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Autoreactive lymphocytes display a programmed set of characteristic effector functions and phenotypic
markers that, in combination with antigen-specific profiling, provide a detailed picture of the adaptive
immune response in Type 1 diabetes (T1D). The CD4þ T cell effector compartment (referred to as “Teff” in
this article) has been extensively analyzed, particularly because the HLA genes most strongly associated
with T1D are MHC class II alleles that form restriction elements for CD4þ T cell recognition. This “guilt by
association” can now be revisited in terms of specific immune mechanisms and specific forms of T cell
recognition that are displayed by Teff found in subjects with T1D. In this review, we describe properties
of Teff that correlate with T1D, and discuss several characteristics that advance our understanding of
disease persistence and progression. Focusing on functional disease-associated immunological pathways
within these Teff suggests a rationale for next-generation clinical trials with targeted interventions.
Indeed, immune modulation therapies in T1D that do not address these properties of Teff are unlikely to
achieve durable clinical response.

© 2016 Published by Elsevier Ltd.
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1. T1D Teff display hallmarks of adaptive recognition and
expansion

Properties of Teff in T1D closely parallel the types of T cell
activation seen in normal immune responses, albeit with some
features discussed below that serve to define the autoreactive
population. The strong genetic association for T1D with HLA-
DQB1*0302 and linked HLA-DRB1*04 genes corresponds to the
presence of Teff populations in T1D with specificity for numerous
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islet-derived proteins and peptides bound and presented in the
context of those class II molecules. Although Teff specific for GAD65
and for proinsulin have been the most extensively studied, similar
cell populations specific for other islet antigens including ZnT8,
IGRP and chromogranin, have also been described [1e5]. In general,
there are several features commonly found in these Teff:

(i) There are multiple antigens, and a diverse set of islet-derived
peptides, recognized by Teff within each individual subject
with T1D. In other words, the response is polyclonal with
respect to targets, and there is no single dominant antigen
recognized by all T1D subjects [6e9].
nd opportunities for targeting the effector T cell response in type 1
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Fig. 1. Development of pathogenic effector T cells in type 1 diabetes.
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(ii) Even within a single target specificity there is diverse T cell
receptor utilization, indicating a polyclonal response with
respect to repertoire selection. However, some particular TCR
VB genes are found preferentially in GAD65-specific re-
sponses in T1D, indicating a bias in the antigen-driven
response in many subjects [10,11].

(iii) HLA-matched normal subjects also have islet-responsive T
cell repertoires, but the Teff from T1D subjects tend to
display higher avidity for the peptide-MHC complex and
carry memory (CD45RO) markers, consistent with in vivo
activation and exposure to their specific antigens [12e14]. As
a consequence of this chronic in vivo activation, T1D Teff also
utilize a characteristic Teff potassium channel, Kv1.3 [15].

(iv) Consistent with this diversity of specificities, avidity, and
repertoire, the cytokine profile for T1D Teff is also variable,
with evidence of Th1-like (IL12, IFNg), Th17-like (IL17, IL22),
and Tfh-like (IL21) properties in both antigen-specific and
antigen-nonspecific Teff derived from peripheral blood,
although none of these phenotypes appear to be exclusively
present or even always present [16e23]. Reconciling the di-
versity of this Teff response with the observations of oligo-
clonal expansion of particular specificities and TCR
clonotypes led to the concept of “determinant focusing”, in
which an initial highly diverse T cell response is progres-
sively narrowed by the selective expansion of particular sets
of dominant Teff during disease progression [24]. The choice
of which Teff become expanded may be a random event, or
may be driven by factors that are also highly variable within
T1D subjects, such as antigen density, antigen processing,
additional HLAmolecules present, etc. Recent descriptions of
Teff that recognize post-translationally modified islet auto-
antigens also suggest the possibility that shifting repertoires
occur over time, contributing to the variability of particular
immunodominance patterns [25e27], as is the possibility
that some islet antigens are displayed in more than one class
II-binding register [28,29].

Although most T1D Teff studies have utilized cells derived from
peripheral blood, there is also strong evidence for the presence of
these cells in the islet lesions themselves. Immunohistochemistry
identifies CD4 T cells within islets in pancreatic specimens from
T1D subjects [30,31], and T cell clones derived from islets or lymph
nodes mirror the properties of similar cells found in blood [32e35].
In a longitudinal study of pancreas organ transplantation in T1D,
activated and expanded islet-specific Teff were identified in pe-
ripheral blood of subjects who had experienced a return of their
hyperglycemia, consistent with a recurrence of T1D, correlating
with staining for CD4 T cells in pancreatic biopsy specimens [36].
Interestingly, in some of these cases, tetramer and TCR repertoire
studies documented the presence of the same T cell clonotypes in
specimens collected years apart, indicating a persistent and
dominant Teff memory response in association with disease.
Indeed, simply transplanting islets into T1D recipients may be
sufficient to boost Teff numbers, directly demonstrating the ca-
pacity for recalling memory responses [37].

The Teff properties summarized above in T1D indicate a major
role for these cells in disease pathogenesis, consistent with an
active immunological process of T cell recognition, activation,
expansion, and effector function. While the overall framework for
this immune response displays typical features of repertoire het-
erogeneity and avidity maturation, there are a number of distinct
disease-promoting elements, which lead to a response that de-
viates from the homeostatic norm. These include properties that
support unregulated Teff expansion, signals that favor the deviation
of Teff toward proinflammatory lineages, and failure of effector
Please cite this article in press as: J.H. Buckner, G.T. Nepom, Obstacles a
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functions to be controlled by other regulatory cell populations
(Fig. 1). These are reviewed in the next section, followed by a dis-
cussion of the implications for immunotherapy in T1D.
2. CD4 effector T cells are programmed to be pathogenic in
T1D

As noted in Section 1 the strong genetic association for T1Dwith
HLA-DQB1*0302 and linked HLA-DRB1*04 genes support a role for
islet specific CD4 T cells in disease that is further supported by
identification of such cells in the peripheral blood and islets of in-
dividuals with T1D. However, additional studies support the
concept that there are global alterations in CD4 T cell function in
T1D, which promote the development of pathogenic T cell re-
sponses. These properties support unregulated Teff expansion, a
skewing of lineage commitment, and failure of effector T cells to be
controlled by other regulatory cell populations.

A disturbance in the CD4 T cell pool has been consistently
observed in T1D subjects. This includes the observation that there is
an expanded number of CD4 Tcells in the peripheral blood [38], but
more consistently investigators have shown that the CD4 memory
compartment is expanded in T1D as compared to healthy subjects.
In several of these studies the increasewas seen among the recently
activated T cells based on CD27 expression and the
CD45RA þ RO þ subset of cells which are thought to be chronically
activated [38e40]. This observation has been extended to the
pancreatic draining lymph nodes (PLN) [33]. Further evidence of
altered homeostasis within the CD4 memory compartment is the
observation that in vivo the turnover of CD4 memory T cells is
increased in T1D subjects as compared to healthy controls [41]. A
recent study evaluated transition from central memory to effector
memory in CD 4 Tcells of T1D subjects and their relatives and found
enhanced activation of central memory T cell in these individuals
compared to healthy controls resulting in the transition to effector
memory T cells that are relatively short lived [42]. These studies
argue that the Teff cells of T1D subjects are influenced by factors
including genetic, environmental or the immune milieu present in
T1D that promotes CD4 T cells activation and expansion of memory
T cells.

Among the CD4 T cells there is further evidence that cell fate
decisions are altered in T1D. Studies of peripheral blood T cells have
been done examining the function and lineage of effector T cells
through assessment of cytokines and chemokine expression on
CD4 T cells isolated from peripheral blood. This is an evolving area
as the variety and plasticity of the CD4 T cell lineages has become
better understood. Studies of murine models of diabetes have
implicated Th1 (IFNg producing) cells in disease, and studies in
humans show an increase in INFg expression by CD4 T cells in new
onset T1D [43] and more recently it has been shown that the
effector memory T cells of T1D subjects display an elevated cyto-
kine signature that is predominantly IFNg [42]. More recently
nd opportunities for targeting the effector T cell response in type 1
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Th17 cells have been described and their role in human T1D
examined, in this process several groups have found an increase in
the frequency of IL-17 producing CD4 T cells in the peripheral blood
of new onset T1D subjects [16,44]. Studies of the Th1 and Th17 cells
in PLN of new onset T1D subjects, demonstrated a more prominent
increase in IL-17 producing T cells compared to control PLN and this
increase is much greater than seen between IFNg producing cells of
T1D and controls. This study was also informative as the peripheral
blood from these same individuals demonstrated an increase in
IFNgþ T cells in T1D subjects as compared to controls, but a very
modest difference between groups when IL-17 þ T cells were
examined [33] This suggests that tissue specific differences in the
distribution of these T cell subsets may be an important aspect of
our understanding of their role in disease.

Beyond the standard lineage distinctions, further studies have
demonstrated an increase in dual IFNg and IL-17 producing cells in
children with beta cell dysfunction who have not yet developed
T1D, indicating that this may be a biomarker for early disease
progression and a contributor to disease pathology [45]. Recent
studies have also examined the production of IL-21 by CD4 Tcells in
T1D as well as the frequency of the Tfh cells that are principal
producers of IL-21. Two studies have identified an increase in IL-21
producing CD4 T cells in T1D as compared to controls, and a third
study has shown that IL-21 message is increased in CD4 T cells of
T1D subjects [21,46,47]. IL-21's central role in B cell maturation, the
promotion of T cell survival and ability to confer resistance to Treg
mediated suppression to CD4 T cells, each factors that may be at
play in T1D development [48].

2.1. Genetic variants associated with T1D indicate a genetic basis
for altered effector function in T1D

The alterations that are seen in the CD4 T cell compartment of
individuals with T1D suggest that the mechanisms involved impact
the entire CD4 Tcell population. One clear source is genetic variants
that are linked to T1D and immune function. Studies of genetic risk
for T1D have revealedwell over 40 loci that are associated with T1D
development [49]. Many of the genes are implicated in pathways
involved in immune function and many are expressed in T cells. As
noted above the greatest genetic risk is conferred by MHC Class II,
including HLA DR3, DR4 and DQ0302. The role of Class II in the
binding and presentation of peptides to CD4 T cells indicates the
importance of CD4 T cells and antigen specificity in T1D. Further
support for the argument that specificity of the response is
important in T1D is found in the second strongest genetic associ-
ation, the INS VNTR, a variant that is thought to alter expression of
insulin in the thymus resulting in the escape of pro-insulin specific
T cells from the thymus into the periphery [50]. Yet many of the
genes implicated by GWAS impact intracellular signaling pathways.
These include protein tyrosine phosphatases such as PTPN22,
PTPN2, SH2B3, while others are molecules involved in cell surface
interactions, including CTLA4, the IL-2, Il-6 and Il-7 receptors
[49,51], all of which have potential to impact the effector T cell
response.

Among the protein tyrosine phosphatases the PTPN22 C1858T
risk variant has beenmost extensively studied for its role in altering
T cell function. This variant results in a change in a single amino
acid at position 620 from an R to a W within the proline rich SH3
binding domain of the protein [52]. Alterations in this binding
domain have implications for proximal TCR signals. Whenmodeled
in KI mice, naïve T cells display enhanced positive selection in the
thymus, enhanced response to TCR stimulation including increased
proliferation of CD4 T cells and production of IL-2 and an expansion
of the memory T cell population [53]. In human cell lines a similar
hyper-responsive phenotype is observed when the PTPN22 risk
Please cite this article in press as: J.H. Buckner, G.T. Nepom, Obstacles a
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variant is expressed in Jurkat [54]. However primary human T cells
display a blunted TCR response upon activation, but like the KI mice
have an expanded memory compartment. These findings are
mirrored in T1Desuggesting common mechanisms, that may
initially be driven by hyper-responsiveness, that the T cells
compensated for with time, but which ultimately results in an
expanded memory compartment. In addition to the expanded CD4
T cell memory compartment seen in healthy subjects who carry the
PTPN22 risk variant [55], Vang et al. reported increased production
of IFNg, and decreased production of IL-17, in PMA/ionomycin-
stimulated CD4þ memory T cells from healthy individuals homo-
zygous for the risk variant (T/T) that paralleled enhanced activation
of AKT [56]. These findings implied altered lineage commitment
within Lyp620W-expressing CD4þ T cells. This phenotype may be
seen in T1D with the risk variant, but also potentially in other T1D
subjects due to additional mechanisms that lead to alterations in
the PI3K-AKT pathway (Habib unpublished). Thus the PTPN22 risk
variant may favor pathogenic CD4 T cells through altered thymic
selection allowing the escape of autoreactive Tcells, enhanced early
activation followed by the expansion of a memory population,
skewed toward the proinflammatory Th1 lineage.

The protein tyrosine phosphatase N2, is also associated with
T1D and studies have clearly linked this variant with impaired re-
sponses to IL-2 and IL-15 among CD4 effector T cells [57]. An
impaired response to IL-2 is also seen in the memory T cells of
subjects with T1D [58]. These cytokines are central to CD4 T cell
growth and survival, and therefore a decrease in the ability to
respond to these cytokines would be expected to negatively impact
the pathogenic CD4 T cells in carriers of the risk variant. However,
several factors are at play in this setting: IL-2 plays a central role in
the development and survival of Treg, thus this variant, in addition
to those in the high affinity IL-2 receptor may have a detrimental
effect on regulatory T cells allowing effectors to escape suppression.
In addition, lineage commitment is in part determined by exposure
to cytokines. In humans Th17 cells are induced by TGFb and IL-6,
then further amplified and stabilized by IL-21 and IL-23 [59]. In
contrast to its role in supporting development of Treg, IL-2 through
phosphorylation of STAT5 has a negative regulatory effect on
RORgt, the expression of IL-17 and opposes Th17 development
[60,61]. Thus in low IL-2 environments, Th17 cell differentiation is
enhanced [62] suggesting that diminished response to IL-2 may
facilitate Th17 development in T1D. More recently a link between
low IL-2 and the enhanced development of Tfh cells has also been
described [21] which would allow for enhanced B cell development
through Tfh derived help and the potential to increase autoanti-
body development.

Another risk variant that highlights the global alterations in T
cells function in T1D is the risk variant associated with CTLA4.
CTLA4 is a negative regulator of T cell activation and alterations in
the CTLA4 gene region have been linked to risk for diabetes in the
NOD model (Idd5.1) [63] and in human disease [49]. In humans,
although the causative snp in the CTLA4 locus is still unclear,
(rs3087243) CT60A/G and a snp in the 30UTR in linkage disequi-
librium with CT60A/G have been implicated in T1D risk. Studies of
healthy subjects who carry the risk variant show a decrease in
CTLA4 mRNA and that of its soluble isoform sCTLA-4 [64]. A finding
that has been extended to islet specific T cells in T1D [65]. The
modest alterations found in association with this risk variant also
contribute to a dysregulated effector T cell population.

2.2. Response to regulation is altered in T1D-effector cells are
resistant to suppression

Regulatory T cells are required to protect an individual from
autoimmunity and specifically T1D. Animal models of diabetes
nd opportunities for targeting the effector T cell response in type 1
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have demonstrated the requirement for Treg to protect from dis-
ease and in children with IPEX, who have a mutation in FOXP3
resulting in a lack of Treg, T1D develops very early in life [66]. Treg
based regulation is indisputably impaired in T1D, but studies have
indicated that the source of this defect is that the effector CD4 T
cells are resistant to the suppression by Treg rather than due to
decreased function of Treg [67,68]. This is a finding that has been
described in many autoimmune diseases including lupus erythe-
matosus (SLE) [69,70], psoriasis [71], RRMS [72,73] in T1DMS
[67,68]. The resistance of effector T cells to Treg has been observed
in both the NOD [74e76] and DO11.10 RIP-mOVA [77] model of
diabetes. In these models, inflammation and tissue destruction
progress despite the presence of functional Treg at the site of
inflammation. In the NOD, Teff resistance appears to be intrinsic to
the NOD Teff cell itself [76].

The mechanism or mechanisms that lead to Teff resistance in
T1D are still unknown. However multiple factors have been linked
to Teff resistance in model systems that have translated to human
autoimmune disease and likely play a role in T1D. The maturation
state and lineage of the effector T cells leads to differences in
suppression, most notably Th17 T cells are resistant to suppression
[78]. Cytokines including those for which T1D effector T cells are
exposed such as IL-6 [71], IL-15 [79,80] and IL-21 [77,81] have
been shown to lead to a failure of suppression. Additionally the
Teff resistance is mediated through phosphorylation of STAT3 and
[71] [82] and PKB/c-AKT activation [73]. There is evidence that
each of these pathways may be altered in T1D: 1) A skewing of T
cell toward Th17 and Th1 lineages is described (see above), 2) IL-6
levels are increased in T1D [83], a variant in the IL-6R gene is
associated with T1D further implicating this pathway, and
ongoing studies indicate that the IL-6 signaling pathway may be
enhanced in T1D (unpublished observations JHB) and 3) Genetic
risk variants including PTPN22 impact the PKB/c-AKT pathway
and may contribute to Teff resistance. In this respect the PTPN22
risk variant associated with T1D could play a role as it has been
shown to lead to enhance phophsphorylation of AKT [56], (un-
published JHB). Defining the mechanisms through which effector
T cells evade Treg in T1D will allow directed therapies to reinstate
tolerance.
Fig. 2. Strategies for targeting
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3. Targeting Teff with T1D immunotherapy

The Teff properties described above create a challenge for
therapies in T1D that utilize immune intervention. Teff that are
long-lived, resistant to regulation and depletion, and have a diverse
set of antigenic specificities present a ‘perfect storm’, threatening to
be refractory to immunomodulatory drugs that may be effective in
other autoimmune diseases. Although numerous immune-based
clinical trials have been conducted in T1D, success has been
limited to a few cases, which provide important insights into the
necessity for addressing the prevalent refractory Teff population. In
these intervention trials, strategies to target Teff are either designed
as depletion agents, specifically deleting Teff populations, or
designed to deviate immune responses, diverting the phenotypic
and functional properties of Teff towards nonpathogenic pathways
(Fig. 2).

Depletion of Teff can potentially be accomplished by non-
selective agents that delete all lymphocytes, by agents that target
Teff with partial selectivity, or with antigen-based approaches that
exploit activation-induced death pathways. In the START trial
conducted by the Immune Tolerance Network (ITN), subjects
recently diagnosed with T1D were treated with anti-thymocyte
globulin (ATG) in an attempt to delete effector cells and preserve
residual beta cell function, measured as persistence of stimulated c-
peptide levels [84]. Flowcytometric analysis of the peripheral blood
documented major depletion of multiple lymphocyte populations,
as expected, including the majority of circulating CD4 T cells.
Detailed phenotypic characterization of T cell subpopulations,
however, indicated that regulatory CD4 T cells were almost
completely depleted as well; furthermore, effector memory T cells
were relatively refractory to deletion. Thus, paradoxically, treated
subjects displayed a potentially adverse shift of subpopulations in
the CD4þ T cell compartment, without significant decreases in Teff.
This phenotypic result paralleled a disappointing clinical result, in
that subjects in the ATG treatment arm showed no differences in
their c-peptide outcomes compared to control T1D individuals.

The negative outcome of the START trial suggests that deple-
tional therapies for Teff in T1D should more specifically target the
populations of interest. Fortunately, there are many potential
pathogenic effector T cells.

nd opportunities for targeting the effector T cell response in type 1
t.2016.02.009



J.H. Buckner, G.T. Nepom / Journal of Autoimmunity xxx (2016) 1e7 5
targets that may satisfy this need: As described in Section 1 above,
Teff in T1D display markers associated with chronic activation,
recent in vivo activation, and lineage commitment, each of which
provide potential targets for novel immune therapy. A large num-
ber of therapeutic candidates are currently under development,
and some are already well advanced, including an anti-CD30
immunotoxin (brentuximab vedotin) that is currently used to
treat some forms of lymphoma, an anti-Kv1.3 inhibitor (dalazatide)
that blocks the potassium channel used by some Teff for chronic
activation, and LFA3-Ig (alefacept), a fusion protein that targets
CD2, previously approved for use in psoriasis.

Of these therapies, only alefacept has been tested in T1D clinical
trials. The T1DAL trial, conducted by the ITN, recently reported
highly successful outcomes, in which the majority of subjects
receiving two short courses of treatment with alefacept were found
to retain most or all of their capacity for insulin production over
two years, measured as persistence of c-peptide release [85]. Flow
cytometry measurements of cells from the subjects at the time of
entry into the study demonstrated high levels of CD2 expression on
Teff, with much lower levels on naïve and regulatory T cells [86].
This differential in CD2 level correlated with the depletional effect
of alefacept, which elicited the rapid disappearance of peripheral
Teff, but had no discernable effect on regulatory T cell compart-
ments. This study validates the concept of depletional therapies
directed against Teff, and should be a foundation for expanded
studies that correlate clinical outcomes with detailed analysis of
the phenotype and function of residual and recurrent T cell pop-
ulations following therapy. Although there were no significant
adverse infectious events with alefacept treatment, longer follow-
up and larger studies, as well as comparison with other similar
Teff selective targets, should be evaluated.

Immune deviation strategies are based on the concept that T
cells exhibit plasticity in terms of function and lineage commit-
ment, and therefore it may be possible to change the nature of Teff
populations using specific immune modulators. Several of these
strategies have been attempted in the context of T1D clinical trials,
with inconclusive outcomes requiring additional investigation.
Examples include the use of anti-CD3 monoclonal antibodies
(teplizumab and oxelizumab), which act as partial T cell agonists
and may lead to a redirection of T cell activation towards regulatory
phenotypes [87e91], CTLA-4Ig fusion protein (abatacept), which
predominantly acts by blocking B7-dependent costimulatory T cell
pathways [92], and two anti-cytokine monoclonal antibodies e

anti-IL12/23 (ustekinumab) and anti-IL6R (tocilizumab), each
designed to block Teff activation and commitment pathways and
therefore potentially favor immune regulation. These latter two
trials are currently underway, with investigations planned for
detailed analysis of Teff modulation that should inform future
therapeutic use, either as single therapeutics or potentially in
combination with specific depletional agents such as alefacept.

The effects of anti-CD3 therapies on T cell compartments have
been extensively studied, showing increases in the CD8/CD4 ratio
in peripheral blood, likely due to a partial agonist effect of therapy
resulting in expansion of particular CD8 subsets. The effect on CD4
Teff is less dramatic, although in the AbATE clinical trial e an
intervention study conducted by the ITN in recent-onset T1D sub-
jectsda significant decrease in Teff was observed at the completion
of the study in subjects with a favorable clinical response [93]. A
similar type of modest immune modulation was seen with CTLA4-
Ig therapy in a comparable trial conducted by TrialNet, although in
this analysis the reduction in Teff was limited to the central
memory compartment, and it appeared to precede clinical
response [94].

The choice of agent to use in these clinical trials has been guided
in the past by inference from phenotypic studies of immune cells in
Please cite this article in press as: J.H. Buckner, G.T. Nepom, Obstacles a
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T1D, by extrapolation from use in other autoimmune diseases, or by
positive experience in the NOD murine model of autoimmune
diabetes. However, as summarized in Section 2 above, there is now
an evolving understanding of specific immune response pathways
in T1D Teff that are associated with disease incidence and disease
progression. This offers a newopportunity to identify and test novel
agents that more specifically target these specific pathways,
attempting to reverse the immunologic defects that represent Teff
profiles in T1D. For example, if the resistance of Teff to regulatory
control is partially due to hyper-responsiveness to IL6, there is
therapeutic potential to reverse or block this pathway not only by
using anti-IL6R (tocilizumab) but also a variety of anti-IL6 mono-
clonal antibodies and/or JAK inhibitors that are currently under
development. Similar strategies may identify opportunities for
agents that reverse the block in activation-induced Teff cell death,
potentially as adjunct therapy with specific islet antigens, which
may be necessary to achieve therapeutic benefit from therapies
with GAD and/or proinsulin antigens, each of which has already
entered clinical trials. Indeed, interventions that fail to address
these fundamental disease-associated mechanisms of Teff function
are likely to have only transient this regard, there is a compelling
rationale for combination therapy in T1D, in which Teff depletion is
used as an induction strategy, followed by Teff deviation using
immunomodulators.

One of the questions raised by studies of Teff pathway defects in
T1D is the issue of individual variation, and whether targeted
therapies should be tailored for different subjects based on their
genetic, phenotypic, and functional profiles. Although there is a
conceptual logic to such personalized forms of therapy, there is also
a strong rationale for choosing therapies that can be applied
broadly, based on the notion that targeting disease-associated
pathways will enhance homeostatic and regulatory mechanisms
that favor beneficial clinical outcomes. In other words, the path-
ways that are defective in T1D Teff identify logical targets for
therapy based on their role in promoting or maintaining autor-
eactive Teff, so there are strong prospects for clinical benefit in all
subjects, irrespective of which pathway is dominant in any
particular individual.

Disease pathogenesis in T1D is characterized by multiple
immunological components, in addition to Teff autoreactivity.
Some of the targeted immune therapies mentioned in this section
also have potential efficacy towards these other components, such
as CD8, NK, and B cells, making them even more attractive as
therapeutic candidates. The clear associations between Teff
phenotype and disease progression, however, strongly suggests
that therapies that fail to delete and/or deviate Teff function are
unlikely to have durable efficacy. Targeting specific pathways that
characterize autoreactive Teff e in particular those that reflect
chronic activation, resistance to apoptosis and regulation, and
persistence with standard T1D therapy e will be an important
advance towards a favorable clinical outcome.

Acknowledgments

We thank the many colleagues and members of our laboratories
who have contributed to the work summarized in this article, and
are grateful to the T1D subjects and their families who have
participated in these studies. Research reported in this publication
was supported by the National Institute of Allergy And Infectious
Diseases of the National Institutes of Health under Award Number
UM1AI109565 (GTN) 1 DP3 DK104466-01(JHB) from NIDDK and 2-
SRA-2014-150-Q-R from the Juvenile Diabetes Foundation (JHB).
The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of
Health.
nd opportunities for targeting the effector T cell response in type 1
t.2016.02.009



J.H. Buckner, G.T. Nepom / Journal of Autoimmunity xxx (2016) 1e76
References

[1] M.A. Atkinson, N.K. Maclaren, Islet cell autoantigens in insulin-dependent
diabetes, J. Clin. Invest. 92 (1993) 1608e1616.

[2] G.T. Nepom, Glutamic acid decarboxylase and other autoantigens in IDDM,
Curr. Opin. Immunol. 7 (1995) 825e830.

[3] J. Yang, N.A. Danke, D. Berger, S. Reichstetter, H. Reijonen, C. Greenbaum, et al.,
Islet-specific glucose-6-phosphatase catalytic subunit-related protein-reactive
CD4þ T cells in human subjects, J. Immunol. 176 (2006) 2781e2789.

[4] B.O. Roep, M. Peakman, Antigen targets of type 1 diabetes autoimmunity, Cold
Spring Harb. Perspect. Med. 2 (2012) a007781.

[5] P.A. Gottlieb, T. Delong, R.L. Baker, L. Fitzgerald-Miller, R. Wagner, G. Cook, et
al., Chromogranin A is a T cell antigen in human type 1 diabetes,
J. Autoimmun. 50 (2014) 38e41.

[6] V. Oling, J. Marttila, J. Ilonen, W.W. Kwok, G. Nepom, M. Knip, et al., GAD65-
and proinsulin-specific CD4þ T-cells detected by MHC class II tetramers in
peripheral blood of type 1 diabetes patients and at-risk subjects,
J. Autoimmun. 25 (2005) 235e243.

[7] V. Oling, H. Reijonen, O. Simell, M. Knip, J. Ilonen, Autoantigen-specific
memory CD4þ T cells are prevalent early in progression to Type 1 diabetes,
Cell Immunol. 273 (2012) 133e139.

[8] J. Yang, E.A. James, S. Sanda, C. Greenbaum, W.W. Kwok, CD4þ T cells
recognize diverse epitopes within GAD65: implications for repertoire devel-
opment and diabetes monitorin, Immunology 138 (2013) 269e279.

[9] I.T. Chow, J. Yang, T.J. Gates, E.A. James, D.T. Mai, C. Greenbaum, et al.,
Assessment of CD4þ T cell responses to glutamic acid decarboxylase 65 using
DQ8 tetramers reveals a pathogenic role of GAD65 121-140 and GAD65 250-
266 in T1D development, PloS one 9 (2014) e112882.

[10] H. Reijonen, R. Mallone, A.K. Heninger, E.M. Laughlin, S.A. Kochik, B. Falk, et al.,
GAD65-specific CD4þ T-cells with high antigen avidity are prevalent in pe-
ripheral blood of patients with type 1 diabetes, Diabetes 53 (2004)
1987e1994.

[11] A. Eugster, A. Lindner, M. Catani, A.K. Heninger, A. Dahl, S. Klemroth, et al.,
High diversity in the TCR repertoire of GAD65 autoantigen-specific human
CD4þ T cells, J. Immunol. 194 (2015) 2531e2538.

[12] R. Mallone, S.A. Kochik, E.M. Laughlin, V.H. Gersuk, H. Reijonen, W.W. Kwok,
et al., Differential recognition and activation thresholds in human autor-
eactive GAD-specific T-cells, Diabetes 53 (2004) 971e977.

[13] N.A. Danke, J. Yang, C. Greenbaum, W.W. Kwok, Comparative study of GAD65-
specific CD4þ T cells in healthy and type 1 diabetic subjects, J. Autoimmun. 25
(2005) 303e311.

[14] P. Monti, M. Scirpoli, A. Rigamonti, A. Mayr, A. Jaeger, R. Bonfanti, et al., Evi-
dence for in vivo primed and expanded autoreactive T cells as a specific
feature of patients with type 1 diabetes, J. Immunol. 179 (2007) 5785e5792.

[15] C. Beeton, H. Wulff, N.E. Standifer, P. Azam, K.M. Mullen, M.W. Pennington, et
al., Kv1.3 channels are a therapeutic target for T cell-mediated autoimmune
diseases, Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 17414e17419.

[16] A.K. Marwaha, S.Q. Crome, C. Panagiotopoulos, K.B. Berg, H. Qin, Q. Ouyang, et
al., Cutting edge: Increased IL-17-secreting T cells in children with new-onset
type 1 diabetes, J. Immunol. 185 (2010) 3814e3818.

[17] S. Shao, F. He, Y. Yang, G. Yuan, M. Zhang, X. Yu, Th17 cells in type 1 diabetes,
Cell Immunol. 280 (2012) 16e21.

[18] D. Chujo, E. Foucat, T.S. Nguyen, D. Chaussabel, J. Banchereau, H. Ueno, ZnT8-
Specific CD4þ T cells display distinct cytokine expression profiles between
type 1 diabetes patients and healthy adults, PloS one 8 (2013) e55595.

[19] S. Arif, P. Leete, V. Nguyen, K. Marks, N.M. Nor, M. Estorninho, et al., Blood and
islet phenotypes indicate immunological heterogeneity in type 1 diabetes,
Diabetes 63 (2014) 3835e3845.

[20] X. Xu, S. Zheng, F. Yang, Y. Shi, Y. Gu, H. Chen, et al., Increased Th22 cells are
independently associated with Th17 cells in type 1 diabetes, Endocrine 46
(2014) 90e98.

[21] R.C. Ferreira, H.Z. Simons, W.S. Thompson, A.J. Cutler, X.C. Dopico, D.J. Smyth,
et al., IL-21 production by CD4(þ) effector T cells and frequency of circulating
follicular helper T cells are increased in type 1 diabetes patients, Diabetologia
58 (2015) 781e790.

[22] M. Ryba-Stanislawowska, P. Werner, A. Brandt, M. Mysliwiec, J. Mysliwska,
Th9 and Th22 immune response in young patients with type 1 diabetes,
Immunol. Res. (2015).

[23] L.S. Walker, M. von Herrath, CD4 T cell differentiation in type 1 diabetes, Clin.
Exp. Immunol. 183 (2016) 16e29.

[24] G.T. Nepom, Conversations with GAD, J. Auto. Immun. 20 (2003) 195e198.
[25] S.I. Mannering, L.C. Harrison, N.A. Williamson, J.S. Morris, D.J. Thearle,

K.P. Jensen, et al., The insulin A-chain epitope recognized by human T cells is
posttranslationally modified, J. Exp. Med. 202 (2005) 1191e1197.

[26] J.W. McGinty, I.T. Chow, C. Greenbaum, J. Odegard, W.W. Kwok, E.A. James,
Recognition of posttranslationally modified GAD65 epitopes in subjects with
type 1 diabetes, Diabetes 63 (2014) 3033e3040.

[27] M. van Lummel, G. Duinkerken, P.A. van Veelen, A. de Ru, R. Cordfunke,
A. Zaldumbide, et al., Posttranslational modification of HLA-DQ binding islet
autoantigens in type 1 diabetes, Diabetes 63 (2014) 237e247.

[28] J. Yang, I.T. Chow, T. Sosinowski, N. Torres-Chinn, C.J. Greenbaum, E.A. James,
et al., Autoreactive T cells specific for insulin B:11-23 recognize a low-affinity
peptide register in human subjects with autoimmune diabetes, Proc. Natl.
Acad. Sci. U. S. A. 111 (2014) 14840e14845.
Please cite this article in press as: J.H. Buckner, G.T. Nepom, Obstacles a
diabetes, Journal of Autoimmunity (2016), http://dx.doi.org/10.1016/j.jau
[29] M. Nakayama, K. McDaniel, L. Fitzgerald-Miller, C. Kiekhaefer, J.K. Snell-Ber-
geon, H.W. Davidson, et al., Regulatory vs. inflammatory cytokine T-cell re-
sponses to mutated insulin peptides in healthy and type 1 diabetic subjects,
Proc. Natl. Acad. Sci. U. S. A. 112 (2015) 4429e4434.

[30] N.G. Morgan, P. Leete, A.K. Foulis, S.J. Richardson, Islet inflammation in human
type 1 diabetes mellitus, IUBMB life 66 (2014) 723e734.

[31] A. Pugliese, F. Vendrame, H. Reijonen, M.A. Atkinson, M. Campbell-Thompson,
G.W. Burke, New insight on human type 1 diabetes biology: nPOD and nPOD-
transplantation, Curr. diabetes Rep. 14 (2014) 530.

[32] J.H. Velthuis, W.W. Unger, A.R. van der Slik, G. Duinkerken, M. Engelse,
A.F. Schaapherder, et al., Accumulation of autoreactive effector T cells and
allo-specific regulatory T cells in the pancreas allograft of a type 1 diabetic
recipient, Diabetologia 52 (2009) 494e503.

[33] A. Ferraro, C. Socci, A. Stabilini, A. Valle, P. Monti, L. Piemonti, et al., Expansion
of Th17 cells and functional defects in T regulatory cells are key features of the
pancreatic lymph nodes in patients with type 1 diabetes, Diabetes 60 (2011)
2903e2913.

[34] G.W. Burke 3rd, F. Vendrame, A. Pileggi, G. Ciancio, H. Reijonen, A. Pugliese,
Recurrence of autoimmunity following pancreas transplantation, Curr. Diab.
Rep. 11 (2011) 413e419.

[35] V. Pathiraja, J.P. Kuehlich, P.D. Campbell, B. Krishnamurthy, T. Loudovaris,
P.T. Coates, et al., Proinsulin-specific, HLA-DQ8, and HLA-DQ8-transdimer-
restricted CD4þ T cells infiltrate islets in type 1 diabetes, Diabetes 64 (2015)
172e182.

[36] F. Vendrame, A. Pileggi, E. Laughlin, G. Allende, A. Martin-Pagola, R.D. Molano,
et al., Recurrence of type 1 diabetes after simultaneous pancreas-kidney
transplantation, despite immunosuppression, is associated with autoanti-
bodies and pathogenic autoreactive CD4 T-cells, Diabetes 59 (2010) 947e957.

[37] D. Chujo, E. Foucat, M. Takita, T. Itoh, K. Sugimoto, M. Shimoda, et al., Emer-
gence of a broad repertoire of GAD65-specific T-cells in type 1 diabetes pa-
tients with graft dysfunction after allogeneic islet transplantation, Cell
Transplant. 21 (2012) 2783e2795.

[38] L.D. Petersen, G. Duinkerken, G.J. Bruining, R.A. van Lier, R.R. de Vries,
B.O. Roep, Increased numbers of in vivo activated T cells in patients with
recent onset insulin-dependent diabetes mellitus, J. Autoimmun. 9 (1996)
731e737.

[39] M. Peakman, M. Mahalingam, R.D. Leslie, D. Vergani, Co-expression of CD45RA
(naive) and CD45R0 (memory) T-cell markers, Lancet 343 (1994) 424.

[40] M. Hedman, M. Faresjo, S. Axelsson, J. Ludvigsson, R. Casas, Impaired CD4 and
CD8 T cell phenotype and reduced chemokine secretion in recent-onset type 1
diabetic children, Clin. Exp. Immunol. 153 (2008) 360e368.

[41] J.B. Bollyky, S.A. Long, M. Fitch, P.L. Bollyky, M. Rieck, R. Rogers, et al., Eval-
uation of in vivo T cell kinetics: use of heavy isotope labelling in type 1 dia-
betes, Clin. Exp. Immunol. 172 (2013) 363e374.

[42] M.L. Bian, O. Haigh, D. Munster, M. Harris, A. Cotterill, J.J. Miles, et al., Reac-
tivated CD4þTm cells of T1D patients and siblings display an exaggerated
effector phenotype with heightened sensitivity to activation-induced cell
death, Diabetes 64 (2015) 2161e2171.

[43] D. Han, C.A. Leyva, D. Matheson, D. Mineo, S. Messinger, B.B. Blomberg, et al.,
Immune profiling by multiple gene expression analysis in patients at-risk and
with type 1 diabetes, Clin. Immunol. 139 (2011) 290e301.

[44] J. Honkanen, J.K. Nieminen, R. Gao, K. Luopajarvi, H.M. Salo, J. Ilonen, et al., IL-
17 immunity in human type 1 diabetes, J. Immunol. 185 (2010) 1959e1967.

[45] L. Reinert-Hartwall, J. Honkanen, H.M. Salo, J.K. Nieminen, K. Luopajarvi,
T. Harkonen, et al., Th1/Th17 plasticity is a marker of advanced beta cell
autoimmunity and impaired glucose tolerance in humans, J. Immunol. 194
(2015) 68e75.

[46] X. Xu, Y. Shi, Y. Cai, Q. Zhang, F. Yang, H. Chen, et al., Inhibition of increased
circulating Tfh cell by anti-CD20 monoclonal antibody in patients with type 1
diabetes, PloS one 8 (2013) e79858.

[47] R. Kenefeck, C.J. Wang, T. Kapadi, L. Wardzinski, K. Attridge, L.E. Clough, et al.,
Follicular helper T cell signature in type 1 diabetes, J. Clin. Invest. 125 (2015)
292e303.

[48] S.G. Tangye, Advances in IL-21 biology - enhancing our understanding of
human disease, Curr. Opin. Immunol. 34 (2015) 107e115.

[49] J.C. Barrett, D.G. Clayton, P. Concannon, B. Akolkar, J.D. Cooper, H.A. Erlich, et
al., Genome-wide association study and meta-analysis find that over 40 loci
affect risk of type 1 diabetes, Nat. Genet. (2009).

[50] I. Durinovic-Bello, R.P. Wu, V.H. Gersuk, S. Sanda, H.G. Shilling, G.T. Nepom,
Insulin gene VNTR genotype associates with frequency and phenotype of the
autoimmune response to proinsulin, Genes Immun. 11 (2010) 188e193.

[51] R.C. Ferreira, D.F. Freitag, A.J. Cutler, J.M. Howson, D.B. Rainbow, D.J. Smyth, et
al., Functional IL6R 358Ala Allele Impairs Classical IL-6 Receptor Signaling and
Influences Risk of Diverse Inflammatory Diseases, PLoSGenet 9 (2013)
e1003444.

[52] D.J. Rawlings, X. Dai, J.H. Buckner, The Role of the PTPN22 Risk Variant in the
Development of Autoimmunity: Finding Common Ground Between Mouse
and Man, J. Immunol. 194 (2015) 2977e2984.

[53] X. Dai, R.G. James, T. Habib, S. Singh, S. Jackson, S. Khim, et al., A disease-
associated PTPN22 variant promotes systemic autoimmunity in murine
models, J. Clin. Invest. 123 (2013) 2024e2036.

[54] J. Zikherman, M. Hermiston, D. Steiner, K. Hasegawa, A. Chan, A. Weiss,
PTPN22 deficiency cooperates with the CD45 E613R allele to break tolerance
on a non-autoimmune background, J. Immunol. 182 (2009) 4093e4106.

[55] M. Rieck, A. Arechiga, S. Onengut-Gumuscu, C. Greenbaum, P. Concannon,
nd opportunities for targeting the effector T cell response in type 1
t.2016.02.009

http://refhub.elsevier.com/S0896-8411(16)30011-7/sref1
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref1
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref1
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref2
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref2
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref2
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref3
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref3
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref3
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref3
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref3
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref4
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref4
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref5
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref5
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref5
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref5
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref6
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref6
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref6
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref6
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref6
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref6
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref7
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref7
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref7
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref7
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref7
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref8
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref8
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref8
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref8
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref8
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref9
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref9
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref9
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref9
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref9
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref10
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref10
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref10
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref10
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref10
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref10
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref11
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref11
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref11
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref11
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref11
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref12
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref12
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref12
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref12
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref13
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref13
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref13
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref13
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref13
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref14
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref14
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref14
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref14
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref15
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref15
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref15
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref15
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref16
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref16
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref16
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref16
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref17
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref17
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref17
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref18
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref18
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref18
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref18
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref19
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref19
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref19
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref19
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref20
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref20
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref20
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref20
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref21
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref21
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref21
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref21
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref21
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref21
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref22
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref22
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref22
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref23
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref23
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref23
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref24
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref24
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref25
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref25
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref25
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref25
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref26
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref26
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref26
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref26
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref27
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref27
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref27
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref27
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref28
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref28
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref28
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref28
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref28
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref29
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref29
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref29
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref29
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref29
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref30
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref30
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref30
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref31
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref31
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref31
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref32
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref32
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref32
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref32
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref32
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref33
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref33
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref33
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref33
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref33
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref34
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref34
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref34
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref34
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref35
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref35
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref35
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref35
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref35
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref35
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref36
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref36
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref36
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref36
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref36
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref37
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref37
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref37
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref37
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref37
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref38
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref38
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref38
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref38
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref38
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref39
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref39
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref40
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref40
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref40
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref40
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref41
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref41
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref41
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref41
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref42
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref42
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref42
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref42
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref42
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref42
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref43
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref43
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref43
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref43
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref44
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref44
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref44
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref45
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref45
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref45
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref45
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref45
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref46
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref46
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref46
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref47
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref47
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref47
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref47
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref48
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref48
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref48
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref49
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref49
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref49
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref50
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref50
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref50
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref50
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref51
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref51
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref51
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref51
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref52
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref52
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref52
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref52
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref53
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref53
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref53
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref53
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref54
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref54
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref54
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref54
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref55


J.H. Buckner, G.T. Nepom / Journal of Autoimmunity xxx (2016) 1e7 7
J.H. Buckner, Genetic Variation in PTPN22 Corresponds to Altered Function of
T and B Lymphocytes, J. Immunol. 179 (2007) 4704e4710.

[56] T. Vang, J. Landskron, M.K. Viken, N. Oberprieler, K.M. Torgersen, T. Mustelin,
et al., The autoimmune-predisposing variant of lymphoid tyrosine phospha-
tase favors T helper 1 responses, Hum. Immunol. 74 (2013) 574e585.

[57] S.A. Long, K. Cerosaletti, J.Y. Wan, J.C. Ho, M. Tatum, S. Wei, et al., An
autoimmune-associated variant in PTPN2 reveals an impairment of IL-2R
signaling in CD4(þ) T cells, Genes Immun. 12 (2011) 116e125.

[58] S.A. Long, K. Cerosaletti, P.L. Bollyky, M. Tatum, H. Shilling, S. Zhang, et al.,
Defects in IL-2R signaling contribute to diminished maintenance of FOXP3
expression in CD4þCD25þ regulatory T cells of type 1 diabetic subjects,
Diabetes 59 (2010) 407e415.

[59] D.D. Patel, V.K. Kuchroo, Th17 Cell Pathway in Human Immunity: Lessons
from Genetics and Therapeutic Interventions, Immunity 43 (2015)
1040e1051.

[60] A. Laurence, C.M. Tato, T.S. Davidson, Y. Kanno, Z. Chen, Z. Yao, et al., Inter-
leukin-2 signaling via STAT5 constraints T helper 17 cell generation, Immu-
nity 26 (2007) 371e381.

[61] X.P. Yang, K. Ghoreschi, S.M. Steward-Tharp, J. Rodriguez-Canales, J. Zhu,
J.R. Grainger, et al., Opposing regulation of the locus encoding IL-17 through
direct, reciprocal actions of STAT3 and STAT5, Nat. Immunol. 12 (2011)
247e254.

[62] T.R. Malek, I. Castro, Interleukin-2 receptor signaling: at the interface between
tolerance and immunity, Immunity 33 (2010) 153e165.

[63] M. Araki, D. Chung, S. Liu, D.B. Rainbow, G. Chamberlain, V. Garner, et al.,
Genetic evidence that the differential expression of the ligand-independent
isoform of CTLA-4 is the molecular basis of the Idd5.1 type 1 diabetes re-
gion in nonobese diabetic mice, J. Immunol. 183 (2009) 5146e5157.

[64] H. Ueda, J.M. Howson, L. Esposito, J. Heward, H. Snook, G. Chamberlain, et al.,
Association of the T-cell regulatory gene CTLA4 with susceptibility to auto-
immune disease, Nature 423 (2003) 506e511.

[65] V.M. de Jong, A. Zaldumbide, A.R. van der Slik, S. Laban, B.P. Koeleman,
B.O. Roep, Variation in the CTLA4 3'UTR has phenotypic consequences for
autoreactive T cells and associates with genetic risk for type 1 diabetes, Genes
Immun. 17 (2016) 75e78.

[66] T.R. Torgerson, H.D. Ochs, Immune dysregulation, polyendocrinopathy, en-
teropathy, X-linked: forkhead box protein 3 mutations and lack of regulatory
T cells, J. allergy Clin. Immunol. 120 (744e50) (2007) 51e52.

[67] A. Schneider, M. Rieck, S. Sanda, C. Pihoker, C. Greenbaum, J.H. Buckner, The
effector T cells of diabetic subjects are resistant to regulation via CD4þ
FOXP3þ regulatory T cells, J. Immunol. 181 (2008) 7350e7355.

[68] J.M. Lawson, J. Tremble, C. Dayan, H. Beyan, R.D. Leslie, M. Peakman, et al.,
Increased resistance to CD4þCD25hi regulatory T cell-mediated suppression
in patients with type 1 diabetes, Clin. Exp. Immunol. 154 (2008) 353e359.

[69] R.K. Venigalla, T. Tretter, S. Krienke, R. Max, V. Eckstein, N. Blank, et al.,
Reduced CD4þ,CD25- T cell sensitivity to the suppressive function of
CD4þ,CD25high,CD127 -/low regulatory T cells in patients with active sys-
temic lupus erythematosus, Arthritis Rheum. 58 (2008) 2120e2130.

[70] M.I. Vargas-Rojas, J.C. Crispin, Y. Richaud-Patin, J. Alcocer-Varela, Quantitative
and qualitative normal regulatory T cells are not capable of inducing sup-
pression in SLE patients due to T-cell resistance, Lupus 17 (2008) 289e294.

[71] W.A. Goodman, A.D. Levine, J.V. Massari, H. Sugiyama, T.S. McCormick,
K.D. Cooper, IL-6 signaling in psoriasis prevents immune suppression by
regulatory T cells, J. Immunol. 183 (2009) 3170e3176.

[72] A. Schneider, S.A. Long, K. Cerosaletti, C.T. Ni, P. Samuels, M. Kita, et al., In
active relapsing-remitting multiple sclerosis, effector T cell resistance to
adaptive T(regs) involves IL-6-mediated signaling, Sci. Transl. Med. 5 (2013)
170ra15.

[73] B. Trinschek, F. Luessi, J. Haas, B. Wildemann, F. Zipp, H. Wiendl, et al., Kinetics
of IL-6 production defines T effector cell responsiveness to regulatory T cells
in multiple sclerosis, PLoSONE 8 (2013) e77634.

[74] S. Gregori, N. Giarratana, S. Smiroldo, L. Adorini, Dynamics of pathogenic and
suppressor T cells in autoimmune diabetes development, J. Immunol. 171
(2003) 4040e4047.

[75] S. You, M. Belghith, S. Cobbold, M.A. Alyanakian, C. Gouarin, S. Barriot, et al.,
Autoimmune diabetes onset results from qualitative rather than quantitative
age-dependent changes in pathogenic T-cells, Diabetes 54 (2005) 1415e1422.
Please cite this article in press as: J.H. Buckner, G.T. Nepom, Obstacles a
diabetes, Journal of Autoimmunity (2016), http://dx.doi.org/10.1016/j.jau
[76] A.M. D'Alise, V. Auyeung, M. Feuerer, J. Nishio, J. Fontenot, C. Benoist, et al.,
The defect in T-cell regulation in NOD mice is an effect on the T-cell effectors,
ProcNatlAcadSciUSA 105 (2008) 19857e19862.

[77] L.E. Clough, C.J. Wang, E.M. Schmidt, G. Booth, T.Z. Hou, G.A. Ryan, et al.,
Release from regulatory T cell-mediated suppression during the onset of
tissue-specific autoimmunity is associated with elevated IL-21, J. Immunol.
180 (2008) 5393e5401.

[78] J. Yang, M.O. Brook, M. Carvalho-Gaspar, J. Zhang, H.E. Ramon, M.H. Sayegh, et
al., Allograft rejection mediated by memory T cells is resistant to regulation,
Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 19954e19959.

[79] C.R. Ruprecht, M. Gattorno, F. Ferlito, A. Gregorio, A. Martini, A. Lanzavecchia,
et al., Coexpression of CD25 and CD27 identifies FoxP3þ regulatory T cells in
inflamed synovia, J. Exp. Med. 201 (2005) 1793e1803.

[80] M. Ben Ahmed, H.N. Belhadj, N. Moes, S. Buyse, M. Abdeladhim, H. Louzir, et
al., IL-15 renders conventional lymphocytes resistant to suppressive functions
of regulatory T cells through activation of the phosphatidylinositol 3-kinase
pathway, J. Immunol. 182 (2009) 6763e6770.

[81] I. Peluso, M.C. Fantini, D. Fina, R. Caruso, M. Boirivant, T.T. MacDonald, et al.,
IL-21 counteracts the regulatory T cell-mediated suppression of human CD4þ
T lymphocytes, J. Immunol. 178 (2007) 732e739.

[82] W.A. Goodman, A.B. Young, T.S. McCormick, K.D. Cooper, A.D. Levine, Stat3
Phosphorylation Mediates Resistance of Primary Human T Cells to Regulatory
T Cell Suppression, J. Immunol. (2011).

[83] E.M. Bradshaw, K. Raddassi, W. Elyaman, T. Orban, P.A. Gottlieb, S.C. Kent, et
al., Monocytes from patients with type 1 diabetes spontaneously secrete
proinflammatory cytokines inducing Th17 cells, J. Immunol. 183 (2009)
4432e4439.

[84] S.E. Gitelman, P.A. Gottlieb, M.R. Rigby, E.I. Felner, S.M. Willi, L.K. Fisher, et al.,
Antithymocyte globulin treatment for patients with recent-onset type 1 dia-
betes: 12-month results of a randomised, placebo-controlled, phase 2 trial,
lancet Diabetes & Endocrinol. 1 (2013) 306e316.

[85] M.R. Rigby, K.M. Harris, A. Pinckney, L.A. DiMeglio, M.S. Rendell, E.I. Felner, et
al., Alefacept provides sustained clinical and immunological effects in new-
onset type 1 diabetes patients, J. Clin. Invest. 125 (2015) 3285e3296.

[86] M.R. Rigby, L.A. DiMeglio, M.S. Rendell, E.I. Felner, J. Dostou, S.E. Gitelman, et
al., Targeting of memory T cells with alefacept in new-onset type 1 diabetes
(TIDAL study): 12 month resutls of a randomised, double-blind, placebo-
controlled phase 2 trial, Lancet Diabetes Endocrinol. 1 (2013) 284e294.

[87] K.C. Herold, S.E. Gitelman, U. Masharani, W. Hagopian, B. Bisikirska,
D. Donaldson, et al., A single course of anti-CD3 monoclonal antibody
hOKT3gamma1(Ala-Ala) results in improvement in C-peptide responses and
clinical parameters for at least 2 years after onset of type 1 diabetes, Diabetes
54 (2005) 1763e1769.

[88] K.C. Herold, W. Hagopian, J.A. Auger, E. Poumian-Ruiz, L. Taylor, D. Donaldson,
et al., Anti-CD3 monoclonal antibody in new-onset type 1 diabetes mellitus,
N. Engl. J. Med. 346 (2002) 1692e1698.

[89] B. Keymeulen, E. Vandemeulebroucke, A.G. Ziegler, C. Mathieu, L. Kaufman,
G. Hale, et al., Insulin needs after CD3-antibody therapy in new-onset type 1
diabetes, N. Engl. J. Med. 352 (2005) 2598e2608.

[90] B. Keymeulen, M. Walter, C. Mathieu, L. Kaufman, F. Gorus, R. Hilbrands, et al.,
Four-year metabolic outcome of a randomised controlled CD3-antibody trial
in recent-onset type 1 diabetic patients depends on their age and baseline
residual beta cell mass, Diabetologia 53 (2010) 614e623.

[91] A.G. Daifotis, S. Koenig, L. Chatenoud, K.C. Herold, Anti-CD3 clinical trials in
type 1 diabetes mellitus, Clin. Immunol. 149 (2013) 268e278.

[92] T. Orban, B. Bundy, D.J. Becker, L.A. DiMeglio, S.E. Gitelman, R. Goland, et al.,
Co-stimulation modulation with abatacept in patients with recent-onset type
1 diabetes: a randomised, double-blind, placebo-controlled trial, Lancet 378
(2011) 412e419.

[93] J.E. Tooley, N. Vudattu, J. Choi, C. Cotsapas, L. Devine, K. Raddassi, et al.,
Changes in T-cell subsets identify responders to FcR-nonbinding anti-CD3
mAb (teplizumab) in patients with type 1 diabetes, Eur. J. Immunol. 46 (2016)
230e241.

[94] T. Orban, C.A. Beam, P. Xu, K. Moore, Q. Jiang, J. Deng, et al., Reduction in CD4
central memory T-cell subset in costimulation modulator abatacept-treated
patients with recent-onset type 1 diabetes is associated with slower C-pep-
tide decline, Diabetes 63 (2014) 3449e3457.
nd opportunities for targeting the effector T cell response in type 1
t.2016.02.009

http://refhub.elsevier.com/S0896-8411(16)30011-7/sref55
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref55
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref55
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref56
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref56
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref56
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref56
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref57
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref57
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref57
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref57
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref57
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref58
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref58
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref58
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref58
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref58
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref58
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref58
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref59
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref59
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref59
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref59
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref60
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref60
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref60
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref60
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref61
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref61
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref61
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref61
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref61
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref62
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref62
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref62
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref63
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref63
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref63
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref63
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref63
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref64
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref64
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref64
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref64
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref65
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref65
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref65
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref65
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref65
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref66
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref66
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref66
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref66
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref66
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref67
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref67
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref67
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref67
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref67
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref68
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref68
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref68
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref68
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref68
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref69
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref69
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref69
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref69
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref69
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref69
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref69
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref70
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref70
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref70
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref70
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref71
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref71
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref71
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref71
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref72
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref72
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref72
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref72
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref73
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref73
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref73
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref74
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref74
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref74
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref74
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref75
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref75
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref75
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref75
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref76
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref76
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref76
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref76
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref77
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref77
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref77
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref77
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref77
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref78
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref78
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref78
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref78
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref79
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref79
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref79
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref79
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref79
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref80
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref80
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref80
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref80
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref80
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref81
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref81
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref81
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref81
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref82
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref82
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref82
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref83
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref83
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref83
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref83
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref83
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref84
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref84
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref84
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref84
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref84
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref84
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref85
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref85
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref85
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref85
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref86
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref86
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref86
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref86
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref86
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref87
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref87
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref87
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref87
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref87
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref87
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref88
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref88
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref88
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref88
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref89
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref89
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref89
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref89
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref90
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref90
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref90
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref90
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref90
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref91
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref91
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref91
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref92
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref92
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref92
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref92
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref92
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref93
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref93
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref93
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref93
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref93
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref94
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref94
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref94
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref94
http://refhub.elsevier.com/S0896-8411(16)30011-7/sref94

	Obstacles and opportunities for targeting the effector T cell response in type 1 diabetes
	1. T1D Teff display hallmarks of adaptive recognition and expansion
	2. CD4 effector T cells are programmed to be pathogenic in T1D
	2.1. Genetic variants associated with T1D indicate a genetic basis for altered effector function in T1D
	2.2. Response to regulation is altered in T1D-effector cells are resistant to suppression

	3. Targeting Teff with T1D immunotherapy
	Acknowledgments
	References


