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Abstract

Treatment of patients with recent-onset type 1 diabetes with an anti-CD3 antibody leads to the transient stabilization of C-peptide levels in re-
sponder patients. Partial efficacy may be explained by the entry of islet-reactive T-cells spared by and/or regenerated after the anti-CD3 therapy.
The CXCR3/CXCL10 axis has been proposed as a key player in the infiltration of autoreactive T cells into the pancreatic islets followed by the
destruction of p cells. Combining the blockade of this axis using ACT-777991, a novel small-molecule CXCR3 antagonist, with anti-CD3 treatment
may prevent further infiltration and p-cell damage and thus, preserve insulin production.

The effect of anti-CD3 treatment on circulating T-cell subsets, including CXCR3 expression, in mice was evaluated by flow cytometry. Anti-CD3/
ACT-777991 combination treatment was assessed in the virally induced RIP-LCMV-GP and NOD diabetes mouse models. Treatments started at
disease onset. The effects on remission rate, blood glucose concentrations, insulitis, and plasma C-peptide were evaluated for the combination
treatment and the respective monotherapies.

Anti-CD3 treatment induced transient lymphopenia but spared circulating CXCR3* T cells. Combination therapy in both mouse models synergis-
tically and persistently reduced blood glucose concentrations, resulting in increased disease remission rates compared to each monotherapy.
At the study end, mice in disease remission demonstrated reduced insulitis and detectable plasma C-peptide levels. When treatments were
initiated in non-severely hyperglycemic NOD mice at diabetes onset, the combination treatment led to persistent disease remission in all mice.

These results provide preclinical validation and rationale to investigate the combination of ACT-777991 with anti-CD3 for the treatment of pa-
tients with recent-onset diabetes.
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Introduction

Type 1 diabetes is a chronic disease characterized by hypergly-
cemia, resulting from the progressive destruction of insulin-
producing B-cells in the pancreatic islets of Langerhans.
Antibodies against specific islet antigens are measurable in
more than 90% of people with newly diagnosed type 1 dia-
betes. The high risk of progression in the presence of mul-
tiple autoantibodies has led to defining different stages of the
disease. During stage 1 of type 1 diabetes, individuals present
with at least two different types of diabetes-related autoanti-
bodies. In stage 2, individuals in addition display dysglycemia
but without clinical symptoms, while patients in stage 3 be-
come clinically symptomatic [1]. Despite decades of research,
no treatment exists to cure or prevent type 1 diabetes, and
patients still rely on daily, lifelong insulin administration to
survive. Novel therapeutic strategies aimed at blocking the
autoimmune destruction of 3-cells to preserve insulin produc-
tion and reduce disease-related clinical complications [2]. The
first FDA-approved immunotherapy targeting T-cells using
an anti-CD3 monoclonal antibody (aCD3), teplizumab, was
shown to delay the onset of stage 3 type 1 diabetes [3-6].
Anti-CD3 treatment also demonstrated efficacy in multiple
randomized trials in patients with recent-onset type 1 dia-
betes, transiently preserving 3 cells’ insulin secretory cap-
acity [7-9]. The mechanism underlying the efficacy of aCD3
treatment is not fully understood and was proposed to be a
restoration of immune tolerance against {3 cells-associated
antigens, allowing for an immune reset [10-14]. However,
not all patients respond to the aCD3 treatment and responder

patients show only a transient stabilization of C-peptide, a
surrogate for (3 cells function [9, 15]. This transient effect
suggests that the autoimmune process is insufficiently con-
trolled by aCD3 monotherapy and that spared and/or new
autoreactive T cells continue to enter pancreatic islets causing
further P-cell damage. Leukocyte infiltration to pancre-
atic islets is mainly orchestrated by chemokines secreted by
stressed PB-cell, endothelial cells, and invading immune cells
[16]. Evidence from both type 1 diabetes animal models and
human pancreatic organ donors with recent-onset type 1
diabetes identified CXCL9 and CXCL10 as key chemokines
that induce the attraction of autoreactive T cells bearing the
corresponding chemokine receptor CXCR3 to pancreatic is-
lets [16-23]. However, exclusive blockade of this chemokine
axis yielded contradictory results for type 1 diabetes devel-
opment and control in animal models [24-26], emphasizing
the need to target several autoimmune pathways to treat this
chronic disease. In line with this hypothesis, administration of
an antibody neutralizing CXCL10 following aCD3 treatment
resulted in reduced CD8* T-cell infiltration into pancreatic is-
lets and increased remission of diabetes compared to aCD3
monotherapy in preclinical disease models [27].

CXCR3 is increased on various T-cell subsets in patients
with type 1 diabetes, including effector memory CD8* T
cells [28]. Given that aCD3 treatment induces transient
lymphopenia affecting preferentially CD4* vs. CD8* T cells,
both in patients with type 1 diabetes [13] and in preclin-
ical models [27], and increases proportions of circulating
antigen-experienced CD8* T-cell subsets in patients with type
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1 diabetes [13], we hypothesized that aCD3 treatment may
spare CXCR3 autoreactive T cells. These spared T cells could
then migrate into the islets along the CXCL10 concentration
gradients to continue the 3-cell damaging process. The object-
ives of the study were therefore, (i) to evaluate whether aCD3
treatment in mice replicates the CD8 T-cell subset modula-
tion seen in humans and investigate their CXCR3 expression,
and (ii) to assess whether the combination of aCD3 with the
CXCR3 antagonist ACT-777991 [29] enhances type 1 dia-
betes control in preclinical models. The combination treat-
ment was evaluated in the same two type 1 diabetes mouse
models that had previously shown efficacy with aCD3 treat-
ment [27], the virally induced RIP-LCMV-GP model, where
transgenic mice express the glycoprotein (GP) of lymphocytic
choriomeningitis virus (LCMV) under control of the rat in-
sulin promoter (RIP) in pancreatic (-cells [30, 31], and the
NOD mouse model [32].

Methods and materials

Mice

Female C57BL/6 mice (8-9 weeks) were purchased from
Janvier Laboratories or Envigo. Generation and screening
by PCR of H-2" RIP-LCMV-GP transgenic mice (C57BL/6
background) were conducted as previously described [30,
33]. Female NOD mice were purchased from Charles River
or Jackson Laboratories. All mice were for at least seven
days before use and were group-housed under climate- and
light-controlled conditions. Mice had access to food and
drinking water ad libitum. All experimental procedures
were conducted in accordance with the German animal
welfare ordinance on the use of experimental animals or
with the Swiss animal protection law. The animal studies
were approved by the Regierungsprasidium Darmstadt,
Germany or by the Basel Cantonal Veterinary Office,
Switzerland.

Test compounds

Monoclonal Armenian hamster anti-mouse CD3e anti-
body (145-2C11 F(ab’)2 fragment, pepsin digested) and the
Armenian hamster F(ab’)2 fragment isotype control were
obtained from BioXCell. ACT-777991 was provided by
Idorsia Pharmaceuticals Ltd and prepared as food admix in
the regular food pellet 3336 (Granovit AG) at a final concen-
tration of 0.6 mg/g food. At this selected dose, ACT-777991
was shown to inhibit the chemotaxis of CXCR3* T cells to a
site of inflammation in vivo [29]. The food pellet alone was
crushed and re-pelleted for use as the vehicle treatment.

RIP-LCMV-GP model

Male and female RIP-LCMV-GP mice (aged 6-16 weeks)
were used for the experiments. To induce type 1 diabetes, mice
were infected with LCMV Armstrong clone 53b on Day 0, as
previously described [33]. aCD3 or isotype control was in-
jected i.v. (3 pg/day) on Days 10, 11, and 12, as previously de-
scribed [27]. ACT-777991 or vehicle (control food) treatment
was initiated on Day 12 (evening) after randomization for
similar blood glucose concentrations (BGCs). ACT-777991
food admix was given until Day 28 (ACT-777991__ ) or Day
84 (ACT-777991,, ). Blood glucose was monitored with a
dynaValeo glucometer (dynamiCARE) on Days 0 (baseline),
7,10, 12, 14, 17, and 21 after infection, and then in weekly
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intervals until the end of the study (Day 84). The study de-
sign is illustrated Fig. 3A. Diabetes was defined as blood glu-
cose concentrations (BGCs) > 300 mg/dl [27]. Only mice with
BGCs>300 mg/dl and < 600 mg/dl at least once between Days
10 and 14 after LCMV infection were included in the final
data evaluation. Mice with BGCs > 600 mg/dl on three con-
secutive measurements were euthanized as per the approved
animal license and the last-measured BGC was kept until the
end of the study. Diabetes remission was defined as a stable
reversion to BGCs < 300 mg/dl. Pancreatic tissues were col-
lected, quick-frozen on dry ice, and cut into 7-pm sections for
immunohistochemistry.

NOD model

NOD mice were monitored weekly for BGCs, with type 1
diabetes onset defined as BGC > 300 mg/dl. At disease onset,
aCD3 or isotype control was injected i.v. (30 pg/day) on Days
1, 2, and 3 [27], together with ACT-777991 or vehicle treat-
ment until the end of the study (40 weeks of age or earlier
as per the approved animal license). Treatment groups were
randomized for similar BGCs and age at disease onset. All
NOD mice included in the efficacy experiments were used
at the animal facility at the Goethe University in Frankfurt
(Germany). Three cohorts of mice, obtained at different time
points, were all purchased from Charles River. From all NOD
mice received, approximately 60% developed type 1 diabetes
within 14-30 weeks of age.

In addition, one cohort of mice purchased from the Jackson
Laboratories was used at the Idorsia Pharmaceuticals Ltd
animal facilities to assess the C-peptide kinetics after diabetes
onset (5 out of 9 mice developed disease).

Immunohistochemistry

Pancreatic tissues were immersed in Tissue-Tek OCT, quick-
frozen on dry ice, and cut into 7-pm tissue sections. Sections
were fixed in ethanol or ethanol/acetone (1:1) at =20 °C.
Sections were sequentially incubated with polyclonal guinea
pig anti-insulin (Agilent/Dako A0564) primary antibody
and then with biotinylated goat anti-guinea pig IgG (Vector
Laboratories BA-7000-1.5) secondary antibody and avidin
peroxidase conjugate (Vector Laboratories). Images were
acquired with an Axioscope2 microscope (Zeiss). The de-
gree of insulitis was scored based on the criteria described
in Fig. 3E

Flow cytometry

Female C57BL/6 mice (8-9 weeks of age) were treated with
either aCD3 or isotype i.p. (3 pg/day) on Days 0, 1, and 2.
Whole blood was collected at the tail vein starting 2, 24,
and 48 h at 6, 9, 13, 16, 22, and 27 days after the last i.p.
injection and analyzed using flow cytometry. Each mouse
was bled maximally five times. At each time point, 50 pl
of blood were stained with the following surface fluoro-
chrome monoclonal anti-mouse antibodies from Biolegend:
PB-CD45 (Clone 30-F11), FITC-CD8a (Clone SH10-1),
PE-Cy7-TCRp (Clone H57-597), APC-CXCR3 (Clone
CXCR3-173), APC-Cy7-CD19 (Clone 6D35), and PE anti-
mouse CD4 (BD Biosciences, Clone GK1.5). To confirm the
findings obtained in the kinetic experiment, a second inde-
pendent experiment was performed under the same con-
ditions except that antibody injections were done i.v. and
blood was collected 24 h after the last injection. Whole
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blood (50 pl) was stained with the following surface fluoro-
chrome monoclonal anti-mouse antibodies from Biolegend:
BV650-CD8a (Clone 53-6.7), BV605-CD4 (Clone GK1.5),
PE-Cy7-TCRB (Clone H57-597), APC-CXCR3 (Clone
CXCR3-173), AF700-CD19 (Clone 6D5), PB-CD62L
(Clone MEL-14), and PerCP-Cy5.5-KLRG1 (Clone 2F1),
as well as APC-Cy7-CD44 (Clone IM7) and FITC-CD69
(Clone H1.2F3) from BD Biosciences. Staining was per-
formed on ice, in the dark, for 20 min, after preincubation
with an Fc receptor blocker (CD16/CD32, BD Biosciences).
After staining, red blood cells were lysed using diluted RBC
lysis buffer (BioLegend). Dead cells were excluded based on
positive propidium iodide staining (PI, CAS 25535-16-4,
Sigma—Aldrich). Samples were acquired either on a Gallios
or a CytoFLEX Flow cytometer (Beckman Coulter). Data
were analyzed using Kaluza analysis software version 2.1
(Beckman Coulter). Cell subsets were quantified among
singlets/viable cells. The CXCR3* T cells were identified
based on the fluorescence minus one control for CXCR3.
The gating strategy is illustrated in Supplementary Fig. S4.

Quantification of plasma C-peptide concentration
Whole blood from NOD mice was collected in EDTA-coated
tubes (BD Microtainer), centrifuged to prepare plasma and as-
sayed for C-peptide concentration using the mouse C-peptide
ELISA kit (Crystal Chem) according to the manufacturer’s in-
structions.

Statistical analysis

Statistical analysis was performed using GraphPad Prism ver-
sion 9 using the tests specified in the figure legends. Statistical
significance was conferred with P values < 0.05. Unless other-
wise stated, data are expressed as means = SEM.

Results

Anti-CD3 treatment induces transient lymphopenia
but spares circulating central memory and effector/
effector memory CD8*T cells in mice

In patients with type 1 diabetes, aCD3 treatment transiently
reduces CD3-expressing lymphocytes and induces shifts
within the CD8* T-cell compartment [13]. To understand the
kinetic effect of aCD3 treatment on the circulating pool of T
cells in mice, three daily injections of 3 pg of aCD3 or isotype
control were administered to naive C57BL/6 mice, and T-cells
subsets were quantified by flow cytometry. Treatment with
aCD3 transiently reduced blood T-cell numbers over the
29-day study period, reaching a maximum reduction of 75%
vs. isotype-injected mice two h after the last injection (Day
2; Fig. 1A). Treatment with aCD3 reduced more CD4* than
CD8* T cells, reaching a maximum reduction of 85% versus
59% compared to isotype-treated mice, respectively (Day 2;
Supplementary Fig. STA-S1B). This led to an increased pro-
portion of CD8* T cells in aCD3-versus isotype-treated mice
(Fig. 1B), resulting in a transient increase in the CD8:CD4
ratio (Supplementary Fig. 1C). Among CD8* T cells, aCD3
treatment significantly reduced the number of naive T cells
and spared circulating central memory (CM) and effector/ef-
fector memory (Eff/EM) T cells (Fig. 1C), leading to their sig-
nificantly increased proportion in blood (37.7% and 5.1%,
respectively, in aCD3-treated mice versus 11.2% and 1.0% in
isotype-treated mice) (Fig. 1D-E).

Christen et al.

Anti-CD3 treatment increases the proportion of
circulating CXCR3-expressingT cells in mice

CXCR3 is a chemokine receptor expressed by several lympho-
cyte subtypes, including antigen-experienced CD8* T cells.
CXCR3 has been described to be responsible for T-cell migra-
tion to inflamed tissue along a CXCR3 ligand-concentration
gradient [34-36]. Specifically, CXCR3 was shown to be in-
creased on various T-cell subsets in patients with type 1 dia-
betes, including naive and EM CD8* T-cells and follicular T
helper cells [28]. Given that aCD3 treatment increased the
relative proportion of circulating CD8* T cells (Fig. 1B), the
effect of this treatment on CXCR3* T cells was also examined.
Administration of aCD3 failed to reduce absolute CXCR3*
T-cell numbers (Fig. 2A), leading to a significantly increased
proportion of these cells in the blood (Fig. 2B). This increased
proportion of CXCR3* cells within the CD4* T-cell popula-
tion returned to control levels by Day 8 after the first aCD3
injection, while it lasted at least 29 days among CD8* T cells
(Supplementary Fig. 1D-1E), suggesting that aCD3 treatment
preferentially spares CD8* CXCR3* T cells. Within the pool
of circulating CXCR3* T cells, aCD3 treatment did not af-
fect the proportion of CM T-cells but significantly reduced
the proportion of naive T-cells and increased the frequency
of Eff/EM T cells (Fig. 2C-2D), suggesting that these antigen-
experienced T cells could still potentially be attracted to an
inflamed organ such as the pancreas.

Combination therapy of the CXCR3 antagonist
ACT-777991 and aCD3 improves type 1 diabetes
remission over aCD3 monotherapy in a virus-
induced diabetes model

Blocking CXCR3 with ACT-777991 has been shown to in-
hibit both the migration of ex vivo-activated human and
mouse T cells toward a CXCR3 ligand and the chemotaxis
of CXCR3* T cells to a site of inflammation iz vivo [29]. To
evaluate the effects of combining ACT-777991 with aCD3,
diabetic RIP-LCMV-GP mice were injected with three daily
doses of 3 pg aCD3 or isotype control on Days 10-12 after
LCMYV infection, followed by acute (Days 13-28) or chronic
ACT-777991 treatment (Days 13-84) (Fig. 3A). In line with
published data [27], aCD3 treatment resulted in remission
of disease (stable reversion to BGCs < 300 mg/dl) in 42% (5
of 12) diabetic mice versus 17% (2 of 12) of isotype-treated
mice (Fig. 3B). In the chronic setting, aCD3/ACT-777991
further increased the therapeutic benefit over aCD3 mono-
therapy, resulting in a disease remission rate of 82% (9 of
11; Fig. 3B). The therapeutic benefit conferred by the com-
bination therapy was also reflected in a significant decrease
of mean BGCs in aCD3/ACT-777991, . versus aCD3
monotherapy groups (234 mg/dl versus 398 mg/dl on Day
84, P < 0.0001, respectively; Fig. 3C). When comparing in-
dividual BGCs from Day 12 (last aCD3 injection) versus the
end of the study (Day 84), 90.9 % of mice in the aCD3/
ACT-777991, .. group showed a reduced BGC and 64%
of diabetic mice in this group reverted to BGC < 200 mg/dl
(Fig. 3D). Mice in the aCD3 monotherapy group displayed
a mixed outcome, with 41.6% of mice presenting a BGC de-
crease from Day 12 versus Day 84, while the remaining mice
presented with a BGC increase or stabilization (Fig. 3D). In
the acute setting, aCD3/ACT-777991 tended to increase dia-
betes remission rate versus aCD3 monotherapy as also shown
by a higher frequency of animals showing improved BGC at
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Figure 1. Administration of aCD3 induces transient lymphopenia but spares circulating CD8* central memory and effector/effector memory T cells,
increasing their proportions in naive mice. C57BL/6 mice were injected on Days 0, 1, and 2 with 3 pg of anti-mouse CD3g (triangles) or isotype (circles)
antibody (n = 4/time point/group). Blood was collected at different time points and processed for flow cytometry analysis. Gating strategy is depicted
in Supplementary Fig. S4. (A) Quantification of the absolute number of blood T cells. Results are expressed as mean + SEM. (B) Percentage of CD4*,
CD8* or double-negative (DN) cells among T cells in isotype-treated mice (left diagram) versus aCD3-treated mice (right diagram), 24 h after the last

injection. (C) Quantification of the absolute number of CD8* T-cell subsets

in blood, 24 h after the last injection. Results are expressed as mean + SEM.

(D) Percentage of naive (CD62L*CD44), central memory (CM, CD62L*CD44+), effector/effector memory (Eff/EM, CD62L-CD44+) or other (CD62L
CD44) CD8* T-cells among CD8* T-cells in isotype-treated mice (left diagram) versus aCD3-treated mice (right diagram), 24 h after the last injection. (E)
Representative flow cytometry plots and gating strategy for the different CD8* T-cell subsets in isotype versus aCD3-treated mice. *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001 versus isotype-treated mice using paired (A) or unpaired t-test (B-D)

the end of the study (8 of 13 [61.5%] vs. 5 of 12 [41.6%])
(Fig. 3B-D). Nevertheless, the additional improvement in
remission rate seen with the chronic treatment, emphasizes
the need for sustained CXCR3 axis inhibition to maximize
the therapeutic benefit over aCD3 monotherapy. Next, the
pancreas was assessed for the degree of insulitis at end-of-
study. Histopathological evaluation demonstrated that aCD3

monotherapy had a significant effect on insulitis compared
to isotype-treated animals where most islets were massively
infiltrated with immune cells, leaving behind islets scars (Fig.
3E-F). Importantly, aCD3/ACT-777991 . treatment was
superior to aCD3 monotherapy, as shown by a significant
reduction in insulitis compared to the aCD3 monotherapy
group (Fig. 3E-F), supporting the enhanced disease remission
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Figure 2. Administration of aCD3 increases the proportion of circulating CXCR3* T-cells, mainly the effector/effector memory T-cell population, in

naive mice. C57BL/6 mice were injected on Days 0, 1 and 2 with 3 pg of anti-mouse CD3g (triangles) or isotype (circles) antibody (n = 4/time point/
group). Blood was collected at different time points and processed for flow cytometry analysis. Gating strategy is depicted in Supplementary Fig. S4.
(A) Quantification of the absolute number of blood CXCR3* T cells. Results are expressed as mean + SEM. (B) Percentage of CXCR3* cells among

T cells in isotype and aCD3-treated mice. Results are expressed as mean + SEM. (C) Percentage of naive (CD62L*CD44), central memory (CM,
CD62L*CD44+), effector/effector memory (Eff/EM, CD62L-CD44+) or other (CD62L-CD44) cells among CXCR3* T cells in isotype-treated mice (left
diagram) versus aCD3-treated mice (right diagram), 24 h after the last injection. (D) Representative flow cytometry plots and gating strategy for the
different CXCR3* T-cell subsets in isotype versus aCD3-treated mice. Gates were set based on a fluorescence minus one (FMO) control for CXCR3. **P
< 0.01, ***P < 0.001 versus isotype-treated mice using paired (A&B) or unpaired t-test (C)

in this treatment group. Of note, the superior efficacy ob-
served in the aCD3/ACT-777991, . group was not due to
a potential effect of ACT-777991 on LCMYV clearance as the
viral load, both in the spleen and liver, was not different be-
tween infected mice given control food and mice treated with
ACT-777991 (Supplementary Fig. S2).

Combination therapy of the CXCR3 antagonist
ACT-777991 with aCD3 synergistically reverts type

1 diabetes in NOD mice

The therapeutic benefit of aCD3/ACT-777991, . treat-
ment observed in RIP-LCMV-GP mice was also investigated
in the NOD mouse model. Recent-onset NOD mice received
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the combination treatment, the respective monotherapies,
or isotype control (Fig. 4A). Treatment was initiated for
each mouse at diabetes onset (within 1 week of measuring a
BGC = 300 mg/dl), between 15 and 30 weeks of age. All mice
were treated for at least 10 weeks. Treatment groups were ran-
domized for similar BGCs and age at disease onset (Fig. 4B).

In line with published studies [27], aCD3 monotherapy
significantly reversed diabetes compared to isotype-treated
mice (6 of 16 [38%] vs. 0 of 16 [0%]). Treatment with aCD3/
ACT-777991 combination further improved the outcome re-
sulting in a diabetes remission rate of 71% (10 of 14) (Fig.
4C). In contrast, ACT-777991 monotherapy did not result
in a significant increase in diabetes remission rate compared
to isotype-treated mice (Fig. 4C). The therapeutic benefit of
aCD3/ACT-777991 combination treatment was further re-
flected in significantly reduced mean BGCs compared to
aCD3 monotherapy (Fig. 4D). In addition, in all groups, mice
in remission after 10 weeks of treatment persistently stayed
below the diabetic threshold (<300 mg/dl) until 40 weeks of
age (Fig. 4E). Furthermore, plasma C-peptide was detectable
only in mice with BGCs < 300 mg/dl at end-of-study, con-
firming the preservation of functional B-cells in those mice
(Supplementary Fig. S3). Histopathological evaluation of the
pancreas further supported the superior efficacy of the com-
bination treatment, as shown by reduction in insulitis com-
pared to the aCD3 monotherapy group (Fig. 4F-G).

Initiation of aCD3/ACT-777991 combination
treatment prior to the development of severe
hyperglycemia leads to the cure of diabetes in NOD
mice

To understand the kinetics of plasma C-peptide decline, un-
treated NOD mice were bled weekly from disease onset until
reaching the predefined euthanasia criteria based on their
BGCs. Plasma C-peptide levels declined rapidly and reached
undetectable concentrations within 1-3 weeks following dia-
betes onset (Fig. SA), which coincided with the measurement
of BGCs > 500 mg/dl (Fig. 5B). Interestingly, mice with a
BGC > 400 mg/dl at disease onset were the ones showing the
fastest decline in plasma C-peptide levels (less than a week),
suggesting a dramatic loss of 3 cells shortly after diabetes de-
velopment (Fig. SA-B).

Based on this observation, the efficacy of the combination
treatment observed in the NOD study (Fig. 4) was reassessed
in a post hoc analysis, this time including only non-severely
hyperglycemic NOD mice at diabetes onset (BGCs between
300 and 400 mg/dl; Fig. SC). This excluded mice which, at
treatment initiation, might not have had enough functional
cells left to enable diabetes remission. With this more stringent
inclusion criterion, diabetes remission increased to 55% with
aCD3 monotherapy (6 of 11 mice). In contrast, the combin-
ation therapy led to full disease remission in all mice (8 of 8
[100%]) (Fig. 5D) and the BGCs remained below the diabetic
threshold until end-of-study (Fig. SE). The synergistic efficacy
conferred by the combination therapy was also reflected by
a significant reduction of mean BGCs reaching a normogly-
cemic value (173.5 mg/dl) compared to hyperglycemic mean
BGCs in the aCD3 monotherapy arm (342.2 mg/dl; Fig. SF).

Discussion

Managing type 1 diabetes relies on daily, lifelong insulin ad-
ministration and careful monitoring of dietary regimens and
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BGCs. Many patients eventually suffer from cardiovascular
complications, impacting their life expectancy [37]. The re-
cent approval of teplizumab, a human aCD3 monoclonal
antibody, to delay the onset of stage 3 type 1 diabetes in pa-
tients who currently have stage 2 type 1 diabetes, has been a
turning point in the treatment and management of this incur-
able disease. While teplizumab delays the progression to stage
3 diabetes, it does not prevent nor cure the disease, suggesting
that the autoimmune process is not fully controlled by aCD3
monotherapy. In this context, combining aCD3 with a drug
having a different mechanism of action may lead to improved
disease control over each monotherapy. In the present study,
the combination of ACT-777991, a new, potent, insurmount-
able, and selective small molecule CXCR3 antagonist [29],
with aCD3 demonstrated superior efficacy over each mono-
therapy in persistently reverting diabetes in two different type
1 diabetes mouse models.

Teplizumab induces transient lymphopenia and remodeling
in T-cell subtypes, including an increased frequency of CD8*
CM T cells in patients with new-onset type 1 diabetes [13].
Similar to observations made in patients, aCD3 treatment led
to transient lymphopenia with a relative increase in CD8*
CM and Eff/EM T cells in mice, suggesting good translation
of the effects to humans. The transient nature of the aCD3
treatment effect observed in responder patients and the lack
of efficacy in non-responder patients might be explained by
the escape and/or new generation of autoreactive T cells.
CXCL10 and its cognate receptor CXCR3 have been pre-
viously identified as potential therapeutic targets in type 1
diabetes, orchestrating the migration of islet-specific T cells
into the pancreas [17, 38]. For example, administration of
a CXCL10-neutralizing antibody following aCD3 treatment
resulted in reduced CD8* T cell infiltration into pancreatic
islets and increased diabetes remission compared to aCD3
monotherapy in preclinical type 1 diabetes models [27]. Our
murine studies demonstrated that CXCR3-expressing T cells
are spared by aCD3 treatment, increasing their proportion
in blood. Among these CXCR3* T-cells, aCD3 treatment re-
duced and increased the proportions of naive and Eff/EM T
cells, respectively, suggesting that these cells can still be at-
tracted toward CXCR3 ligands, including CXCL10, to the
inflamed pancreas. This effect could explain the transient ef-
fect of aCD3 monotherapy and, depending on the degree of
escape, also the lack of response in a subgroup of patients.
Even if CXCR3 was shown to be increased on various T-cell
subsets in patients with type 1 diabetes, thus potentially
having a detrimental effect on disease progression [28], some
studies have reported reduced CXCR3 expression on blood T
cells in individuals with long-lasting type 1 diabetes [39]. The
conflicting results may rely on various factors such as differ-
ences in disease stages and methodologies used for CXCR3
expression assessment. Further evaluation of the function of
these CXCR3-expressing T cells after aCD3 treatment would
be needed to definitively establish their role in diabetes patho-
genesis.

aCD3 was used at doses leading to partial efficacy, trans-
lating to remission rates of 42% and 38% in the RIP-
LCMV-GP and NOD mice with recent-onset type 1 diabetes,
respectively. This partial efficacy is comparable to the re-
ported results from the AbATE teplizumab trial in patients
with new-onset type 1 diabetes, where approximately 45%
of the drug-treated subjects were classified as responders, de-
fined as patients who lost < 40% of baseline C-peptide two
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years after the first teplizumab cycle [9]. In the RIP-LCMV-GP
and NOD mouse models, the combination therapy of aCD3
with chronic ACT-777991 treatment-induced disease re-
mission in 82% and 71% of diabetic mice, respectively.
The remission rate observed with the combination therapy
was superior to aCD3 or ACT-777991 monotherapies and
was further supported by reduced insulitis and an increased
proportion of mice with endogenous insulin production, as
shown by detectable plasma C-peptide concentrations. In
the virus-inducible diabetes model, early discontinuation
of ACT-777991 on Day 28 after infection showed a trend
in improving the remission rate compared to aCD3 mono-
therapy, but to a lesser extent as compared to the chronic
setting, suggesting the benefit of continuous blockade of the
CXCR3 axis to revert diabetes. In line with these results, the
CXCR3 ligand CXCL10 has been described to be induced
very early after LCMV infection and nearly all LCMV-
specific CD8* T cells express CXCR3 in this model [40], sug-
gesting that chronic ACT-777991 treatment is beneficial to
continuously prevent the (re)entry of autoreactive T cells into
pancreatic islets. The nature of these islet-autoreactive T cells
can be manifold, for example, they may have escaped aCD3
treatment and/or may include autoreactive T cells generated
after the antibody was cleared. Recent evidence suggests
that p-cell-specific T cells enter the pancreas from a specific
stem-like autoimmune progenitor population, resident in the
pancreatic lymph nodes [41]. Further evaluation of this spe-
cific population, especially after aCD3 treatment, would be
of interest to determine whether this population is spared
by the treatment, expresses CXCR3, and whether this pro-
genitor pool could be targeted by the combination of aCD3
and CXCR3 antagonist.

Blockade of CXCR3 with ACT-777991 monotherapy was
not efficacious in inducing diabetes remission in both mouse
models versus isotype-treated animals (data not shown for the
RIP-LCMV-GP model). These results are consistent with pub-
lished data evaluating the impact of another small-molecule
CXCR3 antagonist or CXCR3-deficient mice in the virus-
induced diabetes model [25, 26]. A potential explanation
could be that in the absence of an immune reset, as induced by
aCD3, exclusive blockade of the CXCR3 axis, at least in mice,
does not sufficiently interfere with the immune cell infiltration
process into pancreatic islets and, hence, cannot inhibit the
rapid progression of B-cell damage following diabetes onset.
In line with these results, treatment with ACT-777991 did not
impact LCMV clearance, a process involving virus-specific
CXCR3* CD8* T cells [35, 42]. These results suggest that
while the combination of ACT-777991 with aCD3 is optimal
to provide superior control of the autoimmune process, ACT-
777991 is not expected to detrimentally affect the immune
response to a viral threat.

The therapeutic window relative to the initiation of
immunomodulatory compounds is critical for preserving
B-cell function and, thus, impacting diabetes progression.
At diagnosis, most individuals with type 1 diabetes are be-
lieved to retain some level of functional p cells, as indicated
by the presence of circulating C-peptide and supported by
histological analysis of new-onset patients. In the present
study, a fast decline of C-peptide, within less than a week,
was observed in NOD mice with a severe hyperglycemic value
(BGC =400 mg/dl) at disease onset. In contrast, diabetic mice
with a lower BGC at onset had a slower plasma C-peptide
decline, suggesting that those mice still retained some level
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of functional B cells providing an intervention window for
immunomodulatory compounds to prevent further damage.
In line with this hypothesis, the combination treatment was
even more efficacious when initiated in non-severely hyper-
glycemic NOD mice at diabetes onset. While only 55% of the
aCD3 monotherapy-treated diabetic mice were in remission
at end-of-study, all mice treated with the aCD3/ACT-777991
combination were cured 5 weeks after treatment initiation.
This complete resolution of disease was also reflected in the
maintenance of normoglycemic mean BGCs across the study
reaching a mean BGC of 172 mg/dl at end-of-study compared
to a mean hyperglycemic BGC of 354 mg/dl in the aCD3
monotherapy group.

In conclusion, our study demonstrated that combin-
ation of the CXCR3 antagonist ACT-777991 with aCD3
treatment resulted in synergistic diabetes remission in two
preclinical models of type 1 diabetes. Both drugs have dis-
tinct immunomodulatory properties that appear to act in
a complementary manner, resulting in increased efficacy.
Specifically, the combination treatment is expected to (i)
physically and functionally deplete autoreactive T cells
and reduce the islet pro-inflammatory environment [9, 11,
12] and (ii) block CXCR3 ligands-dependent migration of
autoreactive CXCR3* T cells to the pancreatic islets. Of
note, treatment with the CXCR3 antagonist is expected to
also target CXCR3* immune cells other than T cells—such
as NK cells, B cells, and antigen-presenting cells [36], which
can all contribute to the autoimmune process—thus fur-
ther reducing the autoimmune insult. Consequently, B-cell
function is preserved, maximizing and extending the thera-
peutic benefit of aCD3 monotherapy. These encouraging
preclinical data suggest that the clinical benefit observed
with teplizumab in patients with recent-onset stages 3 and
2 type 1 diabetes [4, 9] might be enhanced when combined
with ACT-777991.
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Supplementary data is available at Clinical and Experimental
Immunology online.

Acknowledgements

The authors thank the CXCR3 project team members from
Idorsia Pharmaceuticals Ltd, E. Gerossier, A. Zurbach and N.
Baumlin for constant iz vivo support, as well as V. Sippel for
the quantification of C-peptide levels. Some of these results
have been shared in a poster presentation during the JDRF
nPOD meeting in 2023.

Ethical Approval

All experimental procedures were conducted in accordance
with the German animal welfare ordinance on the use of ex-
perimental animals or with the Swiss animal protection law.
The animal studies were approved by the Regierungsprasidium
Darmstadt, Germany or by the Basel Cantonal Veterinary
Office, Switzerland.

Conflict of Interests

L.P, M.T.,A.S.,D.S., S.S., UM., M.M., were all employed by
Idorsia Pharmaceuticals Ltd at the time of the study.



142

Funding

Experiments conducted at the Goethe University
Frankfurt were financed as sponsored research by Idorsia
Pharmaceuticals Ltd.

Data Availability

Original data are available upon request to the corresponding
authors.

Author Contributions

U.C.and L.P. share first authorship as they contributed equally
to the study including design of the experiments, generation
of raw data, data analysis and interpretation, and manuscript
drafting. M.T., A.S., C.T., M.B., E.H., carried out the experi-
ments and analyzed the data. S.S. contributed to drafting and
editing the manuscript. D.S. contributed to biomarker data
analysis and interpretation. U.M. was involved in the study
design. M.M. was involved in the study design, data inter-
pretation and manuscript drafting. All authors critically re-
vised the intellectual content of the manuscript and approved
the final submission. U.C. and L.P. are the guarantors of this
work and, as such, had full access to all the data in the study
and take responsibility for the integrity of the data and the
accuracy of the data analysis.

Permission to Reproduce
Not applicable.

References

1. DiMeglio LA, Evans-Molina C, Oram RA. Type 1 diabetes. Lancet
2018, 391, 2449-62. d0i:10.1016/S0140-6736(18)31320-5.

2. Jeyam A, Colhoun H, McGurnaghan S, Blackbourn L, McDonald
T]J, Palmer CNA, et al.; SDRNT1BIO Investigators. Clinical im-
pact of residual C-peptide secretion in type 1 diabetes on glycemia
and microvascular complications. Diabetes Care 2021, 44, 390-8.
doi:10.2337/dc20-0567.

3. Evans-Molina C, Oram RA. Teplizumab approval for type 1 dia-
betes in the USA. The Lancet Diabetes & Endocrinology 2023, 11,
76-=7.d0i:10.1016/s2213-8587(22)00390-4.

4. Herold KC, Bundy BN, Long SA, Bluestone JA, DiMeglio LA,
Dufort MJ, et al.; Type 1 Diabetes TrialNet Study Group. An anti-
CD3 antibody, teplizumab, in relatives at risk for type 1 diabetes.
N Engl ] Med 2019, 381, 603-13. doi:10.1056/NEJMo0a1902226.

5. Sims EK, Bundy BN, Stier K, et al. Teplizumab improves and
stabilizes beta cell function in antibody-positive high-risk indi-
viduals. Sci Transl Med 2021, 13, 583. doi:10.1126/scitranslmed.
abc8980.

6. Keam SJ. Teplizumab: first approval. Drugs 2023, 83, 439-45.
doi:10.1007/s40265-023-01847-y.

7. Herold KC, Hagopian W, Auger JA, Poumian-Ruiz E, Taylor
L, Donaldson D, et al. Anti-CD3 monoclonal antibody in new-
onset type 1 diabetes mellitus. N Engl | Med 2002, 346, 1692-8.
doi:10.1056/NEJMo0a012864.

8. Herold KC, Gitelman SE, Masharani U, Hagopian W, Bisikirska
B, Donaldson D, et al. A single course of anti-CD3 monoclonal
antibody hOKT3gammal(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, 1763-9. d0i:10.2337/
diabetes.54.6.1763.

9. Herold KC, Gitelman SE, Ehlers MR, Gottlieb PA, Greenbaum CJ,
Hagopian W, et al.; AbATE Study Team. Teplizumab (anti-CD3

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Christen et al.

mAD) treatment preserves C-peptide responses in patients with
new-onset type 1 diabetes in a randomized controlled trial: meta-
bolic and immunologic features at baseline identify a subgroup of
responders. Diabetes 2013, 62, 3766-74. doi:10.2337/db13-0345.
Chatenoud L, Thervet E, Primo ], Bach JE Anti-CD3 antibody
induces long-term remission of overt autoimmunity in nonobese
diabetic mice. Proc Natl Acad Sci U S A 1994, 91, 123-7.
doi:10.1073/pnas.91.1.123.

Chatenoud L, Bluestone JA. CD3-specific antibodies: a portal to
the treatment of autoimmunity. Nat Rev Immunol 2007, 7, 622~
32.d0i:10.1038/nri2134.

Long SA, Thorpe J, Deberg HA, Gersuk V, Eddy ], Harris KM,
et al. Partial exhaustion of CD8 T cells and clinical response to
teplizumab in new-onset type 1 diabetes. Sci Immunol 2016, 1,
eaai7793-77. doi:10.1126/sciimmunol.aai7793.

Long SA, Thorpe ], Herold KC, Ehlers M, Sanda S, Lim N, et al.
Remodeling T cell compartments during anti-CD3 immunotherapy
of type 1 diabetes. Cell Immunol 2017, 319, 3-9. doi:10.1016/;.
cellimm.2017.07.007.

Tooley JE, Vudattu N, Choi J, Cotsapas C, Devine L, Raddassi K, et
al. Changes in T-cell subsets identify responders to FcR-nonbinding
anti-CD3 mAb (teplizumab) in patients with type 1 diabetes. Eur |
Immunol 2016, 46,230-41. doi:10.1002/¢ji.201545708.
Perdigoto AL, Preston-Hurlburt P, Clark P, Long SA, Linsley PS,
Harris KM, et al.; Immune Tolerance Network. Treatment of type
1 diabetes with teplizumab: clinical and immunological follow-up
after 7 years from diagnosis. Diabetologia 2019, 62, 655-64.
doi:10.1007/s00125-018-4786-9.

Bender C, Rajendran S, von Herrath MG. New insights into the role
of autoreactive CD8 T cells and cytokines in human type 1 diabetes.
Front Endocrinol 2021, 11, 11. doi:10.3389/fend0.2020.606434.
Christen U, Kimmel R. Chemokines as drivers of the autoim-
mune destruction in type 1 diabetes: opportunity for therapeutic
intervention in consideration of an optimal treatment schedule.
Front Endocrinol (Lausanne) (2020), 11, 83. doi:10.3389/
fendo.2020.591083.

Bender C, Christen S, Scholich K, Bayer M, Pfeilschifter JM,
Hintermann E, et al. Islet-Expressed CXCL10 promotes autoim-
mune destruction of islet isografts in mice with type 1 diabetes.
Diabetes 2017, 66, 113-26. d0i:10.2337/db16-0547.

Coppieters KT, Dotta E, Amirian N, Campbell PD, Kay TWH,
Atkinson MA, et al. Demonstration of islet-autoreactive CD8
T cells in insulitic lesions from recent onset and long-term type
1 diabetes patients. | Exp Med 2012, 209, 51-60. doi:10.1084/
jem.20111187.

Tanaka S, Nishida Y, Aida K, Maruyama T, Shimada A, Suzuki M,
et al. Enterovirus infection, CXC chemokine ligand 10 (CXCL10),
and CXCR3 circuit: a mechanism of accelerated beta-cell failure
in fulminant type 1 diabetes. Diabetes 2009, 58, 2285-91.
do0i:10.2337/db09-0091.

Uno S, Imagawa A, Saisho K, Okita K, Iwahashi H, Hanafusa T, et
al. Expression of chemokines, CXC chemokine ligand 10 (CXCL10)
and CXCR3 in the inflamed islets of patients with recent-onset au-
toimmune type 1 diabetes. Endocr ] 2010, 57, 991-6. doi:10.1507/
endocrj.k10e-076.

Skowera A, Ellis R], Varela-Calvifio R, Arif S, Huang GC, Van-
Krinks C, et al. CTLs are targeted to kill beta cells in patients
with type 1 diabetes through recognition of a glucose-regulated
preproinsulin epitope. | Clin Invest 2008, 118, 3390-402.
doi:10.1172/JCI35449.

Roep BO, Kleijwegt FS, van Halteren AG, Bonato V, Boggi U,
Vendrame F, et al. Islet inflammation and CXCL10 in recent-
onset type 1 diabetes. Clin Exp Immunol 2010, 159, 338-43.
doi:10.1111/.1365-2249.2009.04087 .x.

Frigerio S, Junt T, Lu B, Gerard C, Zumsteg U, Hollinder GA, et
al.  cells are responsible for CXCR3-mediated T-cell infiltration in
insulitis. Nat Med 2002, 8, 1414-20. doi:10.1038/nm1202-792.
Coppieters KT, Amirian N, Pagni PP, Baca Jones C, Wiberg A, Lasch
S, et al. Functional redundancy of CXCR3/CXCL10 signaling in


https://doi.org/10.1016/S0140-6736(18)31320-5
https://doi.org/10.2337/dc20-0567
https://doi.org/10.1016/s2213-8587(22)00390-4
https://doi.org/10.1056/NEJMoa1902226
https://doi.org/10.1126/scitranslmed.abc8980
https://doi.org/10.1126/scitranslmed.abc8980
https://doi.org/10.1007/s40265-023-01847-y
https://doi.org/10.1056/NEJMoa012864
https://doi.org/10.2337/diabetes.54.6.1763
https://doi.org/10.2337/diabetes.54.6.1763
https://doi.org/10.2337/db13-0345
https://doi.org/10.1073/pnas.91.1.123
https://doi.org/10.1038/nri2134
https://doi.org/10.1126/sciimmunol.aai7793
https://doi.org/10.1016/j.cellimm.2017.07.007
https://doi.org/10.1016/j.cellimm.2017.07.007
https://doi.org/10.1002/eji.201545708
https://doi.org/10.1007/s00125-018-4786-9
https://doi.org/10.3389/fendo.2020.606434
https://doi.org/10.3389/fendo.2020.591083
https://doi.org/10.3389/fendo.2020.591083
https://doi.org/10.2337/db16-0547
https://doi.org/10.1084/jem.20111187
https://doi.org/10.1084/jem.20111187
https://doi.org/10.2337/db09-0091
https://doi.org/10.1507/endocrj.k10e-076
https://doi.org/10.1507/endocrj.k10e-076
https://doi.org/10.1172/JCI35449
https://doi.org/10.1111/j.1365-2249.2009.04087.x
https://doi.org/10.1038/nm1202-792

Anti-CD3/ACT-777991 combination therapy inT1D, 2023, Vol. 214, No. 2

26

27.

28.

29.

30.

31.

32.

33.

the recruitment of diabetogenic cytotoxic T lymphocytes to pan-
creatic islets in a virally induced autoimmune diabetes model. Dia-
betes 2013, 62,2492-9. d0i:10.2337/db12-1370.

. Christen S, Holdener M, Beerli C, Thoma G, Bayer M, Pfeilschifter

JM, et al. Small molecule CXCR3 antagonist NIBR2130 has only a
limited impact on type 1 diabetes in a virus-induced mouse model.
Clin Exp Immunol 2011, 165, 318-28. doi:10.1111/5.1365-
2249.2011.04426.x.

Lasch S, Muller P, Bayer M, Pfeilschifter JM, Luster AD,
Hintermann E, et al. Anti-CD3/Anti-CXCL10 antibody combina-
tion therapy induces a persistent remission of type 1 diabetes in
two mouse models. Diabetes 2015, 64, 4198-211. doi:10.2337/
db15-0479.

Shapiro MR, Dong X, Perry D, et al. (2023) Human immune
phenotyping reveals accelerated aging in type 1 diabetes. Institu-
tion: Cold Spring Harbor Laboratory. bioRxiv 2023.02.24.529902;
doi:10.1101/2023.02.24.529902

Meyer EA, Adnismaa P, Ertel EA, et al. Discovery of Clinical Candi-
date ACT-777991, a potent CXCR3 antagonist for antigen-driven
and inflammatory pathologies. ] Med Chem 2023, 66,4179-4196.
doi:10.1021/acs.jmedchem.3c00074.

Oldstone MBA, Nerenberg M, Southern P, Price J, Lewicki H. Virus
infection triggers insulin-dependent diabetes mellitus in a trans-
genic model: role of anti-self (virus) immune response. Cell 1991,
65,319-31. doi:10.1016/0092-8674(91)90165-u.

Ohashi PS, Oehen S, Buerki K, Pircher H, Ohashi CT, Odermatt
B, et al. Ablation of “tolerance” and induction of diabetes by virus
infection in viral antigen transgenic mice. Cell 1991, 65, 305-17.
doi:10.1016/0092-8674(91)90164-t.

Anderson MS, Bluestone JA. THE NOD MOUSE: a model of
immune dysregulation. Annu Rev Immunol 2005, 23, 447-85.
doi:10.1146/annurev.immunol.23.021704.115643.

von Herrath MG, Dockter J, Oldstone MB. How virus induces
a rapid or slow onset insulin-dependent diabetes mellitus in a
transgenic model. Immunity 1994, 1, 231-42. d0i:10.1016/1074-
7613(94)90101-5.

34

35.

36.

37.

38.

39.

40.

41.

42.

143

. Groom JR, Luster AD. CXCR3 ligands: redundant, collaborative
and antagonistic functions. Immunol Cell Biol 2011, 89, 207-15.
doi:10.1038/icb.2010.158.

Hu JK, Kagari T, Clingan JM, Matloubian M. Expression of che-
mokine receptor CXCR3 on T cells affects the balance between ef-
fector and memory CD8 T-cell generation. Proc Natl Acad Sci USA
2011, 108, E118-27. doi:10.1073/pnas.1101881108.

Groom JR, Luster AD. CXCR3 in T cell function. Exp Cell Res
2011, 317, 620-31. doi:10.1016/j.yexcr.2010.12.017.

Rawshani A, Sattar N, Franzén S, Rawshani A, Hattersley AT,
Svensson A-M, et al. Excess mortality and cardiovascular disease
in young adults with type 1 diabetes in relation to age at onset:
a nationwide, register-based cohort study. The Lancet 2018, 392,
477-86. d0i:10.1016/S0140-6736(18)31506-X.

Christen U, McGavern DB, Luster AD, von Herrath MG, Oldstone
MB. Among CXCR3 chemokines, IFN-gamma-inducible protein of
10 kDa (CXC chemokine ligand (CXCL) 10) but not monokine
induced by IFN-gamma (CXCL9) imprints a pattern for the subse-
quent development of autoimmune disease. | Immunol 2003, 171,
6838-45. doi:10.4049/jimmunol.171.12.6838.

Powell WE, Hanna SJ, Hocter CN, Robinson E, Davies J, Dunseath
GJ, et al. Loss of CXCR3 expression on memory B cells in
individuals with long-standing type 1 diabetes. Diabetologia 2018,
61, 1794-803. d0i:10.1007/s00125-018-4651-x.

Rhode A, Pauza ME, Barral AM, Rodrigo E, Oldstone MBA, von
Herrath MG, et al. Islet-specific expression of CXCL10 causes spon-
taneous islet infiltration and accelerates diabetes development. |
Immunol 2005, 175, 3516-24. doi:10.4049/jimmunol.175.6.3516.
Gearty SV, Diindar F, Zumbo P, Espinosa-Carrasco G, Shakiba
M, Sanchez-Rivera FJ, et al. An autoimmune stem-like CD8 T
cell population drives type 1 diabetes. Nature 2022, 602, 156-61.
doi:10.1038/s41586-021-04248-x.

Hickman HD, Reynoso GV, Ngudiankama BE, Cush SS, Gibbs
J, Bennink JR, et al. CXCR3 chemokine receptor enables local
CD8(+) T cell migration for the destruction of virus-infected cells.
Immunity 2015, 42, 524-37. d0i:10.1016/j.immuni.2015.02.009.


https://doi.org/10.2337/db12-1370
https://doi.org/10.1111/j.1365-2249.2011.04426.x
https://doi.org/10.1111/j.1365-2249.2011.04426.x
https://doi.org/10.2337/db15-0479
https://doi.org/10.2337/db15-0479
https://doi.org/10.1101/2023.02.24.529902
https://doi.org/10.1021/acs.jmedchem.3c00074
https://doi.org/10.1016/0092-8674(91)90165-u
https://doi.org/10.1016/0092-8674(91)90164-t
https://doi.org/10.1146/annurev.immunol.23.021704.115643
https://doi.org/10.1016/1074-7613(94)90101-5
https://doi.org/10.1016/1074-7613(94)90101-5
https://doi.org/10.1038/icb.2010.158
https://doi.org/10.1073/pnas.1101881108
https://doi.org/10.1016/j.yexcr.2010.12.017
https://doi.org/10.1016/S0140-6736(18)31506-X
https://doi.org/10.4049/jimmunol.171.12.6838
https://doi.org/10.1007/s00125-018-4651-x
https://doi.org/10.4049/jimmunol.175.6.3516
https://doi.org/10.1038/s41586-021-04248-x
https://doi.org/10.1016/j.immuni.2015.02.009

