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Abstract

Background: Type 1 diabetes (T1D) is a chronicautoimmune
disease characterized by progressive destruction of the pan-
creatic beta cells, leading to a lifelong dependence on insu-
lin. Itis associated with an increased morbidity and mortality
from diabetes-related complications and a significant treat-
ment burden. However, there has been substantial progress
in therapeutic strategies that can affect the course of the dis-
ease. Summary: This review addresses advances inimmuno-
therapy aimed at preserving residual beta-cell function in
individuals with a recent onset of T1D and arresting the dis-
ease in pre-symptomatic stages. Recent and ongoing clinical
trials have investigated the efficacy and safety of various im-
munotherapeutic strategies aimed at targeting several
mechanisms of autoimmunity, which are thought to be im-
portant in disease pathogenesis, and therapies that also ad-
dress beta-cell health. So far, T-cell-directed therapies that
led to a favourable balance between T-effector cell deple-
tion or modulation and preservation or expansion of regula-
tory T cells have shown the most success. Furthermore, re-
garding the timing of intervention, teplizumab was the first
immunomodulatory agent to demonstrate a significant de-

lay in disease progression in high-risk individuals before clin-
ical onset. Key Messages: As more targeted immune inter-
ventions with potentially fewer side effects are closer to the
translation into clinical practice, some new challenges may
need to be addressed. The use of combination approaches
that include immunotherapeutic strategies targeting differ-
ent aspects of the immune system and interventions that
improve beta-cell health may be required, along with the
use of individualized patient-tailored approaches, a move
towards early intervention, and a focus on patient-reported
outcome measures. © 2022 S. Karger AG, Basel

Introduction

Type 1 diabetes (T'1D) is an autoimmune disease char-
acterized by the destruction of the insulin-secreting beta
cells, leading to insulin deficiency requiring lifelong treat-
ment with exogenous insulin for survival. The disease af-
fects 1.1 million children and adolescents worldwide and
represents one of childhood’s most prevalent chronic dis-
eases. About 98,200 children under the age of 15 years
develop the disease each year globally, and for reasons
that are not understood, the incidence of T1D has been
increasing, especially in young children [1]. Despite sig-
nificant advances in diabetes management by introduc-
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ing faster acting insulin analogues, glucose-sensing de-
vices, insulin pumps, and hybrid closed-loop pump-sen-
sor systems, only a minority of people with T1D,
especially adolescents and young adults, meet recom-
mended glycaemic targets [2, 3]. Moreover, even with
tight glycaemic control, T1D is linked to worse cardiovas-
cular outcomes than the general population [4].

The aetiology of T1D is believed to be multifactorial
and has not been fully elucidated. Human leucocyte anti-
gen (HLA) genes have been identified as crucial genetic
risk factors accounting for up to 50% of the genetic risk
for T1D. Shared susceptibility genes in the HLA region
contribute to the co-occurrence of other autoimmune dis-
eases such as celiac disease [5]. Yet unknown trigger acti-
vates autoimmune response against beta cells [6, 7]. The
immune response mainly involves an autoreactive effec-
tor CD4 and cytotoxic CD8 T lymphocytes [8]. Beta cells
are likely attacked directly by cytotoxic T lymphocyte-me-
diated lysis and the secretion of pro-inflammatory cyto-
kines, which recruit and activate additional inflammatory
cells. Insulitis has been demonstrated by CD8 and CD4 T
lymphocytes, macrophages, and B lymphocytes in human
pancreatic islets [9]. In addition, deficits in peripheral tol-
erance, which have an essential role in restraining self-
reactive T cells, may be significant in disease development
[10, 11]. The initial laboratory manifestation of an auto-
immune response against beta cells is the appearance of
T1D-related autoantibodies, which are thought to be a
marker rather than a mediator of beta-cell autoimmunity.
Several antibodies against beta-cell components have
been identified: insulin autoantibodies, antibodies to glu-
tamic acid decarboxylase (GAD), antibodies to an aborted
tyrosine phosphatase, which has been called islet anti-
body-2, and antibodies to the zinc transporter [12]. Sero-
conversion is an important preclinical marker of the T1D
process. Longitudinal studies have shown that 95% of pa-
tients who progress to symptomatic T1D are autoanti-
body positive by 5 years of age [13]. If two or more anti-
bodies appear, there is a significant chance of developing
diabetes over the next two decades [14]. Thus, according
to the new classification, the presence of two or more dif-
ferent antibodies defines the first stage of T1D. The sec-
ond stage is characterized by progressive metabolic chang-
es such as losing the first-phase insulin response during
the intravenous glucose tolerance test, followed by dysgly-
caemia. The third stage occurs when T1D is diagnosed,
which is most likely when clinical symptoms of diabetes
become apparent. Approximately half of the beta cells
have lost function at this stage; however, further progres-
sive decline of beta-cell function follows [15].
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There is increasing recognition that T1D is a heteroge-
neous disease with regard to the clinical factors such as
wide age range at onset, rate of disease progression, level
of glycaemic control, variable insulin requirements, and
susceptibility to acute and chronic complications as well
as pathobiological mechanisms such as underlying genet-
ic predisposition, islet autoantibody patterns, and histol-
ogy of pancreatic tissue. Based on these factors, distinct
T1D subtypes called endotypes can be defined [16]. Birth
cohort studies of subjects with a high risk of T1D have
identified two major patterns of appearance of the first
islet autoantibody as a marker of islet autoimmunity. In-
sulin antibodies-initiated islet autoimmunity has early
peak of incidence before 2 years of age and is strongly
linked to the HLA-DR4 haplotype. On the other hand,
GAD autoantibodies emerge as the first marker of auto-
immunity later and are strongly correlated to the HLA-
DR3 haplotype [17, 18]. Furthermore, two distinct types
of insulitis were present in subjects with recent-onset
T1D. Younger subjects (<7 years of age) at diabetes onset
had a higher proportion of CD20+ B cells. On the other
hand, CD20+ B cells were almost absent in those with
diabetes diagnosed beyond the age of 13 years. Likewise,
those who received a diagnosis in their early years had a
much lower proportion of insulin-containing islets left
than those with an older age at onset, implying differ-
ently aggressive autoimmune response. Furthermore,
proinsulin processing was aberrant to a much greater de-
gree among children with recent-onset T1D diagnosed
before age 7 years than among those diagnosed at age 13
years or older [19, 20].

Based on these findings, immunotherapeutic ap-
proaches to modify the course of T1D have been devel-
oped. Intervention before any evidence of autoimmunity
is called primary prevention. Secondary prevention oc-
curs after the development of diabetes-related autoanti-
bodies but before the onset of hyperglycaemia [21]. Such
interventions aim at arresting the immune process and,
thus, prevent or delay clinical disease. At the time of di-
agnosis, which indicates the third stage, residual beta cells
are present. At this stage, suppression of beta-cell autoim-
munity would protect the remaining beta-cell mass [22].
As tight glycaemic control is needed to mitigate diabetic
complications, the maintenance of beta-cell function
could help in the management of hyperglycaemia as well
as reduce the resultant complications [23]. Recent ad-
vances have made available targeted therapy for defined
immune response pathways (shown in Fig. 1). Adminis-
tration of immunosuppressive drugs in new-onset T1D
has delayed or stopped diabetes progression. However,
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Fig. 1. Summarized targets for immune intervention in T1D. APC, antigen-presenting cell; Eff T cell, effector T
cell; TCR, T-cell receptor; ATG, anti-thymocyte globulin; CTLA4-Ig, cytotoxic T lymphocyte-associated protein
4; MHC, major histocompatibility complex.

loss of beta-cell function resumed after the treatment was
withdrawn [24]. In individuals with established T1D with
little remaining beta cells, transplantation of allogeneic
beta cells or generated autologous beta cells may require
an immune intervention that halts the autoimmune at-
tack [25]. To accelerate the delivery of new immunother-
apies to clinical use in people with T1D, international net-
works between clinical investigators and scientists such
as the Type 1 Diabetes TrialNet [26] and the INNODIA
(translational approaches to disease-modifying therapy
of type 1 diabetes: an innovative approach towards un-
derstanding and arresting type 1 diabetes) [27] have been
established. This review highlights recent landmark and
ongoing clinical trials related to immune interventions
for T1D, their respective outcomes, and future directions
(Table 1).

T-Effector Lymphocyte-Based Therapy

Low-Dose Anti-Thymocyte Globulin

Anti-thymocyte globulin (ATG) is a pasteurized solu-
tion primarily of rabbit-derived polyclonal immunoglob-
ulin G (IgG) antibodies directed against multiple T-cell
antigens [28]. ATG is a potent immunosuppressant and

Immunotherapy in Type 1 Diabetes

immunomodulator, but it is not fully understood which
specificities mediate the alteration in immunoregulation.
A drop in the number of circulating T cells probably con-
stitutes the primary mechanism of immunosuppression.
In addition, changes in lymphocyte subsets, including re-
versal of the CD4/CD8 ratio, have been observed (shown
in Fig. 1) [29]. ATG has been used for many years as an
immunosuppressive agent for organ transplantation and
treatment of aplastic anaemia [30, 31]. As T1D is thought
tobe a T-cell-mediated disease, ATG could preserve beta-
cell function through the ability to target multiple T-cell
pathways. The efficacy of ATG in T1D has been previ-
ously reported in clinical studies where different doses
were assessed and where ATG was used as monotherapy
as well as in combination therapy [32-34].

In the Study of Thymoglobulin to ARrest T1D
(START), high-dose ATG treatment (6.5 mg/kg) for 4
days in participants with new-onset T1D, aged 12-35
years, failed to achieve preservation of beta-cell function
12 months later. Generalized T-cell depletion in the ab-
sence of specific depletion of effector memory T cells and
preservation of regulatory T cells (Tregs) seemed to be
an ineffective treatment for T1D [32]. In post hoc analy-
ses, ATG preserved C-peptide secretion 24 months later
in older (age 22-35 years) participants but did not pre-
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serve islet function in most individuals with new-onset
T1D [35].

In a pilot study by Haller et al. [33], lower dose of ATG
(2.5 mg/kg) was used along with granulocyte colony-stim-
ulating factor (G-CSF) in individuals with established
T1D (T1D duration 4-24 months), aged 12-45 years. At
12 months post-therapy, the mean area under the curve
(AUC) C-peptide was significantly higher in the treated
compared to the placebo group (p = 0.017). Less severe T-
cell depletion compared to a high dose and significantly
higher number of Tregs were also observed [33]. At 24
months, mixed-meal tolerance test (MMTT)-stimulated
AUC C-peptide remained greater in ATG + G-CSF-treat-
ed patients (0.49 nmol/L/min) compared with placebo
(0.29 nmol/L/min), but the difference was not significant
[36]. After 5 years, there were no statistically significant
differences in AUC C-peptide when comparing those who
received ATG/G-CSF versus placebo [37]. In a phase 2b
clinical study, 89 subjects with newly diagnosed T1D (<3
months post-diagnosis), aged 12-45 years were divided
into three groups and received a low-dose ATG alone (2.5
mg/kg), a combination of low-dose ATG with G-CSF (36
mg) or placebo. Low-dose ATG resulted in a significantly
higher mean AUC C-peptide and glycated haemoglobin
Alc (HbAlc) improvement at 12 months. The addition of
G-CSF did not result in a further increase of C-peptide
levels over low-dose ATG monotherapy [34]. Two-year
clinical trial outcome data confirmed a sustained effect of
low-dose ATG on C-peptide [38]. Thus, low-dose ATG
has demonstrated considerable long-term capacity to pre-
serve beta-cell function. As reported by Haller et al. [34],
no potential safety signals were seen in low-dose ATG-
treated new-onset T1D subjects. Only short-lived and ful-
ly reversible side effects such as cytokine release syndrome
(CRS) and serum sickness were reported in the study
group. Serum sickness was observed in the majority of
participants who received low-dose ATG, but this was
predictable and manageable. In addition, none of the par-
ticipants who received low-dose ATG developed a severe
infection, required extended hospitalization or readmis-
sion due to CRS or serum sickness, and no cases of grade
4 serum sickness or CRS were reported [34].

Since previous studies demonstrated the efficacy of
ATG in C-peptide preservation with an acceptable safe-
ty profile, a phase 2, multicentre, randomized, double-
blind, placebo-controlled, multi-arm parallel cohort tri-
al of ATG in new-onset T1D (<9 weeks post-diagnosis)
5- to 25-year-old subjects is currently being conducted
by INNODIA. The study aims to determine whether the
2.5 mg/kg ATG dose is superior to placebo, search for a

Immunotherapy in Type 1 Diabetes

minimally effective dose, and assess the safety profile of
different doses of ATG in different age groups
(NCT04509791) [39]. Moving forward, TrialNet will
test low-dose ATG in the TID prevention study
(NCT04291703) [40].

Anti-CD3 Antibodies

CD3 acts as a T-cell co-receptor involved in the acti-
vation and differentiation of both CD8 and CD4 naive
T-cells. Anti-CD3 monoclonal antibodies block the
union of CD3 with T-cell receptor and subsequently
prevent the activation of T cells, especially CD8+ T lym-
phocytes, involved in beta-cell destruction [41] (shown
in Fig. 1). In addition, anti-CD3 monoclonal antibodies
increase CD4+ Tregs, thus promoting self-tolerance
[42]. Anti-CD3 immunological pathway has been exten-
sively studied in T1D. Furthermore, after humanized
anti-CD3 antibodies with reduced binding to the low-
affinity IgG Fc receptors were developed [43], several
studies with teplizumab, an Fc receptor non-binding
humanized anti-CD3 monoclonal antibody, have docu-
mented the decreased loss in C-peptide levels in recent-
onset T1D [44-46]. The phase II Autoimmunity-Block-
ing Antibody for Tolerance in Recently Diagnosed Type
1 Diabetes (AbATE) trial of teplizumab was a random-
ized, open-label study in new-onset T1D subjects (8-30
years old, T1D duration <8 weeks). The treatment group
received teplizumab at a cumulative median dose of 11.6
mg over 14 days. The subjects, which had detectable C-
peptide levels, received a second course of the drug at 12
months. At 24 months, the adjusted mean C-peptide
AUC level at year 2 was 75% higher in the treatment
group compared to controls. However, there was no sig-
nificant difference in HbAlc between the groups during
the entire study. An important finding was that a sub-
group of responders, defined as those in the treatment
group with <40% of C-peptide loss from enrolment, had
lower HbA1c and daily insulin requirements at baseline
and subtly increased circulating CD8+ central memory
T-cells. On the other hand, the non-responders were al-
most indistinguishable from the controls [47]. Fifty-six
percent of the original participants with detectable C-
peptide at year 2 of AbATE returned for follow-up. C-
peptide responses were assessed by a 4-h mixed-meal
tolerance test. Overall, the C-peptide responses were not
significantly different at the follow-up visit when com-
paring the drug-treated and control groups. However,
the drug-treated responders presented reduced declines
in the loss of beta-cell function, as assessed by C-peptide
loss, even after 7 years from diagnosis. The improve-
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ments in C-peptide response were not associated with
lower HbAlc levels or insulin use. Due to the greater
frequency of programmed cell death protein 1 expres-
sion on central memory CD8+ T cells in the drug-treat-
ed responders, there was a significantly increased fre-
quency of programmed cell death protein 1-positive
central memory and anergic CD8+ T-cells at follow-up
in drug-treated responders compared to the non-re-
sponders or the control individuals [48].

The TrialNet anti-CD3 prevention trial with teplizum-
ab enrolled 76 pre-symptomatic relatives (at least 8 years
of age, 72% were <18 years of age). The participants had
at least two or more pancreatic islet autoantibodies and
dysglycaemia on an oral glucose tolerance test (stage 2
T1D), thus having a very high risk of progressing to T1D
within a few years and the lifetime risk of insulin-depen-
dent clinical disease (stage 3 T1D) approaching 100%
[49]. Teplizumab was administered over 14 days in the
outpatient setting with escalating doses to decrease ad-
verse events related to cytokine release. The primary end-
point was the elapsed time from randomization to the
clinical diagnosis of diabetes. T1D was diagnosed in 19
(43%) in teplizumab and 23 (72%) in placebo groups. The
annualized rates of diagnosis of T1D were 14.9% per year
in the teplizumab group and 35.9% per year in the pla-
cebo group. The median time to diabetes diagnosis was
48.4 months in the teplizumab group and 24.4 months in
the placebo group (hazard ratio, 0.41, p = 0.006). The
treatment was well-tolerated, with the expected transient
adverse events of rash and lymphopaenia being the most
common. In the subgroup analysis, the greater likelihood
of response was observed with the absence of HLA-DR3,
presence of HLA-DR4 and in individuals without anti-
zinc transporter 8 antibodies [50].

In the updated analysis over a median follow-up of
923 days, the effect of teplizumab was sustained. The me-
dian time to diabetes was 59.6 months in the intervention
group and 27.1 months in the placebo group. Thus, the
onset of clinical disease and insulin dependence was de-
layed by approximately 3 years (median of 32.5 months).
In addition, 50% of those treated with teplizumab remain
diabetes-free, compared to only 22% of those taking pla-
cebo. The hazard ratio for the development of T1D in
teplizumab-treated participants versus placebo was 0.457
(p = 0.01). The longest follow-up free of diabetes in the
teplizumab group was more than 8 years. Treatment with
teplizumab was also reported to reverse the decline in C-
peptide levels (C-peptide AUC 1.94 vs. 1.72 pmol/mL; p
=0.006). The changes in C-peptide were associated with
increases in partially exhausted CD8+ T cells that showed
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reduced secretion of interferon gamma (IFNg) and tu-
mour necrosis factor alpha (TNFa) [51].

A phase 3, randomized, double-blind, placebo-con-
trolled, multinational, multicentre Recent-Onset Type
1 Diabetes Trial Evaluating Efficacy and Safety of Tepli-
zumab (PROTECT) trial involving children and adoles-
cents 8-17 years old recently diagnosed with T1D is on-
going. Subjects will receive two courses of either tepli-
zumab or placebo treatment 6 months apart. Each
course of treatment will include daily infusions for 12
days. The primary objective is to determine whether
two courses of teplizumab administered 6 months apart
decelerate the loss of beta cells and preserve beta-cell
function over 18 months. The secondary objectives are
to evaluate improvements in key clinical parameters of
diabetes management, determine the safety and toler-
ability, and evaluate the pharmacokinetics and immu-
nogenicity of teplizumab (NCT03875729) [52]. In ad-
dition, pharmacokinetic/pharmacodynamic data will
help determining comparability between the commer-
cial drug product and the drug product manufactured
for historical trials of teplizumab and potentially help
in the process of the US Food and Drug Administration
(FDA) approval of teplizumab in at-risk individuals.

Otelixizumab was another humanized anti-CD3
monoclonal antibody with a similar reduction in T-cell
activation. In a randomized, placebo-controlled, phase 2
study, otelixizumab (48-64 mg) was administered over 6
days to 40 individuals with new-onset T1D (12-39 years).
At 6, 12, and 18 months of follow-up, subjects in the
treatment group had partially preserved beta-cell func-
tion with lower insulin requirements compared to the
control group. No significant differences were observed
in the HbA1c level [53]. After 4 years of follow-up, the
otelixizumab group had lower insulin requirements de-
spite similar HbAlc [54]. Transient Epstein-Barr virus
(EBV) reactivation was seen in more than 75% of the
treatment group [53]. Two follow-up phase 3, industry-
sponsored, randomized controlled trials, Durable Re-
sponse Therapy Evaluation for Early or New-Onset Type
1 Diabetes (DEFEND)-1 and -2, enrolled new-onset T1D
participants 12-45 years old. To reduce rates of EBV re-
activation lower dose of otelixizumab (3.1 mg) was used.
Although eliminating EBV reactivation and CRS, these
studies failed to meet their primary endpoints, the change
in C-peptide levels at 12 months [55, 56]. Subcutaneous
otelixizumab was associated with injection site adverse
effects, which were dose-dependent and lasted up to 2
weeks in some cases [57].

Smigoc Schweiger

GZ0Z Yyoien /| uo 1sanb Aq jpd-998+25000/286£S50Y/ | £9/9/96/4pd-ajoe/diy/woo 1eb1ey//:dny woy papeojumog



Co-Stimulation Modulators

T cells require T-cell receptor interaction with pep-
tides presented by antigen-presenting cells (APCs) and
co-stimulatory signals to become fully activated. The cy-
totoxic T lymphocyte-associated protein 4 (CTLA4-Ig),
also known as abatacept, comprises a human CTLA4 re-
ceptor fused to a modified Fc portion of human IgG. As
a homologue of CD28, it inhibits CD28-mediated T-cell
co-stimulation by binding to CD80/CD86 on APCs, pre-
venting ligation of CD28, which interferes with T lym-
phocyte activation, proliferation, and differentiation
(shown in Fig. 1). Abatacept is a component of therapies
in several human autoimmune diseases, especially rheu-
matoid arthritis [58, 59]. TrialNet evaluated abatacept
therapy in 112 subjects with new-onset T1D (6-45 years
old, T1D duration <100 days) randomized in a 2:1 design.
The treatment group received monthly infusions of abata-
cept over 2 years. At the end of the treatment period, the
abatacept group had a 59% higher adjusted C-peptide
AUC compared to placebo (p = 0.0029). However, a pro-
gressive decline of C-peptide AUC in the abatacept group
parallelling the placebo group was observed after 6
months of treatment. Nevertheless, treatment was well-
tolerated with mild adverse events, such as headache,
nausea, and diarrhoea [60]. Immunological studies
showed that the expansion of naive CD4 T-cells was as-
sociated with a significantly slower rate of C-peptide de-
cline in the abatacept group. There was also a significant
reduction from baseline at 6, 12, and 24 months in the
median percentage of Tregs, which had returned to the
baseline at 30 months. In the placebo group, an increase
in central memory CD4 T-cells during a preceding visit
was significantly associated with C-peptide decline at the
subsequent visit [61]. After therapy was stopped, subjects
were followed for an additional year, with MMTTSs per-
formed at 30 and 36 months. At 36 months, the abatacept
group maintained a difference in C-peptide AUC from
the placebo group (p = 0.046). A progressive parallel rate
of C-peptide decline was observed in both groups but
with an estimated 9.5 months delay with abatacept. In ad-
dition, HbAlc levels remained lower in the abatacept
group than in the placebo group. Still, the mean total in-
sulin dose among the abatacept group was the same as the
placebo group [62]. The study by Cabrera etal. [63] aimed
to determine whether discrete subtypes of T1D exist
based on immunoregulatory profiles at clinical onset of
CTLA4-Ig trial participants. As a result, four age-inde-
pendent subgroups were identified that differed in terms
of baseline innate inflammatory/regulatory bias, rate of
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C-peptide decline, and response to CTLA4-Ig treatment
[63]. Ongoing TrialNet clinical trial (NCT01773707) will
analyse the benefits of abatacept in delaying progression
from stage 1 to stage 2 or 3 T1D in autoantibody-positive
relatives of individuals with clinically overt T1D, aged
6-45 years old [64].

Alefacept is another T-cell co-stimulation blocking
agent. The anti-CD2 fusion protein binds to CD2 on
CD4+, and CD8+ T lymphocytes inhibits their activa-
tion and induces apoptosis of memory T lymphocytes.
Earlier studies in psoriasis had demonstrated that alefa-
cept selectively targets effector memory T cells [65]. In
the Inducing Remission in New-Onset Type 1 Diabetes
with Alefacept (T1DAL) trial, 49 subjects aged 12-35
years, with recent-onset stage 3 T1D (<100 days) were
randomized in a 2:1 design. Alefacept or placebo was
administered as two 12-week courses of monthly intra-
muscular injections. At 12 months, C-peptide during
the 4 h of the MMTT indicated a significant difference
in beta-cell function. Still, C-peptide during only the
first 2 h of the MMTT did not reach statistical signifi-
cance. The mechanistic evaluation revealed that alefa-
cept significantly reduced CD4 and CD8 effector and
memory cells, with more remarkable preservation of
Tregs, leading to a favourable Treg: Teff ratio [66]. At 24
months, the 4-h and the 2-h C-peptide levels were great-
er in the alefacept group than in the placebo group. A
substantial reduction in insulin dose and reduction of
hypoglycaemic events by 50% was observed in alefacept-
treated individuals [67].

B-Lymphocyte-Based Targets

B Lymphocyte Depleting Therapy

Although TID is considered an autoimmune T-cell-
mediated disease, B cells are also implicated in its patho-
genesis. The activated autoreactive B lymphocytes infil-
trate the islets and increase as insulitis becomes more ag-
gressive [9].Inaddition, B-cellsalsoactas APC populations
for T-CD4+ cells [68]. Rituximab is a monoclonal anti-
body specific to B-cell surface protein CD20, required for
B-cell activation and proliferation. Thus, rituximab sub-
stantially depletes B cells (shown in Fig. 1). The drug is
used to treat B cell lymphomas and autoimmune diseases
such as rheumatoid arthritis [69]. In a double-blind phase
2 study, 87 subjects aged 8-40 years diagnosed with T1D
within the past 100 days were randomized in a 2:1 design
to receive either four weekly doses of rituximab or place-
bo. At year one, the rituximab group had a higher mean
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AUC C-peptide (p = 0.03) but lower than baseline. The
treatment group also had lower insulin requirements and
lower HbA1lc. However, after 30 months, the rate of de-
cline of C-peptide showed no difference between the treat-
ment group and placebo [70, 71]. Rituximab caused sig-
nificant B-cell depletion, but the effect on beta-cell auto-
antibody titres was minimal, suggesting a beneficial but
temporary effect of B-lymphocyte depletion due to im-
paired cross-talk between B and T cells [72]. RNA se-
quencing analysis of whole-blood samples revealed a tran-
sient increase in activity of T-cells, which was associated
with more rapid C-peptide loss. Since combination treat-
ment of rituximab followed by therapy targeting CD4 T-
cells may be beneficial [73], TrialNet prevention study
seeks to utilize sequential treatment with rituximab fol-
lowed by abatacept (NCT03929601) in individuals with
stage 2 T1D [74].

B Lymphocyte Non-Depleting Therapy

CD40 receptor is on APCs, such as B lymphocytes. Its
ligand CD154 is transiently expressed on activated T
cells. The CD40-CD154 interaction between B and T
lymphocytes initiates a co-stimulatory pathway leading
to T-cell-dependent humoral immune response and is
essential for priming and activating CD4+ autoreactive
T lymphocytes and CD8+ cytolytic T lymphocytes [75,
76]. Iscalimab (CFZ533) is a fully human, anti-CD40
monoclonal antibody that targets the CD40-CD154 co-
stimulatory pathway (shown in Fig. 1), resulting in the
B-cell activation signal’s attenuation without depleting
peripheral blood B cells (Fc-silent). In vitro, iscalimab
inhibits CD154-induced activation on multiple cell types,
including B lymphocytes, macrophages, and epithelial
cells. In addition, in non-human primates, iscalimab
blocked primary and recall T-cell-dependent antibody
responses and suppressed germinal centre formation
[77]. Iscalimab is in clinical development for several au-
toimmune conditions such as Sjogren’s syndrome [78]
and Graves’ disease [79]. The CD40-CD154 pathway is
hypothesized to play an important role in the pathogen-
esis of T1D by priming autoreactive T cells via activated
diabetogenic B lymphocytes [80]. This is supported by
clinical data in patients with T1D [81]. These data col-
lectively suggest that blockade of CD40-CD154 interac-
tion with iscalimab in individuals with new-onset T1D
could provide a novel therapeutic approach for preserv-
ing residual beta-cell function. An ongoing phase 2, mul-
ticentre, non-confirmatory, investigator- and subject-
masked, randomized, placebo-controlled study will eval-
uate the safety, tolerability, pharmacokinetics, and
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efficacy of CFZ533 on preserving residual pancreatic be-
ta-cell function in new-onset T1D in paediatric and
young adult subjects (NCT04129528) [82].

T Regulatory Cell-Based Therapy

Tregs are a subset of CD4+ T cells, which have an es-
sential role in induction and maintenance of peripheral
tolerance and are critical for preventing excessive im-
mune responses and autoimmunity. Activation or deliv-
ery of Tregs has emerged as a potential tool for treating
autoimmune diseases [83]. Non-randomized phase 1 tri-
al showed that expansion and reinjection of large amounts
of polyclonal Tregs are safe and tolerable in children with
recent-onset T1D and might be able to maintain C-pep-
tide production [84]. In an open-label, interventional
phase 1 clinical trial, Tregs could be efficiently isolated
from peripheral blood of fourteen adult subjects with re-
cent-onset T1D and expanded within 2 weeks. Reinfusion
of the Tregs had an excellent safety profile. However, in-
fused Tregs in the peripheral blood dropped to 25% after
3 months. The study was not powered to detect the im-
pact of Tregs on the beta-cell function [85]. To address
this, a multicentre phase 2 randomized, placebo-con-
trolled, double-blind clinical trial will determine the safe-
ty and effect on the beta-cell function of a single infusion
of autologous ex vivo expanded polyclonal Tregs in 113
patients, aged 8-17 years, with recently onset T1D
(NCT02691247) [86]. Ongoing phase 1/2 randomized,
open-label study will evaluate the safety and therapeutic
effect of infusion of ex vivo expanded umbilical cord
blood Tregs and liraglutide therapy in adult individuals
with autoimmune diabetes (NCT03011021) [87].

Interleukin-2 (IL-2) is an essential cytokine for Treg
development and function. Treg cells constitutively ex-
press interleukin-2 receptor, unlike other T cells. IL-2,
given at low doses, can selectively stimulate Tregs [88].
Various low doses of IL-2 for Tregs expansion and safety
were examined in multicentre, double-blinded, placebo-
controlled, dose-finding phase 1/2 study in children with
recent-onset T1D. There were no serious adverse events.
The most common non-serious adverse event was injec-
tion site reaction. After five daily injections, IL-2 induced
a dose-dependent increase in the mean proportion of
Tregs but with marked variation in response. Although
the study was not powered to detect the impact on beta-
cell function, high responders might have improved
maintenance of induced C-peptide production at 1 year
compared with low responders [89]. In the Interleukin-2
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Therapy of Autoimmunity in Diabetes (ITAD) phase II,
multicentre, double-blind, randomized, placebo-con-
trolled trial, 45 children and adolescents (6-18 years) will
receive within 6 weeks of T1D diagnosis either ultra-low-
dose IL-2 (aldesleukin) twice-weekly subcutaneously or
placebo for 6 months. The primary objective is to assess
the effects of ultra-low-dose aldesleukin administration
on endogenous B-cell function measured by fasting and
postprandial C-peptide with frequent home-dried blood
spots (NCT03782636) [90]. Phase I T1D Immunotherapy
Using Polyclonal Tregs + IL-2 (TILT) trial combined a
single infusion of autologous expanded polyclonal Tregs
and low-dose IL-2 in individuals with recent-onset T1D.
Combination therapy led to an increase in the number of
infused and endogenous Tregs but also resulted in a sub-
stantial increase of cytotoxic T cells [91].

Cytokine-Directed Therapy

Inflammation and pro-inflammatory cytokines are in-
volved in the pathogenesis of T1D. Therapeutic inhibi-
tion of pro-inflammatory cytokines has been successfully
used to treat other autoimmune diseases [92, 93]. Tu-
mour necrosis factor a (TNF-a) plays an important role
as an intermediary molecule in several autoimmune dis-
eases [94]. In a small pilot phase 1/2 trial of etanercept
(recombinant TNF-a receptor-IgG fusion protein) in
children newly diagnosed with T1D (aged 7.8-18.2 years),
treatment resulted in lower HbA1c and increased endog-
enous insulin production assessed by C-peptide levels.
From baseline to week 24, the change in the C-peptide
AUC showed a 39% increase in the etanercept group and
a 20% decrease in the placebo group (p < 0.05), insulin
dose decreased by 18% in the etanercept group compared
with a 23% increase in the placebo group (p < 0.05), and
HbA1c was lower in the etanercept group compared with
that in the placebo group (p < 0.05) [95]. Another anti-
TNF-a agent, golimumab (IgGl-x monoclonal anti-
body), which is approved for the treatment of several au-
toimmune diseases, was tested in phase II, multicentre,
placebo-controlled, double-blind, parallel-group trial
(T1GER) [96]. Eighty-four participants (age range, 6-21
years) with newly diagnosed overt T1D receive subcuta-
neous golimumab or placebo for 52 weeks. Participants
received an induction dose at weeks 0 and 2 according to
their body surface area. Induction doses were followed by
subcutaneous maintenance doses at week 4 and every 2
weeks through week 52. At week 52, the mean 4-h C-pep-
tide AUC differed significantly between the golimumab
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and the placebo groups (0.64 pmol/mL vs. 0.43 pmol/mL,
p < 0.001). Also, insulin use was lower with golimumab
than with placebo, and a partial-remission response (de-
fined as an insulin dose-adjusted glycated haemoglobin
level score of <9) was observed in 43% of participants in
the golimumab group and 7% in the placebo group (36
percentage points difference). There was no significant
difference between the groups in HbAlc level and the
mean number of hypoglycaemic events.

Combination Inmunomodulatory and Beta-Cell
Therapy

Interleukin-21 (IL-21) is overexpressed in pancreatic
beta cells and leads to the secretion of inflammatory cy-
tokines and chemokine, resulting in leukocytic infiltra-
tion and islet destruction in animal models. In humans,
serum IL-21 and interleukin-17 (IL-17) are higher in T1D
patients. Therefore, blocking IL-21 could enable beta-cell
survival [97]. For anti-IL-21 antibody targeting IL-21,
early clinical trials did not reflect significant safety risks
or significant changes in laboratory safety parameters
[98]. Glucagon-like peptide-1 receptor (GLP-1R) ago-
nists liraglutide has been suggested to preserve function-
al beta cells by reducing metabolic stresses and prevent-
ing apoptosis [99]. Therefore, combined treatment could
enable beta-cell survival with a reduced risk of complica-
tions compared with traditional immunomodulation. In
a randomized, parallel-group, placebo-controlled, dou-
ble-dummy, double-blind, phase 2 trial, 308 adults aged
18-45 years (an average of 28.4 years) with recently diag-
nosed T1D (<20 weeks) and residual beta-cell function
were randomly assigned (1:1:1:1) to receive 54 weeks of
treatment with a combination of anti-IL-21 and liraglu-
tide, anti-IL-21 alone, liraglutide alone, or placebo (77 as-
signed to each group). Anti-IL-21 was given intravenous-
ly at a dose of 12 mg/kg every 6 weeks, while 1.8 mg of
liraglutide was self-administered once daily as subcutane-
ous injections. The change in MMTT-stimulated C-pep-
tide concentration at week 54 (end of treatment) relative
to baseline was measured via the AUC over 4 h. Com-
pared to placebo (39% decrease), the decrease in MMTT-
stimulated C-peptide concentration from baseline to
week 54 (end of treatment) was significantly smaller with
combination treatment (10% decrease; p = 0.0017) but
not with anti-IL-21 or liraglutide alone. Despite greater
insulin use in the placebo group, the reduction in HbAlc
at week 54 was greater with all active treatments than with
placebo, although the differences versus placebo were not
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significant. The trial included a 26-week observation pe-
riod after treatment cessation at week 54. The benefits of
treatment diminished rapidly upon treatment cessation.
Adverse event profiles were consistent with previous re-
ports on anti-IL-21 and the established safety profile of
glucagon-like peptide-1 receptor agonists in type 2 diabe-
tes. The most common adverse event was gastrointestinal
disorders, a known side effect of liraglutide. Hypoglycae-
mic events occurred with a similar frequency in the treat-
ment and the placebo groups, though the liraglutide
group had a lower rate [100].

Tyrosine Kinase Inhibitors

Imatinib mesylate (Gleevec®) is a small-molecule
multi-tyrosine kinase inhibitor approved for treatment of
certain types of leukaemia, other cancers, and disorders
of the blood cells. The drug treats cancer by inhibiting a
small subset of tyrosine kinases, mediators of the signal-
ling cascade involved in cell growth, proliferation, differ-
entiation, metabolism, and apoptosis [101]. Case reports
of cancer patients treated with tyrosine kinase inhibitor
for an underlying malignancy who also had autoimmune
diseases reported that the drugs also appeared to have
positive effects on symptoms of autoimmune conditions
[102]. Although the precise mechanism of the effect of
imatinib on diabetes remains unclear, the beneficial effect
appeared to be from the ability to block platelet-derived
growth factor receptor [103]. Follow-up preclinical inves-
tigations suggested that imatinib might preserve beta cells
by counteracting high levels of endoplasmic reticulum
stress in beta cells [104]. In a multicentre, randomized,
double-blind, placebo-controlled, phase 2 trial, partici-
pants with recent-onset T1D (<100 days from diagnosis),
aged 18-45 years were randomly assigned (2:1) to receive
either 400 mg imatinib mesylate (4 x 100 mg film-coated
tablets per day) or matching placebo for 26 weeks. Forty-
five participants were assigned to receive imatinib and 22
to receive placebo. After withdrawals, 43 participants in
the imatinib group and 21 in the placebo group were in-
cluded in the analysis at 12 months. The adjusted differ-
ence in the AUC mean for C-peptide response in the first
2 h of a 4-h MMTT at 12 months in the imatinib group
versus the placebo group was 0.095 nmol/L (p = 0.048).
This effect was not sustained at 24 months. The most
common adverse events were gastrointestinal issues. Sev-
enteen (38%) participants in the imatinib group required
a temporary modification in drug dosing, and 6 (13%)
permanently discontinued imatinib due to adverse events.

640 Horm Res Paediatr 2023;96:631-645
DOI: 10.1159/000524866

Therefore, treated participants should be monitored
closely for potential side effects and toxicities that require
modification to imatinib dosing [105].

Auto-Antigen-Based Therapy

Insulin is a key autoantigen in T1D. Since antigen can
induce clonal deletion or anergy of T-cells and activation
of Tregs when it encounters oral or nasal mucosa, anti-
gen-specificimmunotherapy aims at generating a regula-
tory immune response against insulin. Several studies
have tested oral insulin in individuals with pre-symptom-
atic autoantibody-positive T1D. There have been no sig-
nificant safety concerns regarding oral/intranasal insulin
use. Although none of the trials have reached their pri-
mary endpoints, some delay in progression to T1D was
observed within treated groups [106]. A post hoc analysis
combined findings from the two large trials in pre-symp-
tomatic autoantibody-positive individuals [107, 108] and
used risk scores, including age, body mass index, and glu-
cose tolerance, to identify participants at higher risk for
diabetes. Using this stratification in those with the highest
risk for T1D, the oral insulin group had a significantly
higher AUC C-peptide/AUC glucose ratio after 12
months of treatment. This study demonstrated that oral
insulin slows the metabolic decline in participants with
increased risk and may be restricted to a later stage of pre-
symptomatic T1D [109].

Insulin has also been administered orally in primary
prevention trials. Recently, results of the phase I/II ran-
domized controlled Pre-POInT-early trial were published.
Forty-four young islet autoantibody-negative children
(aged 6 months to 2.99 years) who had a first-degree rela-
tive with T1D and a susceptible HLA-DR4-DQ8-contain-
ing genotype were treated with escalating doses of oral
insulin or placebo for 12 months. Immune responses to
insulin (antibody or T-cell responses) were not signifi-
cantly different from placebo (p = 0.54); thus, the trial did
not demonstrate an effect on its primary outcome. How-
ever, exploratory analyses revealed that the insulin gene
(INS) genotype modified the immune response and gut
microbiome. In children with the T1D-susceptible INS
genotype, antibody responses to insulin were more fre-
quent in insulin-treated than placebo-treated children
(p = 0.03). There were no adverse effects related to the
therapy [110]. The Global Platform of Autoimmune Dia-
betes — Primary Oral Insulin Trial (GPPAD-POInT) is de-
signed as a large randomized, placebo-controlled, double-
blind, primary prevention phase II b study. Very young
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children (age 4 months to 7 months) with elevated genet-
ic risk for T1D will be treated with daily oral insulin in
escalated doses until age 3 years to determine whether this
will induce immune tolerance to beta-cell autoantigens
and reduce the cumulative incidence of beta-cell autoan-
tibodies and diabetes in childhood (NCT03364868) [111].

A multicentre, randomized, placebo-controlled, dou-
ble-blind phase 2b trial (DIAGNODE-2) evaluated effi-
cacy of intra-lymphatic administration of GAD, a self-
antigen expressed by beta cells, combined with alum hy-
droxide to form GAD-alum (Diamyd®) [112]. A total of
109 GAD autoantibody-positive individuals, aged 12-24
years (mean * SD 16.4 + 4.1) diagnosed with T1D within
6 months prior to screening were randomized to receive
either GAD-alum or placebo directly into the superficial
lymph node on three occasions, 1 month apart, in com-
bination with oral vitamin D 2,000 IE daily for 120 days
(or its placebo), starting 30 days prior to the first injec-
tion. The primary outcome was the change in stimulated
serum C-peptide AUC after a mixed-meal tolerance test
between baseline and 15 months. Since previous placebo-
controlled trials [113] indicated that the response was
best in participants positive for HLA-DR3-DQ2, but neg-
ative for DR4-DQ8 haplotype, individuals carrying the
HLA-DR3-DQ2 haplotype were predefined as a specific
subpopulation for safety and efficacy evaluation. The pri-
mary endpoint of change in stimulated serum C-peptide
was not met in the full analysis set. However, the treat-
ment showed significant effect on preservation of C-pep-
tide in a genetically defined subgroup carrying HLA-
DR3-DQ2 haplotype. Intra-lymphatic GAD-alum ad-
ministration presented a good safety profile with minor
transient injection site reactions [112]. The upcoming
phase 3 trial will evaluate the efficacy shown in the DIAG-
NODE-2 in a larger number of adolescents and adults
recently diagnosed with T1D carrying the HLA-DR3-
DQ2 haplotype [114].

Challenges and Future Perspectives

Several immune therapies have demonstrated signifi-
cant but short-term capacity to preserve beta-cell func-
tion in individuals with new-onset T1D. In a cross-trial
comparison of seven immunotherapy trials, low-dose
ATG and teplizumab had the most significant beneficial
effect on C-peptide retention in individuals with new-on-
set T1D [115]. These data suggest that teplizumab and
low-dose ATG could be used as high efficacy initial treat-
ment to stop the immune system attack on beta cells.

Immunotherapy in Type 1 Diabetes

However, since instant and durable disease remission
might be unlikely after discontinuation, immunomodu-
latory interventions may have to be continued indefinite-
ly [116]. Synergistic combinations of immunotherapy
agents targeting different types of immune responses
might have better potential to induce lasting remission or
at least improve safety and efficacy. As immunotherapy
alone might not be sufficient [117], interventions that al-
leviate beta-cell stress and directly contribute to the func-
tional beta-cell mass, such as liraglutide, verapamil, and
tyrosine kinase inhibitors, are being evaluated.

Future studies should address several important as-
pects of immune interventions in T1D to successfully im-
plement them in a clinical setting. Firstly, the heterogene-
ity of T1D is an important aspect to be considered. For
example, children developing T1D have a more aggres-
sive disease with less residual beta-cell function at presen-
tation. Surprisingly, immunotherapies appear more ef-
fective in individuals with younger age at onset. Further-
more, most intervention trials of disease-modifying
therapies with some positive impact on beta-cell preser-
vation had only transient effect on halting the progressive
autoimmune reaction against beta cells. However, analy-
ses in some interventions have shown heterogeneity in
response to therapy and identified subgroups of individu-
als with a good clinical outcome [45, 50, 60, 108, 113].
Therefore, further knowledge of underlying pathophysi-
ological mechanisms may be important to adequately de-
fine subtypes of T1D and successfully implement person-
alized medicine. Since one single treatment might not be
appropriate for everyone, individual choices of interven-
tion strategies for high-risk pre-symptomatic or newly di-
agnosed individuals may have to be considered for a bet-
ter outcome. The teplizumab prevention trial results sup-
port the notion that immune-modulating therapies
should focus on high-risk non-diabetic individuals with
early signs of islet autoimmunity to prevent or delay T1D.
Indeed, treatments that have already been proven effec-
tive in preserving beta-cell function in recent-onset T1D
are being studied in preventive interventions. In addition,
the forthcoming availability of immunotherapy in pre-
symptomatic stages of T1D will accelerate the implemen-
tation of population-based screening programmes. Well-
established immune and metabolic biomarkers of T1D
such as autoantibodies and C-peptide levels may be too
robust to precisely define disease progression and rapidly
detect the beneficial effect of a given immune interven-
tion. Therefore, new assays using novel biomarkers are
being developed to assess the heterogeneity of T1D pro-
gression and response to immunotherapies [118]. Finally,
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a clinically meaningful benefit for people at risk or al-
ready living with T1D should not be limited to achieving
reasonable glycaemic control. It is essential to also con-
sider the quality of life metrics and other patient-reported

outcomes as crucial clinical outcomes.
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