN and (B) spl+ndLNs
in control and treated mice. Data are representative of two independent experiments. Statistical significance was
determined by unpaired Student’s T-test. * p <0.05, ** p < 0.01, *** p <0.001.
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Figure 3-15. Anti-PD-L1 treatment promotes a slight increase in insulin-specific CD4+ T cells.
(A) Number of total and (B) TFH and TFR insulin-specific CD4+ T cells in the pLN of control and treated mice (n=5).
Statistical significance was determined by unpaired Student’s T-test. * p <0.05, ** p < 0.01, *** p <0.001.
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Figure 3-16. PD-L2 blockade does not change the number of total and insulin-specific TFH and TFR CD4+ T cells.
(A) Number of total and (C) insulin-specific CD4+ T cells in the pLN of control and treated mice. (B) Number of total
and insulin-specific TFH and TFR CD4+ T cells in pLN of control and treated mice (n=5). Statistical significance was
determined by unpaired Student’s T-test. * p <0.05, ** p < 0.01, *** p <0.001.
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Figure 3-17. PD-L2 blockade does not change the number or phenotype of insulin-specific B cells.
(A) Number of total and (C) insulin-tetramer+ B cells in spl+ndLNs in control and treated mice. (B) Number of GC
(GL7+) and isotype-switched (IgM-IgD-) total and (D) insulin-tetramer+ B cells in spl+ndLNs in control and treated
mice (n=5). Statistical significance was determined by unpaired Student’s T-test. * p <0.05, ** p < 0.01, *** p <0.001.
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Figure 3-18. PD-L1 and CTLA-4 blockade, but not PD-L2 inhibition, increase IAA production.
Serum IAA at baseline and after treatment completion in vehicle (control), anti-PD-L1, anti-PD-L2, and anti-CTLA-4treated mice. Statistical significance was determined by unpaired Student’s T-test. * p <0.05, *** p <0.001.
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Figure 3-19. CTLA-4 blockade increases the number of total and insulin-specific TFH and TFR CD4+ T cells.
(A) Number of total and (C) insulin-specific CD4+ T cells in the pLN of control and treated mice. (B) Number of total
and insulin-specific TFH and TFR CD4+ T cells in pLN of control and treated mice (n=5). Statistical significance was
determined by unpaired Student’s T-test. * p <0.05, ** p < 0.01, *** p <0.001.
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Figure 3-20. CTLA-4 blockade increases the number of germinal center and isotype-switched insulin-specific B
cells.
(A) Number of total and (C) insulin-tetramer+ B cells in spl+ndLNs in control and treated mice. (B) Number of GC
(GL7+) and isotype-switched (IgM-IgD-) total and (D) insulin-tetramer+ B cells in spl+ndLNs in control and treated
mice (n=5). Statistical significance was determined by unpaired Student’s T-test. * p <0.05, ** p < 0.01, *** p <0.001.
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Figure 3-21. IAA production depends on CD4+ T cell help.
Serum IAA ELISA from NOD and age-matched, CD4+ T cell-deficient NOD.CIITA-/- mice. Student’s T test was
performed to determine statistical significance. * = p<0.05.

Figure 3-22. Ins4G8 antibody is specific for insB10-23:I-Ag7 complexes.
(A) Ins4G8 was labeled with Alexa Fluor 647 and used to detect peptide-loaded I-Ag7 on the surface of bone
marrow-derived dendritic cells. (B and C) NOD mice were immunized with 20mg of p8E, p8G, or p63 peptide with
50mg LPS on day 0, treated with 500mg Ins4G8 or isotype (IgG1) antibody on days 0 and 4, and harvested on day
7. Cells from the secondary lymphoid organs were stained with tetramers containing the peptide used for
immunization. (B) Number and phenotype (C) of the cognate CD4+ T cell populations. One-way ANOVA with
Tukey post-hoc analysis for multiple comparisons was used to determine statistical significance. **p<0.01,*** p
<0.001. Dr. Justin Spanier, Ms. Linnea Swanson, and Mr. Alexander Dwyer.
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Figure 3-23. Blocking insB10-23:I-Ag7 complexes reduces the effects of anti-PD-1.
(A) Number of total and (B) insulin tetramer+ B cells in peripheral blood. (C) Number of total and (D) insulin tetramer+
B cells in the pLN of treated mice. (E) Frequency of infiltrated islets in mice treated five times with anti-PD-1 alone, or
anti-PD-1 with Ins4G8 antibody (n=4-5). Data are representative of two independent experiments. One-Way ANOVA
with Tukey post-hoc analysis was performed to determine statistical significance. ** p < 0.01, *** p < 0.0005, **** p
<0.0001. In collaboration with Dr. Justin Spanier.
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Figure 3-24. PD-1 blockade increases the number of TFH and TFR cells identified with Foxp3 staining.
(A) Number of total and (B) insulin-specific TFH and TFR CD4+ T cells in the pLN of control and anti-PD-1-treated
mice. Data represent two independent experiments (n=4-5/experiment). Student’s T test was performed to determine
statistical significance. * p < 0.05.
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Chapter 4 : Concluding remarks and future directions
PD-1 is a critical inhibitory receptor on activated T and B cells, whose ligation dampens
lymphocyte function and regulates the immune response. Chronically stimulated T cells,
such as those responding to persistent viral or tumor antigens, express high levels of PD1, and over time, lose their ability to execute effector function, proliferate, and protect the
host (346-350). Blocking the PD-1/PD-L1 interaction has the potential to reinvigorate a
subset of these cells and temporarily restore their function. This therapeutic intervention
is currently used to treat as many as 11 different types of cancer, and leads to exciting
clinical responses, ranging from 40% in advanced melanoma, to as high as 80% in
Merkel cell carcinoma (353). While significantly better than standard chemotherapy, PD1/PD-L1 checkpoint blockade is not perfect – a significant subset of patients do not
respond, others relapse, and some develop severe irAE, including overt autoimmunity,
accompanied with autoantibody production. To maximize the therapeutic efficacy of PD1/PD-L1 checkpoint blockade and minimize its off-target effects, we must understand
how PD-1 regulates T and B cells.
This work focuses on understanding the role of PD-1 in restraining self antigen-specific
CD4+ T and B cells in the context of T1D. It has been known for several decades that
insulin is one of the major autoantigens in human and NOD mouse model of T1D, and
that reactivity to insulin in the T and B cell compartments is absolutely required for
disease (132, 133). Multiple studies have shown that deficiency in, or blockade of the
PD-1 pathway dramatically accelerate T1D in NOD mice (291, 292, 306, 338, 339).
Importantly, recent clinical trials have also shown that PD-1/PD-L1 checkpoint blockade
led to T1D onset in 1-3% of treated patients, many of whom already had the predisposing
HLAII DR4 and DQ8 alleles and/or islet autoantibodies (356). With this in mind, we
used tetramer technology to track rare, endogenous, polyclonal insulin-specific CD4+ T
and B cells in NOD mice, and asked how PD-1 pathway inhibition impacted these cell
subsets.
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In Chapter 2, we have shown that the majority of insulin-specific CD4+ T cells in the
pancreatic LN and all insulin-specific CD4+ T cells in the pancreas expressed PD-1.
Importantly, those cells that expressed the most PD-1 also bound to our tetramers with
the highest affinity, suggesting that PD-1 was preferentially controlling cells with the
greatest autoimmune potential. We next investigated how PD-1 or PD-L1 deficiency
impacted these cells. We detected more total and antigen-experienced insulin-specific
CD4+ T cells in the pancreatic LN and pancreas of PD-1 or PD-L1-deficient mice. While
we also noted an increase in total CD4+ T cells, the number of cells specific for foreign
antigen (hen egg lysozyme; HEL) was not different between the three strains. Therefore,
PD-1/PD-L1 deficiency likely impacted other islet antigen-specific CD4+ T cells in the
pancreatic LN and pancreas to account for the increase in total CD4+ T cells, but did not
unleash all T cell specificities. We then evaluated the role of PD-1 pathway signaling in
regulating insulin-specific CD4+ T cells using antibody blockade as a more clinicallyrelevant scenario. Importantly, anti-PD-1 or anti-PD-L1 treatment, but not treatment with
anti-B7-1 (anti-CD80) increased the numbers of insulin-specific CD4+ T cells in the
pancreatic LN and pancreas of NOD mice, enhanced islet infiltration, and accelerated
T1D. Our results with anti-CD80 treatment seem at odds with existing literature.
Treatment with a monoclonal anti-PD-L1 antibody that blocks PD-L1:CD80 interactions
was previously shown to accelerate T1D (338), as did treatment with a monoclonal antiPD-L1 antibody that blocks both PD-1:PD-L1 and PD-L1:CD80 (338). It is possible that
because we used an antibody against CD80 and not an antibody that specifically prevents
PD-L1 from binding to CD80, we blocked PD-L1:CD80 as well as CD28:CD80, and/or
CTLA-4:CD80 interactions, thus masking the role of PD-L1:CD80 interactions on
insulin-specific CD4+ T cells. Future studies comparing the anti-CD80 antibody we used
here and anti-PD-L1:CD80 antibody previously described by others, will address this
limitation.
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In another effort to mimic the clinical scenario, we treated non-autoimmune prone
MHCII-matched B6.g7 mice with anti-PD-L1. Most vehicle-treated mice had few
antigen-experienced insulin-specific CD4+ T cells. Anti-PD-L1 treatment did not promote
enhanced activation or pancreas infiltration, and treated mice remained diabetes-free.
This demonstrates that PD-1 checkpoint blockade does not unleash cells which do not
already have an activated phenotype. We previously found that most insulin-specific
CD4+ T cells had a naïve phenotype in the majority of non-diabetic DQ8+ patients (44).
We thus speculate that patients harboring naïve islet-reactive or tumor-reactive CD4+ T
cells might not develop autoimmunity, or a protective anti-tumor response, respectively,
after PD-1/PD-L1 blockade alone.
To better understand how PD-1 blockade impacted different populations of antigenexperienced cells, we used an adoptive transfer model. We transferred 7,500 naïve
BDC2.5 TCR transgenic CD4+ T cells into pre-diabetic NOD mice. In this model, as
many as 80% of transferred cells acquire FR4 and CD73 expression and become anergic
~7 days post transfer (277). Using PD-1 or CTLA-4-deficient BDC2.5 CD4+ T cells, we
asked if these two receptors regulated the induction or the maintenance of anergy in the
CD4+ T cell compartment. Since an increase in both Pdcd1 and Ctla4 was noted during
anergy induction phase (274), and CTLA-4 was shown to be required for anergy
induction during peptide immunization (308), we hypothesized that a deficiency in either
receptor would impair anergy induction. To our surprise, we saw no difference between
wild type and CTLA-4-deficient cells with respect to cell numbers or frequency of
FR4+CD73+ cells. PD-1-deficient BDC2.5 cells had a proliferative advantage, and
skewed less efficiently towards anergy, and more potently towards the effector fate.
While there was an obvious defect in anergy induction among PD-1-deficient BDC2.5
cells compared to wild type and CTLA-4-deficient cells, 60% of cells still acquired the
FR4+CD73+ phenotype. This was surprising, given that PD-1 was shown to be required
for antigen-coupled cell tolerance induction in in vitro activated BDC2.5 CD4+ T cells
(416). It is worth noting that BDC2.5 CD4+ T cells tolerized with antigen-coupled cells
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do not upregulate FR4 and CD73, even though they are functionally blunted. It is
therefore possible that, because of prior in vitro activation and tolerance induction with a
high dose of antigen, the tolerant state after antigen-coupled cell treatment reflects a
different and distinctly regulated transcriptional and epigenetic profile compared to that
after endogenous antigen encounter by naïve CD4+ T cells (Fig. 4-1).
We did not extensively characterize PD-1KO or CTLA-4KO BDC2.5 anergic and
effector cells; thus, several questions remain. Are PD-1KO or CTLA-4KO BDC2.5
FR4+CD73+ different at the transcriptional or epigenetic level from their wild type
counterparts? Are these cells more or less able to convert into an effector or a regulatory
CD4+ T cell upon transfer into a lymphopenic environment compared to wild type cells? I
hypothesize that both PD-1 and CTLA-4-deficient FR4+CD73+ cells give rise to effector,
but not regulatory CD4+ T cells in a lymphopenic environment, and possibly, give rise to
more potent effectors than wild type counterparts. I also speculate that PD-1 and CTLA4KO BDC2.5 FR4-CD73- CD4+ T cells are transcriptionally and epigenetically different
compared to wild type FR4-CD73- cells (Fig. 4-1).
Given the apparent proliferative advantage of PD-1KO cells, I expect them to have a
stronger bias towards a TH1 fate, and higher expression of T-bet and IFNγ . It is still
unclear if effector islet-specific CD4+ T cells eventually lose their function and become
exhausted, as has been reported in the context of chronic viral infection (299). The
BDC2.5 CD4+ T cell adoptive transfer model would allow us to test this question, as it
would allow us to synchronize antigen exposure and eliminate the contributions of recent
thymic emigrants. Assuming that chronically stimulated CD4+ T cells eventually lose
their function like CD8+ T cells, PD-1 or CTLA-4 deficiency could affect the kinetics and
the quality of the resulting exhausted state. It has been shown that PD-1-deficiency
promotes terminal CD8+ T cell differentiation and a more rapid skewing towards
exhaustion (444). It is therefore possible that PD-1 or CTLA-4 deficiency in CD4+ T cells
drives them into terminal effectors, and because of a lack of a negative regulator to
dampen chronic antigen stimulation, into a profoundly exhausted state.
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Using the BDC2.5 CD4+ T cell adoptive transfer system we also asked if the PD-1/PD-L1
pathway was necessary for anergy maintenance. Recipient NOD mice were treated with
anti-PD-L1 7 weeks after wild type BDC2.5 CD4+ T cell transfer, and transgenic cells
were evaluated for FR4, CD73 and IFNγ expression after a 4-hour in vivo peptide
stimulation. While we observed a slight decrease in the frequency of FR4+CD73+
BDC2.5 cells that produced IFNγ after anti-PD-L1 treatment, the amount of IFNγ
produced on a per cell basis did not change significantly, and was still lower than that
produced by FR4-CD73- cells. We interpreted these findings as evidence of PD-1
signaling being largely dispensable for anergy maintenance, and PD-1 as being a gatekeeper of effector T cell function. Similarly to our work comparing NOD and B6.g7 mice
after checkpoint blockade, this has important implications for the clinical use of PD1/PD-L1 inhibitors. Self- or tumor antigen-specific anergic CD4+ T cells do not appear to
rely on PD-1 signaling for anergy maintenance, and PD-1 blockade might not unleash
these cells. Collectively, our work suggests that the CD4+ T cell differentiation state
determines the T cell’s response to checkpoint blockade. However, our work does not
identify factors that drive anergy induction or preserve it once it is established. Future
studies could incorporate unbiased transcriptional analyses of the anergic and effector
states as suggested above, identify genes that delineate “anergic” versus “effector”
transcription modules, and use CRISPR/Cas9 or siRNA technology to systematically
evaluate which genes are essential for imprinting the anergic fate. Since the predominant
effector population among transferred BDC2.5 CD4+ T cells are TH1 cells, “effector”
module could be compared to previously published data sets. Future studies could also
discern which antigen presenting cells interact with BDC2.5 CD4+ T cells to induce
anergy. To accomplish this, NOD mice lacking specific dendritic (NOD.Batf3KO,
NOD.XCR1-DTR) or myeloid cell subsets (NOD.CD11b-DTR) could be used as
recipients of BDC2.5 CD4+ T cells (Fig. 4-2). Martinez and colleagues have shown that
Tregs are required for anergy induction (274), but it is unclear if Treg cells mediate this in
an antigen-specific or bystander fashion. To test whether antigen-specific Treg cells can
promote anergy induction, we could transfer naïve BDC2.5 CD4+ T cells and co-transfer
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polyclonal Treg cells isolated from NOD.Foxp3-eGFP or antigen-specific Tregs isolated
from NOD.BDC2.5.Foxp3-eGFP reporter mice. If antigen-specific Treg cells reinforce
anergy, then co-transfer with Treg cells isolated from BDC2.5 transgenic CD4+ T cells
would increase the frequency of anergic BDC2.5 cells (Fig. 4-2). Using the
CRISPR/Cas9 system or siRNA approach, we could examine which Treg cell-intrinsic
factors helped promote anergy induction in the CD4+ T cell compartment. Those could be
leveraged in the future for enhancing the therapeutic efficacy of adoptively transferred
Tregs in T1D.
Given the onset of autoantibodies in a subset of patients treated with PD-1/PD-L1
checkpoint inhibitors, and the importance of B cell-CD4+ T cell interactions in
spontaneous T1D, we investigated the role of the PD-1 pathway in the anti-insulin
germinal center. Characterizing the germinal center response against a self-antigen has
been difficult because self-specific CD4+ T and B cells are rare, and because germinal
centers form spontaneously as autoimmunity progresses. To bridge this knowledge gap,
provide a biological explanation for clinical observations, and resolve a long-standing
controversy in the field regarding the exact role of PD-1 (357, 358, 360, 417), we
developed and used tetramer reagents to track GC insulin-specific CD4+ T and B cells. In
Chapter 3, we showed that PD-1 as well as PD-L1 deficiency promoted an increase in
total and TFH insulin-specific CD4+ T cells in the pancreatic LN. This was accompanied
by an increase in total, germinal center, and isotype-switched insulin-specific B cells, and
an increase in IAA production. Even though the number of total CD4+ T and B cells in
the pancreatic LN increased in the absence of PD-1/PD-L1 signaling, the number of
HEL-specific B cells was not different between the three strains. We thus concluded that
PD-1/PD-L1 deficiency was not globally impacting all CD4+ T and B cells, but rather
those that were antigen-experienced. In the case of NOD mice, antigen-experienced
lymphocytes are preferentially found in pancreatic LN, thus explaining the increase in
overall cellularity.
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To rule out differences in antigen availability and overall inflammation in PD-1KO and
PD-L1KO mice compared to NOD mice, we generated mixed bone marrow chimeras and
compared wild type and PD-1KO tetramer+ CD4+ T and B cells within the same host.
These experiments showed that PD-1KO CD4+ T cells had a significant advantage in the
pancreatic LN, and particularly in the germinal center compared to wild type cells, as
almost all TFH and TFR cells were derived from the PD-1KO host. Wild type and PD-1KO
insulin-specific B cells did not differ significantly with respect to phenotype, and they
likely received help from both wild type and PD-1KO CD4+ T cells. With this in mind,
we concluded that CD4+ T cell-intrinsic PD-1, but not B cell-intrinsic PD-1, plays a role
in regulating the germinal center. However, it is important to note that we did not
evaluate insulin-specific or bulk long-lived plasma cells in the bone marrow, to determine
if their longevity was impacted by the lack of PD-1 as previously suggested (357). Going
forward, it will be important to determine how PD-1 deficiency rewired insulin-specific
or bulk TFH and TFR cells, and how it impacted their function compared to wild type cells.
It is possible that in the absence of PD-1, TFH cells were able to produce more IL-4 or IL21, but it is also possible that TFR cells were more suppressive. Sorting and stimulating
PD-1KO and wild type TFH and TFR cells in vitro will provide insight into the molecular
mechanism of PD-1/PD-L1-mediated control of the germinal center.
Bone marrow chimera experiments indirectly revealed the cellular source of PD-1, but it
still remains to be determined which cell type(s) provides PD-L1. Dendritic cells,
germinal center B cells, and even T cells themselves express PD-L1, and could
participate in regulating the GC. To narrow down the cellular source of PD-L1, we will
use adoptive cell transfer experiments as outlined in Fig. 4-3.
First, as a proof of principle, we will adoptively transfer isolated CD4+ T and B cells from
wild type NOD mice into NOD.Rag1KO recipients, monitor mice for IAA and T1D
development, as well as evaluate CD4+ T cell differentiation into TFH and TFR subsets,
and B cell skewing into the GC or isotype-switched phenotype after vehicle or anti-PDL1 treatment. We will then compare these animals to NOD.Rag1KO.PD-L1KO recipients
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of wild type CD4+ T and B cells. In this setting, PD-L1 deficiency will be confined to the
host dendritic cells, and B cells will be PD-L1-sufficient. Next, to determine whether PDL1 is required on CD4+ T or B cells, we will set up adoptive cell transfers with wild type
B cells and PD-L1KO CD4+ T cells, or PD-L1KO B cells and wild type CD4+ T cells. I
predict that PD-L1 on dendritic cells and B cells, but not CD4+ T cells, is critical for
restraining the GC, and that NOD.Rag1KO.PD-L1KO recipients as well as mice that
received PD-L1KO B cells will have an enhanced GC reaction, comparable to
NOD.Rag1KO mice which received wild type cells but were treated with anti-PD-L1.
To better model the clinical scenario, we treated NOD mice with anti-PD-1, anti-PD-L1,
anti-PD-L2 or anti-CTLA-4. We found that treatment with anti-PD-1, anti-PD-L1, antiCTLA-4, but not anti-PD-L2, promoted an increase in total, TFH , and to a lesser extent,
TFR insulin-specific CD4+ T cells in the pancreatic LN. This paralleled changes in insulinspecific B cell phenotype, as we detected more germinal center and isotype switched
insulin-specific B cells after anti-PD-1 and anti-CTLA-4 treatment, but not after anti-PDL2 treatment. Importantly, we also detected de novo IAA production. Anti-PD-1, antiPD-L1, anti-CTLA-4, but not anti-PD-L2, promoted an increase in IAA in treated mice
compared to baseline and compared to vehicle-treated mice, recapitulating findings from
the clinic. It is possible that the increased T cell help reduced competition within the
germinal center, and allows B cells with lower affinity BCRs to acquire help and
differentiate into memory B cells or antibody-secreting plasma cells.
Antibody blockade studies prompted us to investigate whether therapeutic intervention
with anti-peptide:MHCII antibodies could reduce the effects of checkpoint blockade on
the GC. Treatment with a monoclonal antibody against insB10-23:I-Ag7 has been shown
to delay and reduce T1D incidence in NOD mice (428). Therefore, we asked if a similar
reagent could be used in combination with anti-PD-1 to delay T1D or reduce GC
expansion. We immunized mice with both insB10-23 p8E and p8G:I-Ag7 complexes,
fused antigen-specific B cells with myeloma SP2/0 cells and isolated a clone (Ins4G8)
111

which had optimal binding to p8E/p8G:I-Ag7 but not irrelevant peptide:MHCII
complexes, based on our previously published protocol (421). Treating NOD mice with
Ins4G8 alone had little effect on total and insulin-specific B cells in the pancreatic LN,
probably due to short treatment duration. When given with anti-PD-1, Ins4G8 reduced
the number of total and insulin-specific B cells, and also reduced the severity of islet
infiltration. It is possible that Ins4G8 prevented the expansion of activated B cells, or
directly led to the depletion of insulin peptide-presenting cells. To further delve into the
mechanism and determine if antigen presenting cells get depleted with this therapy, we
will compare the efficacy of Ins4G8 F(ab’)2 to the full length Ins4G8 immunoglobulin.
Mice treated with anti-PD-1 alone and mice treated with anti-PD-1+Ins4G8 developed
T1D. This is likely due to the effects of anti-PD-1 on islet-specific CD8+ T cells. To
determine if that is indeed the case, future experiments could include NOD.b2mKO mice,
or CD8+ T cell depletion together with anti-PD-1 and Ins4G8 treatment. While we
observed a reduction in insulin-specific B cells in the pancreatic LN after combination
treatment, the overall IAA titer did not change. It is possible that the majority of
autoantibody-producing cells were in the bone marrow and not affected by Ins4G8
treatment.
While we detected a robust increase in the GC reaction and IAA after checkpoint
blockade in all mice, T1D in humans after checkpoint blockade was not always
accompanied with autoantibodies against the four routinely tested islet antigens.
Autoantibody data in the clinic raise two possibilities: either the GC response is not
required for checkpoint blockade-induced T1D, or other islet antigens emerge as targets.
Studies in B cell-deficient NOD mice indicate that spontaneous disease progression is
dependent on B cells, and on B cell-mediated antigen presentation (98-100). However, B
cell-deficient mice have been shown to develop T1D after treatment with anti-PD-L1
(339), suggesting that PD-L1 on other antigen presenting cells is restraining autoreactive
T cells. To truly determine whether the GC response is necessary for spontaneous T1D
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development, we are planning to backcross Bcl6fl/fl mice to the NOD background.
NOD.Bcl6fl/fl mice will then be bred with NOD.CD4Cre, NOD.Foxp3Cre, and
NOD.CD19Cre mice and to yield TFH - and TFR -deficient, TFR -deficient, and GC B celldeficient mice, respectively. Resulting mice will be monitored for spontaneous disease
onset. Based on studies with B cell-deficient mice, I predict that NOD.CD4CreBcl6fl/fl
mice and NOD.CD19CreBcl6fl/fl mice will have significantly reduced T1D incidence,
while NOD.Foxp3CreBcl6fl/fl mice will have increased T1D incidence compared to
NOD.Foxp3Cre littermate controls. Another cohort of mice will be treated with anti-PD-1
and evaluated for disease, IAA, and insulin-specific CD4+ T and B cell phenotype. I
predict that all three strains of mice will develop T1D after anti-PD-1 treatment, with
NOD.Foxp3CreBcl6fl/fl mice having the most rapid onset. These findings would show that
the GC is required for spontaneous disease, but not for checkpoint blockade-induced
T1D. It is also possible that checkpoint blockade unleashes other T and B cell
specificities that normally are not disease drivers. To test this hypothesis, we could treat
NOD.BY16A mice and NOD.ChgAKO mice with anti-PD-1, and monitor them for
disease development. Although they are normally T1D-resistant, we have observed
diabetes incidence in NOD.BY16A mice after PD-L1 blockade in preliminary
experiments (unpublished), suggesting that other T and B cell subsets may emerge as
disease initiators after PD-1 pathway blockade.
While Ins4G8 treatment had partial success in dampening the GC, a chimeric antigen
receptor (CAR) Treg cell expressing Ins4G8 single chain fragment variable as the antigen
recognition domain might be more effective at reducing the effects of anti-PD-1, and also
more effective at preventing spontaneous T1D development. Studies are underway in our
lab to optimize CAR Treg development and infusion in order to test this premise. This
approach would likely require one or two CAR Treg infusions, and provide a durable
therapeutic effect, unlike repeated antibody injections. Other groups are also developing
CAR Tregs for treating autoimmune diseases, suggesting that this may be a viable
therapeutic option (445).
113

Taken together, work presented here aimed to understand how the PD-1/PD-L1 pathway
regulates islet-reactive CD4+ T cell fate, and CD4+ T cell-B cell interactions in the
germinal center do delay T1D. Using sophisticated tetramer technology and CD4+ T cell
adoptive transfer, we showed that a deficiency in PD-1 did not entirely preclude CD4+ T
cell differentiation into an anergic phenotype, and enhanced effector CD4+ T cell
development. PD-1 pathway blockade did not revert anergy, but it did promote increases
in TFH /TFR cells, and a concomitant increase in the germinal center output. These
findings have implications for both autoimmunity and cancer immunotherapy. Namely,
once established, CD4+ T cell anergy cannot be broken by PD-1 blockade; therefore,
targeting this pathway to override anergy among tumor-specific CD4+ T cells might not
be sufficient. On the flipside, PD-1 blockade might not enable self-specific CD4+ T cells
to contribute to autoimmunity. Instead, PD-1 pathway inhibition enhanced pre-existing
effector CD4+ T cell function. In the adoptive transfer model, where most BDC2.5
effector CD4+ T cells skewed towards a TH1 phenotype, PD-1 blockade promoted
enhanced IFNγ production. Looking at endogenous insulin-specific CD4+ T cells where
~20-40% of antigen experienced cells have a follicular phenotype, PD-1 blockade
enhanced TFH and to a lesser extent, TFR cells, promoted an increase in TFH /TFR ratio and
an increase in IAA. Future studies outlined in this Chapter will provide more molecular
and cellular mechanistic insight into PD-1/PD-L1-mediated regulation of the germinal
center, and pave way for developing therapeutic agents that could alleviate off-target
autoimmune effects in the face of checkpoint blockade.
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Figures

Figure 4-1. Predicted pattern of transcriptional/epigenetic profiles of naïve, anergic, effector, and exhausted
CD4+ BDC2.5 cells after adoptive transfer.
(A) Principal component analysis is expected to separate naïve, anergic, anergic Treg precursors, Treg cells, effector
cells and exhausted BDC2.5 CD4+ T cells into distinct clusters. We also predict that in vitro activated BDC2.5
CD4+ T cells that are tolerized in vivo using antigen-coupled cells (Ag-CC tolerized) have a different program
altogether compared to other cell types, and particularly endogenously anergized FR4+CD73+ BDC2.5 CD4+ T
cells. (B) Anergic, effector, and exhausted cells derived from PD-1KO BDC2.5 donor cells are expected to cluster
separately from wild type counterparts with respect to transcriptional and epigenetic analysis.
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Figure 4-2. Model for cellular interactions that guide anergy development in the BDC2.5 CD4+ T cell transfer
model.
(A) Different antigen presenting cell subsets (CD103+CD8α+, XCR1+CD8a+, CD11b+) could contribute to anergy
induction in the pancreatic LN. To test this, we could use corresponding lineage knockout mice as BDC2.5 CD4+ T cell
recipients. (B) To test whether Tregs promote anergy induction in an antigen-specific manner, we will co-transfer Tregs
from NOD.Foxp3-eGFP or NOD.BDC2.5.Foxp3-eGFP mice together with naïve BDC2.5 CD4+ T cells and evaluate
the efficiency of anergy induction.
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Figure 4-3. Experimental design for determining the cellular source of PD-L1.
(A) As a proof of principle, wild type (WT) CD4+ T and B cells will be isolated from NOD mice and transferred into
RagKO or RagKO.PD-L1KO recipients. Recipient mice will be monitored for disease, IAA production, and tetramer+
cell phenotype. A subset of RagKO recipients will be treated with anti-PD-L1 and subjected to a similar analysis. (B)
RagKO mice will receive WT B cells and PD-L1KO CD4+ T cells, or PD-L1KO B cells and WT CD4+ T cells, and be
monitored for disease, IAA production, and tetramer+ cell phenotype.
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