1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Investig Med. Author manuscript; available in PMC 2017 January 01.

-, HHS Public Access
«

Published in final edited form as:
J Investig Med. 2016 January ; 64(1): 7-13. doi:10.1097/J1M.0000000000000227.

Immune Interventions to Preserve Beta Cell Function in Type 1
Diabetes

Mario R. Ehlers, MD, PhD
Clinical Trials Group, Immune Tolerance Network, San Francisco, CA, USA

Abstract

Type 1 diabetes (T1D) is a chronic autoimmune disease that leads to destruction of pancreatic beta
cells, lifelong dependence on insulin, and increased morbidity and mortality from diabetes-related
complications. Preservation of residual beta cells at diagnosis is a major goal because higher levels
of endogenous insulin secretion are associated with better short- and long-term outcomes. Over the
past 3 decades, a variety of immune interventions have been evaluated in the setting of new-onset
T1D, including nonspecific immunosuppression, pathway-specific immune modulation, antigen-
specific therapies, and cellular therapies. To date, no single intervention has produced durable
remission off-therapy in the majority of treated patients, but the field has gained valuable insights
into disease mechanisms and potential immunologic correlates of success. In particular, T cell-
directed therapies, including therapies that lead to partial depletion or modulation of effector T
(Teff) cells and preservation or augmentation of regulatory T (Treg) cells, have shown the most
success and will likely form the backbone of future approaches. The next phase will see evaluation
of rational combinations, comprising one or more of the following: a Teff-depleting or modulating
drug, a cytokine-based tolerogenic (Treg-promoting) agent, and an antigen-specific component.
The long-term goal is to reestablish immunologic tolerance to beta cells, thereby preserving
residual beta cells early after diagnosis or enabling restoration of beta cell mass from autologous
stem cells or induced neogenesis in patients with established T1D.
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INTRODUCTION

Type 1 diabetes (T1D), one of the most prevalent chronic diseases of childhood that also
presents in adults,12 results from destruction of insulin-producing beta cells by auto-reactive
T cells that have escaped central and peripheral immune tolerance.3 T1D is considered to be
an organ-specific autoimmune disease that occurs in the context of disease-specific genetic
changes as well as one or more environmental triggers, but the precise etiology remains
elusive.3 For reasons that are not understood, the incidence of T1D has been growing
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worldwide, particularly in children.# Insulin therapy is lifesaving but is required daily,
heightens risks for major hypoglycemia, and lessens but does not avert other serious
complications, including micro- and macro-vascular disease and death.® Because disease
onset frequently starts in early childhood, the burden of T1D is lifelong, with significant
economic impact on individuals, families and society. Higher levels of endogenous insulin
secretion correlate with lower rates of complications and hence there is a need for safe
interventions to preserve or restore beta-cell function, reduce hypoglycemia, and improve
short- and long-term outcomes.®

Intensive diabetes management with a target HbA1c level < 7.0% is generally recommended
because of proven benefits in terms of reduced risks of microvascular complications and
cardiovascular disease, but in several surveys only 13-15% of T1D patients met this target
(reviewed in ref. 5). It is clear that despite significant advances in insulin delivery
technologies, continuous glucose monitoring, and closed-loop pump-sensor systems,” tight
metabolic control remains difficult and even with excellent glycemic control (HbAlc <
6.9%) mortality in those with T1D is twice that of matched controls.> Such considerations
have prompted interest in preventing disease progression in at-risk individuals prior to the
onset of hyperglycemia, or preserving residual islet mass in patients newly diagnosed with
T1D. A longer term goal is restoration of functional beta cell mass in established T1D
patients with little or no remaining islets, by transplantation of allogeneic islets from suitable
donors, generating autologous neoislets from stem cells, or stimulating beta cell proliferation
in vivo.8 Regardless of the approach, long-term preservation of functional islets will require
an immune intervention that halts the autoimmune attack and, ideally, restores immunologic
tolerance.

T1D IMMUNOPATHOLOGY

A comprehensive overview of T1D immunopathology is beyond the scope of this report and
the reader is referred to recent excellent reviews.39:10 There is consensus that T1D results
from an autoimmune process with a strong genetic predisposition and likely environmental
triggers. The strongest genetic influence comes from polymorphisms in HLA class 11 alleles.
There is a weaker effect of various HLA class | alleles, followed by 40 or more other loci,
although only a handful are associated with a relative risk greater than 1.5.10 Importantly,
however, the vast majority of susceptibility alleles are immune response genes, reinforcing
the notion that T1D is a disease of immune dysregulation.19 HLA susceptibility alleles may
lead to alterations in binding affinities of the MHC-peptide complex to cognate T cell
receptors (TCRs) which enable thymic escape of autoreactive T cells (failure of central
tolerance). However, autoreactive T cells are also found in the peripheral blood of healthy
controls,1! indicating additional mechanisms are at play in disease pathogenesis.

It is known that beta cells undergo an increased rate of physiologic turnover at specific
stages of growth and development (reviewed in ref. 8), with release and processing of beta-
cell antigens and subsequent presentation by antigen-presenting cells (APCs). Although
hotly debated, this process may be enhanced by beta cell-trophic enteroviral infections
(including widespread Coxsackie virus strains), which also lead to upregulation of MHC
class I molecules and creation of an inflammatory milieu.12 These events, combined with
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presumed genetic defects in peripheral tolerance checkpoints, lead to the activation of
autoreactive T cells and the initiation and propagation of an islet-specific immune attack and
the characteristic lesion in T1D, known as insulitis. A defect in peripheral tolerance is
suggested by various lines of evidence, including the association between T1D and genes
encoding IL-2 and the IL-2 receptor o subunit, CTLA4, and the FoxP3 transcription
factor,3:10 all of which are required for the development and maintenance of regulatory T
cells (Tregs). At the same time, effector T cells in T1D, which are thought to mediate beta
cell death, appear to be unusually resistant to suppression by Tregs,13 a process that likely
involves inflammatory mediators.

Taken together, the evidence suggests that there are defects in both central and peripheral
immune tolerance resulting in the emergence, activation, and persistence of autoreactive
effector and memory T cells (both CD4* and CD8*) that damage and eventually destroy
most of the insulin-producing beta cells in the pancreatic islets (Fig. 1). As noted, in addition
to conventional T cells, there are also important contributions from Tregs, APCs (including
B cells, monocyte/macrophages, and dendritic cells) and a variety of soluble mediators to
the immunopathology of T1D, presenting a multitude of potential intervention targets, as
discussed further below.

TARGETS FOR IMMUNE INTERVENTION

Once the autoimmune etiopathology of T1D became increasingly accepted,14 attempts were
made to induce remission with non-specific immunosuppressive agents such as
cyclosporine, azathioprine and prednisone. Although these efforts were met with some
success, the benefits were lost after discontinuation of therapy, leaving the prospect of
lifelong immunosuppression and concomitant toxicity, which were unacceptable in this
disease (reviewed in ref. 15). Fortunately, recent decades have witnessed enormous strides in
our understanding of the immune system as well as the development of powerful therapeutic
tools, notably fusion proteins and monoclonal antibodies that target various B and T cell
receptors and a range of cytokines, which has ushered in an era of targeted immune
interventions. In this report | will highlight those interventions that have shown some
success in the clinic or which have provided important mechanistic insights that will likely
advance understanding in the field.

Targeting Innate Immunity

It is generally agreed that components of innate immunity (i.e., non-antigen-specific
responses) are involved in the immunopathology of T1D, including soluble inflammatory
mediators and cells of the monocyte-macrophage lineage (Fig. 1). However, thus far, clinical
studies with agents targeting innate immunity have been sparse and results have been mixed.
In a pilot study evaluating the anti-TNFa agent etanercept in new-onset T1D there was a
signal of efficacy at 6 months, but the study was too small (n=18) to draw firm
conclusions.® Nevertheless, this was a potentially important result that deserves further
study. TNFa is a key inflammatory cytokine that drives inflammation and tissue injury in
several autoimmune conditions, including rheumatoid arthritis, psoriasis, and inflammatory
bowel disease. Moreover, more recent reports have indicated wider roles for the cytokine,
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notably a direct effect on Tregs leading to impaired suppressive function,1” making TNF
blockade attractive in T1D.

IL-1 is a central inflammatory cytokine, which had prompted interest in IL-1 blockers in
autoimmunity. 1L-1 is also of special interest in T1D because of reports that it is directly
toxic to beta cells. However, two adequately powered, randomized trials of anti-IL-1 agents
(the anti-IL-18 mAb canakinumab and the IL-1 receptor antagonist anakinra) failed to show
any benefit in new-onset T1D.18 This result was unexpected and may require a reevaluation
of the role of IL-1 in the pathogenesis of T1D.19 Clinical trials evaluating the effects of two
other anti-cytokine agents are planned or were recently launched: a trial of tocilizumab (anti-
IL-6 receptor mAb) and a trial of ustekinumab (anti-1L-12/23 mAb), which should throw
further light on the utility of blocking key inflammatory mediators that drive immune
responses in autoimmunity.

There have been no clinical trials directly targeting proinflammatory macrophages in T1D.
Dendritic cells — specialized APCs that reside in peripheral and lymphoid tissues as well as
circulate in the blood — have attracted a great deal of interest because of their role in
influencing T cell lineage commitment (effector vs. regulatory) and hence there are efforts to
generate “tolerogenic DCs” that can skew responses toward a regulatory profile.29-21 First-
in-man studies are underway in various indications, including T1D,22 but to date there have
been no reports confirming proof-of-concept in autoimmune disease, such as preservation of
C-peptide in T1D.

Targeting Adaptive Immunity

B Cells

The adaptive immune system comprises antigen-specific responses, principally mediated by
B and T lymphocytes. T1D is thought to be an autoantigen-driven inflammatory disease and
hence autoreactive lymphocytes are considered to be the principal effector cells. There is
wide consensus that T cells are the main culprits, but B cells may also play a role.

The anti-CD20 mAb rituximab substantially depletes B cells and is widely used to treat B
cell lymphomas. Approximately a decade ago rituximab was shown to be effective in
rheumatoid arthritis (RA), a surprising finding since RA was considered to be a T cell-
mediated autoimmune disease. However, B cells are known to be important APCs and this is
the presumed mechanism of action® (see Fig. 1). Like RA, T1D is also characterized by the
presence of autoantibodies which, although considered to be nonpathogenic, highlight the
participation of B cells in the autoimmune process. A trial of rituximab in new-onset T1D
demonstrated significant preservation of C-peptide secretion at 12 months,23 but this
difference was no longer significant at 18 or 24 months,24 and was accompanied by a
significant increase in viremias associated with BK virus reactivation.2> One rituximab-
treated patient had a self-limited JC virus viremia, which is of potential concern because of
the link to rare but fatal progressive multifocal leukoencephalopathy.26

At this time it is unclear how to move forward with rituximab or other B cell-depleting
agents in T1D. The regimen used in the T1D trial led to profound B cell depletion which
only recovered completely at 18 months24 and yet efficacy was modest. Repeated courses
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seem ill-advised because of the risk of infection; the same would be true of combination
with T cell-depleting agents. Combination with an T1D-specific autoantigen with the hope
of skewing the reconstituting B cell compartment towards a more tolerogenic profile may be
appealing, but this strategy has had no or only modest success in the nonobese diabetic
(NOD) mouse model.2’

Co-stimulatory Blockade—Co-stimulation constitutes the key second signal required to
activate T cells after a first encounter with antigen and is the bridge between innate and
adaptive immunity. APCs process and present antigen-derived peptides via MHC-peptide
complexes to T cell receptors (TCRs). However, T cell activation requires a second signal
via co-stimulatory receptors; in the absence of co-stimulation, the T cell becomes anergic
(unresponsive) or may undergo apoptosis. The classic co-stimulatory ligand-receptor pair is
comprised of the ligands CD80 and CD86 (also known as B7-1 and B7-2) on APCs and the
receptor CD28 on naive CD4+ and CD8+ T cells?8 (Fig. 1). After T cell activation, a second
CDB80/CD86 receptor is expressed on T cells, CTLA4, which, unlike CD28, imparts an
inhibitory signal.2? Further work has uncovered an array of both co-stimulatory and co-
inhibitory pathways,30:31 many of which are amenable to pharmacologic intervention.32 The
first drug targeting co-stimulation was the fusion protein CTLA4-1g,33 later known as
abatacept and approved for RA, which blocks co-stimulation by acting as a soluble decoy
receptor binding to CD80/CD86 and preventing ligation of CD28.34

A trial of abatacept in new-onset T1D demonstrated significant preservation of C-peptide
secretion at 24 months, although the degree of C-peptide preservation was modest and after
6 months appeared to parallel the decline seen in the placebo group despite ongoing
treatment for 2 years.3° Analysis of peripheral T cell subsets by flow cytometry revealed a
modest but significant increase in naive CD4 T cells and a decrease in central memory CD4
T cells, which appeared to correlate with C-peptide preservation.3® Of some concern was a
parallel and significant decrease in Tregs,38 which may have contributed to the observation
that C-peptide responses began to decline soon after treatment began, albeit at an initially
slower rate than in controls.3® The effect on Tregs is not surprising, given that the
development and peripheral survival of Tregs is CD28 dependent.34 Also, since cell-surface
CTLA4 may be a core mechanism through which Tregs control APC function,3 there are
unresolved questions about the effect of ongoing treatment with soluble CTLA4-Ig on Treg
function. Nevertheless, the abatacept trial in T1D provided an important first insight into the
potential for co-stimulatory blockade in T1D and warrants further study. A trial evaluating
abatacept in the prevention of T1D in at-risk patients is currently ongoing.

Antigen-specific Therapies—As noted in the section on tolerogenic DCs, therapies that
can specifically skew immune responses to a tolerogenic profile are of interest, particularly
if those responses are antigen-specific. This has led to exploration of antigen-specific
therapies in autoimmunity, meaning regimens that incorporate disease-specific antigens
(autoantigens). The hope is that if autoantigens are presented in a tolerogenic context —e.g.,
via a tolerogenic route (mucosal vs. subcutaneous), in combination with tolerogenic APCs,
or along with appropriate co-inhibitory signals — there will be down-modulation of
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autoreactive effector T cells with concomitant upregulation of antigen-specific Tregs.38 This
concept is attractive because there is no requirement for broad immunosuppression and the
antigen therapy can be repeated as needed.

However, despite efforts over several decades in multiple indications, progress has been slow
and in some cases there has been disease exacerbation.3? Principal stumbling blocks have
included determination of the therapeutic dose (there is evidence that the dose response may
be U-shaped), formulation, inclusion of adjuvants (and if so, type of adjuvant), route of
administration, and dosing frequency. Lack of success has also been the norm in T1D, in
which results of antigen-specific approaches have been negative or equivocal.40
Nevertheless, a recent pilot study of a DNA plasmid encoding proinsulin (BHT-3021) (see
Fig. 1) revealed interesting results. At one of four doses tested there was significant
preservation of C-peptide at week 15 (3 weeks after the last of 12 weekly doses; thereafter
C-peptide declined similar to the placebo group) and there was a significant correlation
between decreased proinsulin-specific CD8+ T cells and C-peptide preservation.! Although
this trial was too small to draw firm conclusions, it suggested that with appropriate dose
optimization it may be possible to achieve desirable antigen-specific responses in T1D.
Considerable additional work will be required to assess the true potential of antigen-specific
therapies, including combination with other agents.*2

T Cell Depletion—In one of the earliest immune intervention trials, a pilot study of the
combination of antithymocyte globulin (ATG) plus prednisone in recent-onset T1D gave a
signal of efficacy in terms of improved HbA1c and reduced insulin dose in some of the
treated patients.*3 These data together with other promising pilot clinical and preclinical
results led to the randomized, double-blind START trial comparing ATG with placebo in
patients with new-onset T1D. Surprisingly, there was no benefit in the ATG group compared
to placebo at 12 months and there was even a suggestion that C-peptide responses in the
ATG-treated subjects showed accelerated decline in the first 6 months before stabilizing in
the second 6 months.#4 A clue to what may have happened with this intervention was the
observation that virtually all treated patients experienced cytokine release syndrome during
the drug administration period and serum sickness 7-10 days later, accompanied by brief but
substantial increases in serum levels of IL-6 and acute-phase proteins, suggesting adverse
immune activation early on. Unintended immune activation is also thought to be the
mechanism for transient disease exacerbation seen in a pilot study of 1L-2 plus rapamycin in
T1D,% discussed further below. Also notable was the finding that despite profound CD4*
and CD8* T cell depletion, including naive and central memory subsets, effector memory T
cells were resistant to depletion which, together with strong depletion of Tregs, led to an
unfavorable Treg/Teff ratio in the first 6 months of the trial 44

The results of the START trial have forced the community to reassess the value of broad T
cell-depleting therapies in T1D. It is useful to remember that a key feature of the
Biobreeding rat, an accepted model for T1D susceptibility, is profound lymphopenial4 and it
has been suggested that lymphopenia or lymphodepletion predispose to autoimmunity,
including T1D, because homeostatic expansion, driven by IL-7, enables low-affinity
autoreactive T cells to survive and proliferate (reviewed in ref. 42). It is interesting to
contrast the START trial with the recent report of a pilot study of the combination of ATG
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with GCSF in T1D, which suggested clinical efficacy in association with relative
preservation of Tregs.#8 It is unclear whether the effects seen in this trial reflect the lower
dose of ATG that was used (one-third the dose used in START) or the combination with
GCSF (see Fig. 1). A larger, fully powered trial comparing the combination of ATG/GCSF
with ATG alone and placebo, now underway, should answer that question.

T Cell Modulation—When attempting to restore the balance between regulatory and
effector T cells in T1D or autoimmunity in general, depletion of relevant autoreactive
effector T cells is only one strategy. Another is to modulate effector T cell function by
inducing a state of hyporesponsiveness, such as by promoting T cell anergy, exhaustion, or
senescence.*’ Induction of T cell anergy by co-stimulatory blockade has already been noted,
above. Ideally, an intervention should combine Teff depletion or induction of
unresponsiveness with enhancement or expansion of Tregs.42

The first demonstration that a T cell-targeted therapy can preserve C-peptide secretion in
new-onset T1D was with monoclonal antibodies against CD3, a component of the TCR
complex (Fig. 1). In a landmark study, Herold and colleagues showed that the Fc receptor-
nonbinding hOKT3y1(Ala-Ala) anti-CD3 antibody (later called teplizumab) preserved C-
peptide and reduced HbA1c levels and insulin use in patients with new-onset T1D.48 These
results were confirmed by an independent European group using another anti-CD3 mAb
(otelixizumab)*® and both groups showed that these benefits were maintained for up to 3
years in a subset of patients.>0:51 However, this efficacy came at the cost of cytokine release
syndrome during drug administration and EBV reactivation or EBV-related disease in a
significant proportion of treated patients.®! Subsequent larger trials failed to meet their
primary endpoints, in part because the endpoints selected were too stringent®2 or because the
selected dose was too low.23>4 This is unfortunate but should not detract from further
exploration of this potentially valuable immune intervention.

In a phase 2 trial of teplizumab, in which subject received a second course of the drug at 12
months, C-peptide was significantly preserved at 24 months in the treated patients versus
controls. An important finding in this trial (the AbATE trial) was that a subgroup of
responders could be identified that had excellent C-peptide preservation while the non-
responders were almost indistinguishable from the controls.>® Response was predicted by
better glycemic control and lower insulin use at baseline as well as subtle immunologic
differences. However, the basis for drug response and the true mechanism of action of
teplizumab remain unresolved. Earlier studies, particularly in the NOD model, had
suggested that anti-CD3 treatment leads to selective depletion of pathogenic T cells with
preservation of Tregs, but this mechanism has not been confirmed in the human studies.?® A
clue to the mechanism may come from the original observation that responders show a
decrease in the CD4/CD8 ratio,*8:°0 which is consistent with a more recent finding of an
increase in CD8" central memory T cells in responders in the Delay trial, in which T1D
patients beyond the new-onset period were treated with teplizumab.®” While expansion of a
CD8™ T cell population would seem to be counterintuitive, this may suggest that anti-CD3
has a partial agonist effect and is inducing some form of Teff modulation. This could include
induction of a CD8" Treg population, as suggested by studies with teplizumab-treated
human PBMCs and samples from T1D patients treated with the drug.>8

J Investig Med. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ehlers

Page 8

A second T cell-modulating agent that has recently been evaluated in new-onset T1D is
alefacept, an LFA3-Ig fusion protein that targets the CD2 co-stimulation pathway on T cells.
CD2 is expressed on most lymphocyte subsets and is upregulated on effector and memory T
cells (Fig. 1). Earlier work in psoriasis had demonstrated that alefacept selectively targets
effector memory T cells and the mechanism of action was presumed to be a combination of
partial depletion of these subsets and modulation of CD2-mediated co-stimulation.® In
psoriasis, two or more courses of alefacept result in prolonged off-therapy remission, which
may be a form of tolerance.% These results prompted the Immune Tolerance Network to
conduct the TIDAL trial, which showed that two 12-week courses of alefacept in new-onset
T1D result in preservation of C-peptide (as measured by the meal-stimulated 4-hour AUC), a
significant reduction in insulin use, and a remarkable 50% decrease in rates of major
hypoglycemia in drug- vs. placebo-treated patients at 12 months.51

Analysis of T cell subsets by flow cytometry revealed that alefacept treatment led to
significant reductions in central and effector memory CD4 and CD8 T cells, preservation of
Tregs, and favorable increases in Treg/Teff ratios, providing a plausible mechanism for the
clinical effects of this drug.6 Analysis of the 24 month clinical and mechanistic results is
ongoing. Of particular interest will be evidence of T cell modulation, including induction of
T cell unresponsiveness and/or partial agonist effects, as has previously been suggested
based on in vitro effects of alefacept on human PBMCs.52:63 Alefacept appears to be a very
promising agent because it is well tolerated with no reports of dug-associated serious
adverse events and no between-group (alefacept vs. placebo) differences in overall rates of
adverse events,51 suggesting it may be an appropriate intervention in T1D, even in children.

Treg Augmentation—As noted earlier, restoring immunologic balance in autoimmunity
can, in principle, be achieved by decreasing effector cells, increasing regulatory cells, or
both (Fig. 1). Until recently, there appeared to be few practical approaches to directly
augmenting Treg frequency or function. A pilot study in established T1D patients was the
first to show that a combination of IL-2 and rapamycin can produce robust increases in
peripheral Treg frequencies as well as restore pSTATS5 signaling toward levels seen in
healthy controls.*> However, despite these favorable changes, the treatment resulted in
transient disease exacerbation (accelerated C-peptide decline), which might have been
related to significant increases in peripheral NK cells and eosinophils and possibly other
forms of immune activation.*® Rapamycin, which was added to the combination to restrain
effector T cell activation, is suspected to be beta cell toxic and has been shown to be anti-
tolerogenic in some situations (reviewed in ref. 64). There are ongoing trials to evaluate low-
dose IL-2 monotherapy in T1D%45 with the aim of identifying a dose and regimen that can
safely expand Tregs without activating effector cells.

Another approach to Treg augmentation is adoptive transfer of ex vivo-expanded autologous
Tregs. This approach has attracted considerable attention in recent years and is becoming a
reality after development of a protocol for efficient ex vivo expansion of Tregs from patients
with T1D.56 There were recent reports of an open-label pilot study of infusion of autologous
Tregs in new-onset T1D patients (n=20), which appeared to show that the regimen was safe
and led to preservation of C-peptide in some subjects at 1 year.57.68 While encouraging, firm
conclusions about the safety and efficacy of this intervention cannot be drawn at this stage.
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Among potential concerns is a debate about Treg plasticity and stability®® and the potential
for pathogenic conversion of Tregs into effector T cells in the autoimmune milieu.” It may
be necessary to support Treg stability after infusion by, for example, co-administration with
IL-2, which promotes Treg stability and suppressive function.”t

CONCLUSIONS

The past three decades have seen substantial progress in our understanding of the
immunopathology of T1D, identification of targets for immune intervention, and the conduct
of clinical trials involving nonspecific immunosuppressive drugs, targeted biologic agents,
and even cellular therapies. Some of these interventions have shown promise, although no
single intervention to date is able to induce lasting remission in a majority of treated
patients. Much work needs to be done to better understand the phenomenon of responders
versus non-responders, and we need robust immunologic correlates of clinical efficacy.

We are now entering the “next phase” of immune intervention trials in T1D, with a greater
emphasis on patient stratification pre-randomization, broader use of predictive biomarkers,
and, importantly, implementation of rational combinations of therapeutics based on a sound
mechanistic hypothesis for induction of immunologic tolerance. For example, a “dream”
combination might include an induction agent that can deplete or modulate key subsets of
effector T cells (such as alefacept or teplizumab), followed by a pro-tolerogenic agent that
promotes deviation toward regulatory T cells (such as tocilizumab or IL-2) combined with
one or more T1D autoantigens (such as proinsulin peptides or DNA) that facilitate expansion
of antigen-specific Tregs. Many other potential combinations can be envisaged and each will
be predicated on navigating complex issues, including building a scientific rationale (with,
as appropriate, animal model data), gaining access to the investigational agents, developing
risk mitigation strategies to protect patient safety, and obtaining regulatory approval.’?

Only once we have reestablished immunologic tolerance can we realistically entertain the
prospect of long-term preservation of residual beta cells or maintenance of near-normal
levels of beta-cell mass after restoration by transplantation, differentiation from stem cells,
or drug-induced neogenesis. For these reasons, continued efforts to optimize immune
interventions in T1D are critical if we are to defeat this disease.

ACKNOWLEDGMENTS

The author is indebted to Jerry Nepom, Jeff Bluestone, Mark Rigby, Steve Gitelman, and Kevan Herold for many
fruitful discussions that helped shape the ideas and concepts discussed in this review.

Funding: This symposium was supported in part by a grant from the National Center for Research Resources (R13
RR023236). Dr. Ehlers is a member of the Immune Tolerance Network, which is funded by the National Institute of
Allergy and Infectious Diseases (NIAID) under Award Number UM1AI109565.

REFERENCES

1. Dabelea D, Mayer-Davis EJ, Saydah S, et al. Prevalence of type 1 and type 2 diabetes among
children and adolescents from 2001 to 2009. JAMA. 2014; 311(17):1778-1786. [PubMed:
24794371]

J Investig Med. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ehlers

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Page 10

. Bruno G, Runzo C, Cavallo-Perin P, et al. Incidence of type 1 and type 2 diabetes in adults aged

30-49 years: the population-based registry in the province of Turin, Italy. Diabetes Care. 2005;
28(11):2613-2619. [PubMed: 16249528]

. Bluestone JA, Herold K, Eisenbarth G. Genetics, pathogenesis and clinical interventions in type 1

diabetes. Nature. 2010; 464(7293):1293-1300. [PubMed: 20432533]

. Patterson CC, Dahlquist GG, Gyurus E, et al. Incidence trends for childhood type 1 diabetes in

Europe during 1989-2003 and predicted new cases 2005-20: a multicentre prospective registration
study. Lancet. 2009; 373(9680):2027-2033. [PubMed: 19481249]

. Lind M, Svensson AM, Kosiborod M, et al. Glycemic control and excess mortality in type 1

diabetes. N Engl J Med. 2014; 371(21):1972-1982. [PubMed: 25409370]

. Steffes MW, Sibley S, Jackson M, Thomas W. Beta-cell function and the development of diabetes-

related complications in the diabetes control and complications trial. Diabetes Care. 2003; 26(3):
832-836. [PubMed: 12610045]

. Bakhtiani PA, Zhao LM, El Youssef J, Castle JR, Ward WK. A review of artificial pancreas

technologies with an emphasis on bi-hormonal therapy. Diab Obes Metab. 2013; 15(12):1065-1070.

. Wang P, Fiaschi-Taesch NM, Vasavada RC, et al. Diabetes mellitus — advances and challenges in

human B-cell proliferation. Nat Rev Endo. 2015; 11(4):201-212.

. Herold KC, Vignali DAA, Cooke A, et al. Type 1 diabetes: translating mechanistic observations into

effective clinical outcomes. Nat Rev Immunol. 2013; 13(4):243-256. [PubMed: 23524461]
. Todd JA. Etiology of type 1 diabetes. Immunity. 2010; 32(4):457-467. [PubMed: 20412756]

Skowera A, Ladell K, McLaren JE, et al. B-cell-specific CD8 T cell phenotype in type 1 diabetes
reflects chronic autoantigen exposure. Diabetes. 2015; 64(3):916-925. [PubMed: 25249579]

Coppieters KT, Wiberg A, Tracy AM, et al. Immunology in the clinic review series: focus on type
1 diabetes and viruses: the role of viruses in type 1 diabetes: a difficult dilemma. Clin Exp
Immunol. 2012; 168(4):5-11. [PubMed: 22385231]

Schneider A, Rieck M, Sanda S, et al. The effector T cells of diabetic subjects aqre resistant to
regulation via CD4*FOXP3* regulatory T cells. J Immunol. 2008; 181(10):7350-7355. [PubMed:
18981158]

Eisenbarth GS. Type | diabtes mellitus. A chronic autoimmune disease. N Engl J Med. 1986;
314(21):1360-1368. [PubMed: 3517648]

Rigby MR, Ehlers MR. Targeted immune interventions for type 1 diabetes: not as easy as it looks!
Curr Opin Endocrinol Diabetes Obes. 2014; 21(4):271-278. [PubMed: 24983393]

Mastrandrea L, Yu J, Behrens T, et al. Etanercept treatment in children with new-onset type 1
diabetes: pilot randomized, placebo-controlled, double-blind study. Diabetes Care. 2009; 32(7):
1244-1249. [PubMed: 19366957]

Bromberg J. TNF-a trips up Treg cells in rheumatoid arthritis. Nat Med. 2013; 19(3):269-270.
[PubMed: 23467235]

Moran A, Bundy B, Becker DJ, et al. Interleukin-1 antagonism in type 1 diabetes of recent onset:
two multicentre, randomised, double-blind, placebo-controlled trials. Lancet. 2013; 381(9881):
1905-1915. [PubMed: 23562090]

Nepom GT, Ehlers M, Mandrup-Poulsen T. Anti-cytokine therapies in T1D: concepts and
strategies. Clin Immunol. 2013; 149(3):279-285. [PubMed: 23510726]

Creusot RJ, Giannoukakis N, Trucco M, et al. It's time to bring dendritic cell therapy to type 1
diabetes. Diabetes. 2014; 63(1):20-30. [PubMed: 24357690]

Schinnerling K, Soto L, Garcia-Gonzalez P, et al. Skweing dendritic cell differentiation towrads a
tolerogenic state for recovery of tolerance in rheumatoid arthritis. Autoimmun Rev. Jan 26.2015
doi: 10.1016/j.autrev.2015.01.014. [Epub ahead of print].

Giannoukakis N, Phillips B, Finegold D, et al. Phase | (safety) study of autologous tolerogenic
dendritic cells in type 1 diabetic patients. Diabetes Care. 2011; 34(9):2026-2032. [PubMed:
21680720]

Pescovitz MD, Greenbaum CJ, Krause-Steinrauf H, et al. Rituximab, B-lymphocyte depletion, and
preservation of beta-cell function. N Engl J Med. 2009; 361(22):2143-2152. [PubMed: 19940299]

J Investig Med. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ehlers

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44,

45.

Page 11

Pescovitz MD, Greenbaum CJ, Bundy B, et al. B-lymphocyte depletion with rituximab and p-cell
function: two-year results. Diabetes Care. 2014; 37(2):453-459. [PubMed: 24026563]

Kroll JL, Beam C, Li S, et al. Reactivation of latent viruses in individuals receiving rituximab for
new onset type 1 diabetes. J Clin Virol. 2013; 57(2):115-119. [PubMed: 23422292]

Clifford DB, Ances B, Costello C, et al. Rituximab-associated progressive multifocal
leukoencephalopathy in rheumatoid arthritis. Arch Neurol. 2011; 68(9):1156-1164. [PubMed:
21555606]

Sarikonda G, Sachithanantham S, Manenkova Y, et al. Transient B-cell depletion with anti-CD20
in combination with proinsulin DNA vaccine or oral insulin: immunologic effects and efficacy in
NOD mice. PL0S One. 2013; 8(2):e54712. [PubMed: 23405091]

Salomon B, Bluestone JA. Complexities of CD28/B7: CTLA-4 costimulatory pathways in
autoimmunity and transplantation. Annu Rev Immunol. 2001; 19:225-252. [PubMed: 11244036]

Linsley PS, Brady W, Urnes M, et al. CTLA-4 is a second receptor for the B cell activation antigen
B7.J Exp Med. 1991; 174(9):561-569. [PubMed: 1714933]

Ford ML, Adams AB, Pearson TC. Targeting co-stimulatory pathways: transplantation and
autoimmunity. Nat Rev Nephrol. 2014; 10(1):14-24. [PubMed: 24100403]

Murakami N, Riella LV. Co-inhibitory pathways and their importance in immune regulation.
Transplantation. 2014; 98(1):3-14. [PubMed: 24978034]

Webster RM. The immune checkpoint inhibitors: where are we now? Nat Rev Drug Disc. 2014;
13(12):883-884.

Linsley PS, Wallace PM, Johnson J, et al. Immunosuppression in vivo by a soluble form of the
CTLA-4 T cell activation molecule. Science. 1992; 257(5071):792-795. [PubMed: 1496399]

Fife BT, Bluestone JA. Control of peripheral T-cell tolerance and autoimmunity via the CTLA-4
and PD-1 pathways. Immunol Rev. 2008; 224:166-182. [PubMed: 18759926]

Orban T, Bundy B, Becker DJ, et al. Co-stimulation modulation with abatacept in patients with
recent-onset type 1 diabetes: a randomised, double-blind, placebo-controlled trial. Lancet. 2011;
378(9789):412-9. [PubMed: 21719096]

Orban T, Beam CA, Xu P, 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-
peptide decline. Diabetes. 2014; 63(10):3449-57. [PubMed: 24834977]

Wing K, Sakaguchi S. Regulatory T cells exert checks and balances on self tolerance and
autoimmunity. Nat Immunol. 2010; 11(1):7-13. [PubMed: 20016504]

Peakman M, von Herrath M. Antigen-specific immunotherapy for type 1 diabetes: maximizing the
potential. Diabetes. 2010; 59(9):2087-2093. [PubMed: 20805382]

Garber K. A tolerant approach. Nature. 2014; 507(7493):418-420. [PubMed: 24670744]

Coppieters KT, Harrison LC, von Herrath MG. Trials in type 1 diabetes: antigen-specific therapies.
Clin Immunol. 2013; 149(3):345-355. [PubMed: 23490422]

Roep BO, Solvason N, Gottlieb PA, et al. Plasmid-encoded proinsulin preserves C-peptide while
specifically reducing proinsulijn-specific CD8* T cells in type 1 diabetes. Sci Transl Med. 2013;
5(191):191ra82.

Smilek DE, Ehlers MR, Nepom GT. Restoring the balance: immunotherapeutic combinations for
autoimmune disease. Dis Model Mech. 2014; 7(5):503-513. [PubMed: 24795433]

Eisenbarth GS, Srikanta S, Jackson R, et al. Anti-thymocyte globulin and prednisone
immunotherapy of recent onset type 1 diabetes mellitus. Diabetes Res. 1985; 2(6):271-276.
[PubMed: 3878262]

Gitelman SE, Gottlieb PA, Rigby MR, et al. Antithymocyte globulin treatment for patients with
recent-onset type 1 diabetes: 12-month results of a randomised, placebo-controlled, phase 2 trial.
Lancet Diabetes Endocrinol. 2013; 1(4):306-316. [PubMed: 24622416]

Long SA, Rieck M, Sanda S, et al. Rapamycin/IL-2 combination therapy in patients with type 1
diabetes augments Tregs yet transiently impairs beta-cell function. Diabetes. 2012; 61(9):2340-
2348. [PubMed: 22721971]

J Investig Med. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ehlers

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 12

Haller MJ, Gitelman SE, Gottlieb PA, et al. Anti-thymocyte globulin/G-CSF treatment preserves 3
cell function in patients with established type 1 diabetes. J Clin Invest. 2015; 125(1):448-455.
[PubMed: 25500887]

Crespo J, Sun H, Welling TH, et al. T cell anergy, exhaustion, senescence, and stemness in the
tumor microenvironment. Curr Opin Immunol. 2013; 25(2):214-221. [PubMed: 23298609]

Herold KC, Hagopian W, Auger JA, et al. Anti-CD3 monoclonal antibody in new-onset type 1
diabetes mellitus. N Engl J Med. 2002; 346(22):1692-1698. [PubMed: 12037148]

Keymeulen B, Vandemeulebroucke E, Ziegler AG, et al. Insulin needs after CD3-antibody therapy
in new-onset type 1 diabetes. N Engl J Med. 2005; 352(25):2598-2608. [PubMed: 15972866]

Herold KC, Gitelman SE, Masharani U, et al. A single course of anti-CD3 monoclonal antibody
hOKT3y1(Ala-Ala) results in improvement in C-peptide responses and clinical parameters for at
least 2 years after onset of type 1 diabetes. Diabetes. 2005; 54(6):1763-1769. [PubMed:
15919798]

Keymeulen B, Walter M, Mathieu C, 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. 2010; 53(4):614-623. [PubMed: 20225393]
Sherry N, Hagopian W, Ludvigsson J, et al. Teplizumab for treatment of type 1 diabetes (Protégé
study): 1-year results from a randomised, placebo-controlled trial. Lancet. 2011; 378(9790):487—
497. [PubMed: 21719095]

Ambery P, Donner TW, Biswas N, Donaldson J, Parkin J, Dayan CM. Efficacy and safety of low-
dose otelixizumab anti-CD3 monoclonal antibody in preserving C-peptide secretion in adolescent
type 1 diabetes: DEFEND-2, a randomized, placebo-controlled, double-blind, multi-centre study.
Diabet Med. 2014; 31(4):399-402. [PubMed: 24236828]

Aronson R, Gottlieb PA, Christiansen JS, et al. Low-dose otelixizumab anti-CD3 monoclonal
antibody DEFEND-1 study: results of the randomized phase I11 study in recent-onset human type 1
diabetes. Diabetes Care. 2014; 37(10):2746-2754. [PubMed: 25011949]

Herold KC, Gitelman SE, Ehlers MR, et al. Teplizumab (anti-CD3 mAb) treatment preserves C-
peptide responses in patients with new-onset type 1 diabetes in a randomized controlled trial:
metabolic and immunologic features at baseline identify a subgroup of responders. Diabetes. 2013;
62(11):3766-3774. [PubMed: 23835333]

Penaranda C, Tang Q, Bluestone JA. Anti-CD3 therapy promotes tolerance by selectively depleting
pathogenic cells while preserving regulatory T cells. J Immunol. 2011; 187(4):2015-2022.
[PubMed: 21742976]

Herold KC, Gitelman SE, Willi SM, et al. Teplizumab treatment may improve C-peptide responses
in participants with type 1 diabetes after the new-onset period: a randomised controlled trial.
Diabetologia. 2013; 56(2):391-400. [PubMed: 23086558]

Ablamunits V, Bisikirska B, Herold KC. Acquisition of regulatory function by human CD8* T
cells treated with anti-CD3 antibosy requires TNF. Eur J Immunol. 2010; 40(10):2891-2901.
[PubMed: 21038470]

Ellis CN, Krueger GG. Alefacept Clinical Study Group. Treatment of chronic plaque psoriasis by
selective targeting of memory effector T lymphocytes. N Engl J Med. 2001; 345(4):248-255.
[PubMed: 11474662]

Krueger GG, Callis KP. Development and use of alefacept to treat psoriasis. J Am Acad Dermatol.
2003; 49(2 Suppl):S87-97. [PubMed: 12894131]

Righy MR, DiMeglio LA, Rendell MS, et al. Targeting of memory T cells with alefacept in new-
onset type 1 diabetes (T1DAL study): 12 month results of a randomised, double-blind, placebo-
controlled phase 2 trial. Lancet Diabetes Endocrinol. 2013; 1(4):284-294. [PubMed: 24622414]
Miller GT, Hochman PS, Meier W, et al. Specific interaction of lymphocyte function-associated
antigen 3 with CD2 can inhibit T cell responses. J Exp Med. 1993; 178(1):211-222. [PubMed:
7686212]

Haider AS, Lowes MA, Gardner H, et al. Novel insight into the agonistic mechanism of alefacept
in vivo: differentially expressed genes may serve as biomarkers of response in psoriasis patients. J
Immunol. 2007; 178(11):7442-7449. [PubMed: 17513795]

J Investig Med. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ehlers

64.

65.

66.

67.

68.

69.

70.

71.

72.

Page 13

Hartemann A, Bensimon G, Payan CA, et al. Low-dose interleukin 2 in patients with type 1
diabetes: a phase 1/2 randomised, double-blind, placebo-controlled trial. Lancet Diabetes
Endocrinol. 2013; 1(4):295-305. [PubMed: 24622415]

Rosenzwajg M, Churlaud G, Mallone R, et al. Low-dose interleukin-2 fosters a dose-dependent
regulatory T cell tuned milieu in T1D patients. J Autoimmun. 2015; 58:48-58. [PubMed:
25634360]

Putnam AL, Brusko TM, Lee MR, et al. Expansion of human regulatory T-cells from patients with
type 1 diabetes. Diabetes. 2009; 58(3):652—-662. [PubMed: 19074986]

Marek-Trzonkowska N, Mysliwiec M, Dobyszuk A, et al. Administration of
cba*cp2shidhcpi27- regulatory T cells preserves -cell function in type 1 diabetes in children.
Diabetes Care. 2012; 35(9):1817-1820. [PubMed: 22723342]

Marek-Trzonkowska N, Mysliwiec M, Dobyszuk A, et al. Therapy of type 1 diabetes with
cba*cp2shidhcpi27- regulatory T cells prolongs survival of pancreatic islets — results of one
year follow-up. Clin Immunol. 2014; 153(1):23-30. [PubMed: 24704576]

Sakaguchi S, Vignali DAA, Rudensky AY, et al. The plasticity and stability of regulatory T cells.
Nat Rev Immunol. 2013; 13(6):461-467. [PubMed: 23681097]

Komatsu N, Okamoto K, Sawa S, et al. Pathogenic conversion of Foxp3* T cells into TH17 cells in
autoimmune arthritis. Nat Med. 2014; 20(1):62-68. [PubMed: 24362934]

Tang Q, Bluestone JA. Regulatory T-cell therapy in transplantation: moving to the clinic. Cold
Spring Harb Perspect Med. 2013; 3:a015552. [PubMed: 24186492]

Matthews JB, Staeva TP, Bernstein PL, et al. Developing combination immunotherapies for type 1
diabetes: recommendations from the ITN-JDRF Type 1 Diabetes Combination Therapy
Assessment Group. Clin Exp Immunol. 2010; 160(2):176-84. [PubMed: 20629979]

J Investig Med. Author manuscript; available in PMC 2017 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Ehlers Page 14

anti-TNFa-~"""™" P § T anti-IL-12/23
(Enbrel) (Stelara) .
- IL-23 3
anti-IL-6---1 o @ ' i ® ¥
e CTLA4'Ig (Toclizumab) @ Aictivated 'Q’Q

4 \ \ ! (Abatacept) Macrophage
A lts'l'Et : ’ IL-12
\n Iger? B - 4

CD80/86

LFA3-Ig
(Alefa’cept)

i

B-cell
apoptosis

B cell/

Islet

(Teplizumab, perforin

"' 1z J B-cell
ar:rﬁh-xﬁgb%o Ote"x'zumab/);‘ ] regeneration
IL-10 )
plasmid | - GLP-1,
Exenatide

apoptosis

G-CSF
et Proinsulin peptide
GAD-alum
BHT-3021
(Proinsulin Plasmid)
FIGURE 1.

T1D immunopathology and targets for immune intervention. T1D is a T cell-mediated
autoimmune process in which islet antigens are presented to autoreactive T cells which, in
the context of appropriate co-stimulation, differentiate into activated memory and effector
cells that damage beta cells. Islet autoimmunity is driven by inflammation and innate
immune cells such as macrophages and dendritic cells (APCs). Tregs have the capacity to
downregulate autoreactive responses. There are numerous potential targets for intervention
and all of the drugs shown (in red) have been evaluated in new-onset T1D or are currently in
clinical trials.
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