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Introduction
Clinical onset of  type 1 diabetes (T1D) is preceded by infiltration of  the pancreatic islets by CD4+ and 
CD8+ T cells and other immune effectors, which target the insulin-producing β cells (1–3). In NOD mice, a 
spontaneous model of  T1D, insulitis is initiated by an invasion of  antigen-presenting cells (APCs) such as 
macrophages and dendritic cells (DCs) (4–6). Islet APCs deliver acquired autoantigens to the draining pan-
creatic lymph nodes (PLNs) and stimulate β cell–specific T cells, which enter the circulation and migrate 
to the islets (7). T cells then attack β cells in 2 ways: (a) directly, by contact-mediated killing or secretion of  
cytotoxic cytokines such as IFN-γ, TNF-α, and IL-1β, and (b) indirectly, by enhancing the pathogenicity of  
other islet-resident immune effectors (8–10).

Islet T cell recruitment is regulated in part by expression of  chemokine receptors (CKRs) and cor-
responding ligands, especially CXCR3 (and CXCL9/10), CCR5 (and CCL3/4/5), and CCR7 (and 
CCL19/21) (11–14). Once islet T cell residency is established, T cell receptor (TCR) signaling drives 
expression of  proinflammatory cytokines, which further stimulates local production of  chemotactic 
ligands (15–19). T cell–derived IFN-γ for instance, upregulates CXCL9 and CXCL10 production by 
islet-resident cells, including β cells, resulting in further recruitment of  pathogenic CXCR3+ TH1 cells, 
and innate effectors (20–22). Such feed-forward circuits are thought to be common among autoimmune 
diseases (11, 15, 18).

CD4 and CD8 coreceptor molecules play a requisite role in T cell activation following MHC-TCR 
engagement, and manipulating coreceptor function alters various T cell processes (23–27). For instance, Ab 
binding to coreceptor inhibits TCR signal transduction and induces a hyporesponsive phenotype in naive 
T cells, whereas CD4 binding by HIV gp120 multimers affects T cell responses to chemotactic cues in vitro 

There continues to be a need for immunotherapies to treat type 1 diabetes in the clinic. We 
previously reported that nondepleting anti-CD4 and -CD8 Ab treatment effectively reverses 
diabetes in new-onset NOD mice. A key feature of the induction of remission is the egress of the 
majority of islet-resident T cells. How this occurs is undefined. Herein, the effects of coreceptor 
therapy on islet T cell retention were investigated. Bivalent Ab binding to CD4 and CD8 blocked 
TCR signaling and T cell cytokine production, while indirectly downregulating islet chemokine 
expression. These processes were required for T cell retention, as ectopic IFN-γ or CXCL10 inhibited 
Ab-mediated T cell purging. Importantly, treatment of humanized mice with nondepleting 
anti–human CD4 and CD8 Ab similarly reduced tissue-infiltrating human CD4+ and CD8+ T cells. 
These findings demonstrate that Ab binding of CD4 and CD8 interrupts a feed-forward circuit by 
suppressing T cell–produced cytokines needed for expression of chemotactic cues, leading to rapid 
T cell egress from the islets. Coreceptor therapy therefore offers a robust approach to suppress T 
cell–mediated pathology by purging T cells in an inflammation-dependent manner.
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(28, 29). The use of  nondepleting (ND) Abs specific for CD4 and CD8 has also been effective at inducing 
allograft- and tissue-specific tolerance in a variety of  transplantation and autoimmune models, respectively 
(28, 30–33). ND anti-CD4 Abs have been used in clinical studies, most recently in NCT0148-1493.

Recently, we reported that ND anti-CD4 (YTS177) and -CD8 (YTS105) Abs rapidly reverse 
recent-onset diabetes and establish long-term β cell–specific tolerance in NOD mice (34). Both YTS 
Abs are rat IgG2a, and therefore do not lyse target cells in the mouse, owing to weak interactions with 
murine complement proteins and Fc receptors (30). Induction of  remission by coreceptor therapy is 
accompanied by a robust, nonlytic reduction in T cell numbers in the pancreas and PLNs, but not in the 
spleen or peripheral blood. We reasoned that islet T cell purging could be due to at least 3 mutually non-
exclusive scenarios: (a) enhanced T cell reactivity to egress signals, (b) diminished reactivity to retention 
cues, and/or (c) loss of  retention cues in the islets. In this study, coreceptor crosslinking was found to 
suppress TCR signaling and T cell cytokine production, which dampened the inflammatory and chemo-
tactic environment, leading to rapid islet T cell egress. These findings support a model in which islet T 
cell retention is dependent on a self-sustaining circuit driven by antigen-stimulated T cells. Furthermore, 
interfering with this circuit via coreceptor therapy leads to robust therapeutic effects.

Results
Islet proinflammatory cytokine and chemokine expression is rapidly suppressed by coreceptor therapy. A short 
course of  ND YTS177 (anti-CD4) and YTS105 (anti-CD8α) rapidly reverses diabetes in new-onset NOD 
mice by eliminating CD4+ and CD8+ T cells in the pancreas and PLNs, but not the spleen, independently 
of  apoptosis (34). This was associated with a decrease in IL-2 and IFN-γ protein levels in the pancreas 
and an asynchronous return (i.e., 2–6 days after treatment) to normal blood glucose levels. To better 
define the sequence of  events regulating T cell egress by coreceptor therapy, changes in intra-islet T cell 
numbers and islet inflammation were assessed over time. Nondiabetic 12-week-old NOD female mice, 
which exhibit significant islet infiltration (1, 3), were examined (Figure 1). Only a minimal reduction in 
islet T cell numbers was observed at 6 and 18 hours after YTS, whereas CD4+ and CD8+ T cells were 
decreased to ~25% of  control levels at 24 hours and at later posttreatment times (Figure 1C). In contrast, 
a trend towards increased T cells was detected in the spleen 120 hours after treatment (Figure 1D), con-
sistent with previous observations (34).

YTS-induced changes in islet inflammation prior to T cell purging were examined by measuring 
cytokine and chemokine mRNA in isolated islets. CD3 mRNA was reduced ~2- and 4-fold at 18 and 24 
hours after YTS, respectively (Figure 2A), paralleling the rapid decrease in islet T cell numbers (Figure 
1C). Expression of  IL2, TNFA, and IFNG was significantly reduced by 6 hours in the islets from YTS 
versus control animals (Figure 2B). IL1B mRNA levels exhibited a distinct temporal profile; expression 
increased 2-fold at 6 hours, but was reduced ~5-fold by 18 hours after YTS compared with basal levels 
(Figure 2B). The rapid downregulation of  IFN-γ expression suggests that YTS directly suppressed the 
production of  proinflammatory cytokines by T cells. Indeed, IFNG mRNA was markedly reduced in 

Figure 1. Islet T cell numbers are rapidly reduced by nondepleting YTS Abs. Twelve-week-old NOD female mice received YTS177 and YTS105 or control 2A3. 
Representative dot plots of islet CD4+ and CD8+ (CD3+CD4–) T cells in 2A3-treated (A) or YTS-treated mice (B); single live CD45+ events were gated on (out-
lined in black). Numbers of CD4+ T cells and CD8+ T cells were calculated for islets (C) and spleen (D). *P < 0.01, n = 6, determined by ANOVA with Bonferroni’s 
multiple comparisons correction (C) and two-tailed Student’s t test (D). Data represent 3 replicate experiments. NS, not significant; Tx, treatment.
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CD4+ and CD8+ T cells, but not in non–T cells sorted by FACS from islets 6 hours after YTS versus 
control 2A3-treated mice (Figure 2C). A similar result was obtained in an in vitro assay of  IFN-γ secre-
tion. Here, islets isolated from NOD.BDC and NOD.8.3 TCR transgenic mice were disaggregated and 
cultured in the presence of  YTS. IFN-γ secretion by NOD.BDC CD4+ and NOD.8.3 CD8+ T cells was 
suppressed at all concentrations of  YTS tested (Figure 2, D and E). YTS Fab monomers (Supplemen-
tal Figure 1; supplemental material available online with this article; doi:10.1172/jci.insight.87636DS1) 
failed to inhibit IFN-γ secretion (Figure 2, D and E), indicating that coreceptor blockade per se was insuf-
ficient to mediate the suppressive effect of  YTS. YTS Fab monomers also failed to reverse T1D and did 
not induce T cell egress from the islets in newly diabetic NOD mice (Supplemental Figure 1).

Chemokine gene expression was also reduced in islets from NOD mice after YTS treatment (Figure 
2F). IFN-γ–dependent CXCL9 and CXCL10 expression was significantly decreased as early as 6 hours after 
treatment and more than 4-fold by 24 hours after YTS injection (Figure 2D). In contrast, CXCL13 expres-
sion, which is inhibited by IFN-γ, was increased ~5-fold at 6 hours after YTS and then returned to basal 
levels. Expression of  CCL2, 3, 4, 5, 19, and 21 was also reduced within 24 hours following coreceptor ther-
apy (Supplemental Figure 2). These results demonstrate that rapid suppression of  T cell cytokine produc-
tion, and dampening of  the chemotactic milieu of  the islets marked by reduced CXCL9 and 10 as well as 
CC-family chemokine expression, precede coreceptor therapy-induced purging.

TCR signaling is required for islet T cell retention. Antigen stimulation plays a key role in retention of  T cells 
within the islets (15–19). Furthermore, TCR signaling is required for IL2 and IFNG transcription, which is 
downregulated by YTS (35, 36)(Figure 2B). Moreover, Ab binding to CD4 or CD8 typically blocks TCR 

Figure 2. YTS Abs induce rapid reduction of cytokine and chemokine expression in the islets. Twelve-week-old female NOD mice were treated with 
YTS177 and YTS105 or control 2A3, and RNA prepared from isolated islets pooled from 3 mice at indicated times after treatment. Expression levels of 
CD3 (A) and proinflammatory cytokines (B). Islets from 3 mice were pooled for each data point. Relative expression data from 3 biological replicates were 
averaged and plotted. (C) CD4+ and CD8+ T cells and non–T cells were sorted from islets harvested 6 hours after treatment and IFNG expression quantified 
by real-time PCR. Data points indicate 3 biological replicates. Islets were harvested from NOD.BDC (D) or NOD.8.3 (E) mice, cultured for 72 hours with intact 
or Fab YTS177 or YTS105, respectively, or 2A3, and supernatants assessed for IFN-γ via ELISA. Data represent 3 replicate experiments. (F) Expression of 
CXC-family chemokines was measured by real-time PCR. Islets from 3 mice were pooled for each data point. Relative expression data from 3 biological 
replicates were averaged and plotted. *P < 0.05, **P < 0.01 (one-way ANOVA and Bonferroni’s multiple comparisons correction).
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signaling (28, 37), suggesting that coreceptor therapy mediates islet T cell egress by inhibiting TCR signal 
transduction and downstream effector functions. To initially test this model, the effect of  YTS177 and 
YTS105 on TCR-induced intracellular Ca2+ flux was studied in vitro. Anti-CD3 Ab mobilized intracellular 
Ca2+ stores in control but not YTS-bound T cells (Figure 3A). However, Ca2+ flux induced by ionomycin 
was still detected in YTS-bound T cells (Figure 3A), indicating that blockade of  Ca2+ mobilization was due 
to perturbations to the TCR pathway, and not to cell death or low levels of  intracellular calcium following 
coreceptor ligation.

The outcome of  Ca2+ mobilization in T cells is the activation of  calcineurin, which allows nuclear fac-
tor of  activated T cells (NF-AT) to transactivate early T cell response genes such as IL2 (23). Accordingly, 
the calcineurin inhibitor FK506 was employed to further assess the relative contribution of  TCR signaling 
in islet T cell retention. To minimize possible contributions from the highly variable TCR repertoire typical 
of  NOD mice, NOD.BDC2.5 and NOD.8.3 mice were used to measure retention of  CD4+ and CD8+ T 
effectors, respectively (38). NOD.BDC mice were treated with FK506, and islet T cell egress was compared 
with the YTS177 and 2A3 treatment groups. Islet CD4+ T cell numbers were reduced ~5-fold 6 days after 
either YTS177 or FK506 treatment (Figure 3B), whereas splenic CD4+ T cells were largely unaffected (Fig-
ure 3C). FK506 treatment also resulted in reduced CD8+ T cells in the islets of  NOD.8.3 mice (Figure 3D). 
Notably, FK506 induced a rapid reduction (e.g., 6 hours) in mRNA expression of  IL2, TNFA, and IFNG, 
as well as CXCL9 and CXCL10, while CXCL13 was upregulated (Figure 3, E and F). Analogously to YTS 
treatment, these changes occurred prior to T cell egress, as CD3 transcripts were unchanged at 6 hours, but 
significantly reduced at 48 hours after FK506 treatment (Figure 3G). Together, these findings demonstrate 
that sustained TCR signaling is necessary for islet T cell retention.

Ectopic IFN-γ and CXCL10 prevent islet T cell egress by coreceptor therapy. The above findings suggest-
ed a scenario in which coreceptor crosslinking blocked TCR signaling, and directly suppressed T cell 
production of  proinflammatory cytokines (e.g., IFN-γ), needed for local chemokine production (e.g., 
CXCL9, CXCL10). To test this model, IFN-γ was administered to 12-week-old NOD female mice, and 
the effect on YTS-induced islet T cell purging assessed 24 hours later. As expected, CD4+ and CD8+ T 

Figure 3. TCR signaling is required for islet T cell retention. (A) Mobilization of intracellular stores of Ca2+ by anti-CD3 Ab was measured in vitro for control T cells 
(shaded curve) or T cells treated with YTS177 and YTS105 (not shaded). Data represent 3 replicate experiments. YTS-bound T cells were stimulated with ionomycin 
at 225 seconds. Black line trace shows the ratio of Indo-1 fluorescence in the Ca2+-bound state to that in the Ca2+-unbound state. BDC2.5 female mice were treated 
with YTS177 (n = 6), isotype control Ab (2A3, n = 3), FK506 (n = 6), or left untreated (n = 6) and islet (B) and splenic (C) CD4+ T cells enumerated by flow cytome-
try. (D) NOD.8.3 female mice were treated with YTS105, 2A3, or FK506, and islet CD8+ T cells enumerated by flow cytometry (n = 5). (E–G) Twelve-week-old NOD 
female mice were injected with FK506 or PBS (0 hours), and mRNA expression in isolated islets measured via qRT-PCR. Islets from 3 mice were pooled for each 
data point. Data are the average of 3 biological replicates. *P < 0.05 (one-way ANOVA and Bonferroni’s multiple comparisons correction). No Tx, no treatment.
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cell numbers were reduced more than 4-fold in the islets of  NOD mice receiving YTS alone (Figure 4, B 
and D). In contrast, recombinant (r) IFN-γ cotreatment limited YTS-induced purging of  islet T cells to 
less than 2-fold (Figure 4, C and D). Furthermore, NOD mice coinjected with rIFN-γ and YTS demon-
strated elevated levels of  CD3, CXCL9, and CXCL10 transcripts relative to YTS-only treated animals 
(Figure 4, E–J). Notably, a comparable decrease in islet IFNG and IL2 mRNA expression was seen in 
groups receiving either rIFN-γ plus YTS or YTS alone, indicating that rIFN-γ had no impact on direct 
T cell suppression by YTS (Figure 4, E–G).

Next, whether islet T cell egress was due to suppressed chemotactic cues was examined. Here, ade-
no-associated virus (AAV) vectors encoding CXCL10 (AAV8mIP-CXCL10), IFNG (AAV8mIP-IFN-γ), or 
GFP (AAV8mIP-GFP) were used. Vectors were packaged with serotype 8 capsid protein for efficient β cell 
transduction in vivo, and β cell–specific transgene expression achieved with a mouse insulin promoter (mIP) 
(39). Twelve-week-old NOD female mice were injected i.p. with 2 × 1010 vector particles of  AAV8mIP, 
treated 10 days later with YTS or 2A3, and islets examined 24 hours afterwards. Islet CD4+ and CD8+ T 
cells were readily purged in NOD mice treated with YTS plus control AAV8mIP-GFP vector (Figure 4, K 
and L). Similar to rIFN-γ injection (Figure 4D), no significant islet T cell purging was seen in NOD mice 
treated with YTS and AAV8mIP-IFN-γ (Figure 4, K and L). Notably, YTS-mediated islet T cell purging was 
also inhibited in NOD mice vaccinated with AAV8mIP-CXCL10 (Figure 4, K and L). These results indicate 

Figure 4. Increased IFN-γ and CXCL10 blocks YTS-induced islet T cell purging. (A–F) Twelve-week-old NOD female mice were left untreated (A) or treated 
with YTS alone (B) or YTS plus rIFN-γ (C) and islets harvested 24 hours later. (A–C) Representative dot plots display single live CD45+ events. Blue lines show 
the gating. (D) Islet T cell numbers for groups of 6 mice. *P < 0.02. Data represent 3 independent experiments. (E–J) Islet mRNA expression of CD3 (E), IL2 (F), 
IFNG (G), CXCL9 (H), CXCL10 (I), and CXCL13 (J) was measured via real-time PCR. Islets from 3 mice were pooled for each group. Results are the average of 3 
biological replicates. *P < 0.05, **P < 0.01. Islet CD4+ (K) and CD8+ (L) T cell numbers from AAVmIP vector–vaccinated NOD mice treated with YTS or 2A3. Data 
are the average of 3 independent experiments. *P < 0.05, n = 9. All P values were calculated using one way ANOVA and Bonferroni’s multiple comparisons 
correction. NS, not significant; No Tx, no treatment.
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that elevated levels of  either islet IFN-γ or CXCL10 are sufficient to block YTS-induced T cell egress, and 
indicate that the downregulation of  IFNG and related chemokines is required for YTS-induced T cell egress.

Neutralization of  IFN-γ alone is insufficient to purge islet T cells. To determine if  modulating IFN-γ alone is 
sufficient to drive islet T cell egress, 12-week-old female NOD mice were treated with neutralizing anti–
IFN-γ Ab and islet T cell egress was examined. Anti–IFN-γ Ab had only a modest effect on islet T cell 
numbers compared with YTS-treated animals (Figure 5A). Anti–IFN-γ Ab, however, resulted in a 2- to 
3-fold reduction in CXCL9 and CXCL10 mRNA, and an increase in CXCL13 expression, indicative of  IFN-γ 
neutralization (Figure 5, B–D). Expression of  CD3, IL2 and IFNG was unaffected by anti-IFN-g Ab (Fig-
ure 5, E–G). Furthermore, mRNA expression of  C-C family chemokines was increased 2- to 6-fold by 
anti–IFN-γ Ab (Figure 5, H–K).

ND anti–human CD4 and CD8 Ab suppress IFN-γ and induce tissue-specific T cell purging in humanized mice. 
The in vivo effects of  coreceptor therapy on human T cells were investigated. For this purpose, murine 
CH5g5 (anti–human CD4) and CH9d2 (anti–human CD8α) mAbs were established, and the variable seg-
ments of  the light and heavy chain genes cloned into human κ and γ4 expression vectors, respectively. The 
resulting anti-CD4 and anti-CD8α IgG4 chimeric Abs are nonlytic due to the low complement-activating 
and Fc-receptor-binding capacities of  IgG4 (40). Binding of  CH5g5-IgG4 and CH9d2-IgG4 was restricted 
to CD3+CD4+ and CD3+CD8+ T cells, respectively (Supplemental Figure 3).

NRG mice injected with human peripheral blood mononuclear cells (PBMCs) (NRG-PBL) sup-
port engraftment by human T cells, and develop a T cell–mediated xenogeneic graft-versus-host disease 
(xGVHD) manifested in several organs, including the liver and exocrine pancreas (41). Cohorts of  NRG-
PBL mice established with 4 different healthy donors received 1 mg of  CH5g5- and CH9d2-IgG4 or 
were left untreated, and 72 hours later serum levels of  human IFN-γ and T cell numbers in the pancreas, 

Figure 5. Neutralizing IFN-γ alone is insufficient to mediate islet T cell egress. 
(A) Groups of 12-week-old NOD female mice were treated with anti–IFN-γ Ab 
(α–IFN-γ) or YTS177 and YTS105, islets isolated 48 hours later, and T cells enu-
merated by flow cytometry. Data represent 2 independent experiments. *P < 
0.05, n = 3 (one way ANOVA and Bonferroni’s multiple comparisons correction). 
(B–M) Islets from groups of 3 mice were pooled and gene expression measured 
via real-time PCR. Data are the average of 3 independent experiments. *P < 
0.05 (two-tailed Student’s t test). NS, not significant; No Tx, no treatment.
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liver, and spleen were measured 
(Figure 6, A–M). CH5g5- and 
CH9d2-IgG4 reduced human 
IFN-γ levels more than 10-fold 
in the serum of  NRG-PBL mice 
(Figure 6A). In the spleen of  
CH5g5-IgG4– and CH9d2-
IgG4–treated NRG-PBL mice, 
an ~2-fold increase in CD4+ 
T cells was detected, whereas 
splenic CD8+ T cell numbers 
were unaffected (Figure 6J). In 
contrast, both pancreatic and 
hepatic CD4+ and CD8+ T cells 

were reduced 2- to 3-fold in CH5g5-IgG4– and CH9d2-IgG4–treated NRG-PBL animals (Figure 6, H and 
I). CD4+ and CD8+ T cell numbers were not significantly affected in the pancreas or liver of  NRG-PBL 
mice injected with control human IgG (Figure 6, K–M).

Figure 6. Coreceptor crosslinking 
suppresses IFN-γ and induces 
selective T cell tissue purging in 
peripheral blood mononuclear 
cell (PBMC)–reconstituted mice. 
PBMC-reconstituted NOD-Rag–/–IL-
2Rg–/– mice were treated with 1 mg 
each of CH9d2 and CH5g5 (combo), 
2 mg of human IgG isotype control 
(isotype), or left untreated (control). 
(A) Seventy-two hours later, human 
IFN-γ concentration was measured 
by ELISA in sera of nontreated 
(n = 12), hIgG treated (n = 3), and 
CH9d2+CH5g5–treated mice (n = 
12). Human T cells in the control 
(B–D) and treated (E–G) mice were 
identified in the pancreas (B and E), 
liver (C and F), and spleen (D and G) 
and were enumerated (H–J) (n = 12)
(one way ANOVA and Bonferroni’s 
multiple comparisons correction). 
The same comparison was made for 
nontreated versus isotype control–
treated mice (L and M). *P < 0.05, 
**P <0.01, ***P < 0.001, n = 3. CD69 
expression was determined for CD4+ 
(N–P) and CD8+ (Q–S) T cell subsets. 
CD69 expression is displayed 
for control (dashed histogram), 
CH5g5+CH9d2–treated mice (solid 
histogram), and fluorescence minus 
one (FMO) control (shaded histo-
gram) in the pancreas (N and Q), 
liver (O and R), and spleen (P and S). 
Frequency of CD69+ events is listed 
on each overlay for untreated mice 
(dashed box) CH9d2+CH5g5–treated 
mice (solid box) and FMO control 
samples (shaded box). Four different 
subjects donated PBMCs for these 
experiments, and results were 
pooled from all 4 experiments. No 
Tx, no treatment; NS, not significant.
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The observed T cell purging induced by CH5g5- and CH9d2-IgG4 correlated with CD69 expression. 
Only minimal CD69 expression by CD4+ and CD8+ T cells was observed in the spleens of  NRG-PBL mice 
(Figure 6, P and S). However, 32.8% and 35% of  CD4+ and CD8+ T cells, respectively, exhibited a CD69hi 
phenotype in the pancreas of  NRG-PBL mice, which was reduced to near baseline levels following CH5g5- 
and CH9d2-IgG4 treatment (Figure 6, N and Q). Similar results were seen in the liver of  NSG-PBL mice 
(Figure 6, O and R). These results indicate that Ab-mediated coreceptor binding in vivo inhibits TCR sig-
naling in human T cells, resulting in reduced CD69 surface expression and IFN-γ secretion, and a selective 
reduction in tissue-infiltrating human T effectors.

Discussion
Targeting CD4 and CD8 with ND Abs has been shown to prevent T cell activation, suppress ongoing 
effector functions, and induce tolerance in a wide range of  models of  immune pathology (28, 30–33). The 
current study demonstrates that YTS-induced islet purging is due to direct suppression of  pathogenic T 
cells, which limits the local inflammatory and chemoattractive milieu needed for tissue retention. Defin-
ing these relationships advances our understanding of  how ND anti-coreceptor Abs mediate a therapeutic 
effect in vivo. Notably, coreceptor therapy was also found to purge tissue-infiltrating human CD4+ and 
CD8+ T cells in NRG-PBL mice in an inflammation-dependent manner. Similar in vivo effects suggest 
that YTS and ND anti–human CD4 and –CD8α Abs share tolerogenic properties, which in turn may be 
intrinsic to coreceptor therapy.

YTS reverses diabetes in NOD mice, a stringent model for testing the therapeutic efficacy of  an immu-
notherapy (34, 42). Several studies have reported on the tolerogenic properties of  YTS177 and YTS105 
in NOD mice. Administration of  YTS105 blocks progression of  insulitis and clinical onset in prediabetic 
NOD mice either in the context of  spontaneous disease or in a T cell transfer model (43, 44). Similarly, 
YTS177 is effective at preventing T1D and resolving insulitis in NOD mice after transfer of  either diabeto-
genic splenocytes or primed BDC CD4+ T cells (35, 45). The latter is associated with downregulation of  IL2 
and IFNG gene expression. Our findings are consistent with and extend these earlier observations by for-
mally establishing a causal link between YTS-induced suppression of  TCR signaling, IFN-γ loss, and islet T 
cell egress. Whereas earlier work has focused on either YTS Abs alone, our studies indicate that therapeutic 
efficacy is enhanced with both YTS177 and YTS105. For instance, diabetes reversal in NOD mice requires 
YTS177 and YTS105 cotreatment (34), likely reflecting the high frequency and elevated levels of  proin-
flammatory cytokine secretion by islet CD4+ and CD8+ T effectors at diabetes onset, which in turn drive 
β cell destruction and aid islet T cell retention. Similarly, the Cooke group showed that both YTS177 and 
YTS105 are required to induce diabetes remission in new-onset NOD mice (42). Valency of  YTS is another 
factor influencing therapeutic efficacy. Monovalent YTS Fab failed to suppress IFN-γ secretion by CD4+ 
and CD8+ T cells (Figure 2, D and E) or reverse diabetes in NOD mice (Supplemental Figure 1), suggesting 
that crosslinking is needed and blockade per se of  coreceptor is insufficient to mediate therapeutic effects.

Antigen stimulation is known to enhance islet T cell retention (16, 19). Furthermore, suppression of  
TCR signaling is the most studied outcome of  coreceptor ligation by Ab. Ab binding to CD4 or CD8 blocks 
activation of  p56lck, resulting in hypophosphorylation of  TCR signaling intermediates, thereby limiting T 
cell activation, expansion, and/or effector function (24–26, 46). YTS-induced purging of  islet T cells is 
consistent with these observations. Direct inhibition of  TCR signaling was evident by reduced intracellular 
Ca2+ flux in YTS-bound T cells (Figure 3A). The importance of  ongoing TCR signaling for islet T cell 
retention was further seen in NOD mice treated with the calcineurin inhibitor FK506 (Figure 3). FK506 
suppressed islet inflammation and induced T cell purging with rapid kinetics that were strikingly similar to 
YTS treatment (Figure 3). Calcineurin inhibitors have been shown to reduce insulitis and prevent T1D in 
NOD mice, while cyclosporin A induces remission in recently diagnosed human T1D patients, albeit with 
severe complications (47–49). FK506, as well as YTS, blocks IL2 expression (Figures 2B and 3E), which 
may impact YTS-induced islet T cell purging. β cell–specific IL2, however, failed to prevent YTS-induced 
islet T cell egress (Supplemental Figure 4). These findings indicate that interrupted TCR signaling is critical 
for driving ND anti-CD4/CD8 Ab–mediated reversal of  insulitis and T1D, and IL-2 is unable to overcome 
the suppressive effect.

Another key event promoting islet purging by YTS was direct suppression of  IFN-γ secretion by CD4+ 
and CD8+ T cells (Figure 2). IFN-γ plays an important role in establishing insulitis and maintaining diabe-
togenic activity of  the islet infiltrate by in part regulating the production of  recruitment/retention cues, such 
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as adhesion molecules and chemokines by islet resident cells (50). Indeed, suppression of  IFN-γ by YTS 
resulted in decreased expression of  chemokines, including IFN-γ–regulated CXCL9 and 10 (Figure 2F). 
On the other hand, injection of  rIFN-γ or β cell–specific IFNG expression effectively blocked YTS-induced 
islet T cell purging while maintaining islet chemokine expression (Figure 4). IFN-γ neutralization, however, 
marked by reduced CXCL9 and 10 (Figure 5, B and C) and increased CXCL13 (Figure 5D) was insufficient 
to reverse established insulitis (Figure 5A). Anti–IFN-γ Ab has been reported to be similarly ineffective in 
NOD mice once islet T cell residency is established (51). Lack of  an effect on insulitis by anti–IFN-γ Ab is 
likely due to a compensatory increase in the expression of  TH1 chemokines not directly regulated by IFN-γ, 
such as CCL2, 3, 4, and 5 (Figure 5, H–K). Additional pathways that stimulate IFN-γ secretion by T cells 
may limit the effects of  YTS and therapeutic efficacy. However, YTS continued to suppress IFN-γ secretion 
in disaggregated NOD.BDC islet cultures supplemented with either IL-12 or anti-CD28 Ab (Supplemental 
Figure 5, A and B). Together, these results support a model in which YTS mediates islet purging by directly 
suppressing IFN-γ production by T cells, which in turn is needed to drive local chemokine levels.

A role for chemokines regulating YTS-induced T cell egress was directly established via AAV8mIP-CX-
CL10 vaccination. Sustained β cell–specific expression of  CXCL10 was sufficient to block YTS-induced 
islet T cell purging (Figure 4, K and L). Two key conclusions can be drawn from this result. First, CXCL10 
not only regulates T cell migration into the islets (12–14, 20, 52) but also contributes to retention of  patho-
genic islet T cells. Second, purging is not due to suppression of  CKR function since YTS-bound islet T 
cells continued to respond to ectopic CXCL10. The reduced inflammatory milieu observed following YTS 
treatment is also expected to limit trafficking of  T cells into the islets. Indeed, islets of  YTS-treated NOD 
mice remain free of  insulitis long term (34). Interestingly, islet DC, macrophage, and B cell numbers were 
also altered following YTS (Supplemental Figure 6), indicating that other cell types are influenced by the T 
cell–driven inflammatory milieu in the islets.

Importantly, the in vivo effects of  engineered anti–human CD4 and –CD8α IgG4 on human T cells 
mimicked observations made for YTS in NOD mice. The chimeric IgG4 was nondepleting; the number 
of  splenic human CD8+ T cells was unperturbed, whereas CD4+ T cell numbers were in fact increased in 
CH5g5-IgG4– and CH9d2-IgG4–treated NRG-PBL mice (Figure 6J). On the other hand, numbers of  CD4+ 
and CD8+ T cells in the exocrine pancreas and liver were significantly reduced by CH5g5- and CH9d2-IgG4 
treatment (Figure 6, H and I). This tissue purging was independent of  the donor used to establish the 
NRG-PBL mice (Figure 6, H–J). The selectivity of  tissue purging may reflect ongoing antigen stimulation 
of  T cells, consistent with the effects of  YTS in NOD mice. For instance, the frequency of  CD69+ T cells, 
indicative of  recent antigenic stimulation, was increased 5- to 10-fold in the exocrine pancreas and liver 
relative to the spleen (Figure 6, N–S). Furthermore, CH5g5- and CH9d2-IgG4 treatment reduced by more 
than 5-fold the number of  pancreatic and hepatic CD69+ T cells (Figure 6, N–S). Also, similarly to YTS, 
CH5g5- and CH9d2-IgG4 suppressed cytokine production; serum levels of  human IFN-γ were reduced 
~20-fold by Ab treatment (Figure 6A). Work is ongoing to better define both the direct and indirect effects 
of  CH5g5- and CH9d2-IgG4 binding on the function and trafficking properties of  human CD4+ and CD8+ 
T effectors, respectively.

In summary, these findings provide the mechanistic basis for the robust tissue purging of T cells induced by 
coreceptor therapy. Targeting chemokine-CKR axes as an approach to treat human autoimmunity has encoun-
tered several problems, due in part to complex interactions between CKR and multiple ligands, poor immu-
nogenicity of CKR, and posttreatment upregulation of targeted chemokines (52–54). Interestingly, the combi-
nation of anti-CD3 and anti-CXCL10 Ab therapy has recently been reported to induce a synergistic effect and 
reversal of diabetes in NOD mice and a transgenic model of T1D (55). Coreceptor therapy, on the other hand, 
offers an approach to effectively suppress both T cell–mediated inflammation and downstream expression of  
chemotactic cues needed for tissue retention of pathogenic T cells, and other immune effectors. Importantly, 
our findings also indicate that coreceptor therapy may have similar in vivo effects on human T cells.

Methods
Mice and treatments. NOD/ShiLtJ, NOD.Cg-Tg(TcraBDC2.5)1Doi Tg(TcrbBDC2.5)2Doi/DoiJ (NOD.
BDC), NOD.Cg-Tg(TcraTcrbNY8.3)1Pesa/DvsJ (NOD.8.3), NOD.CB17-Prkdcscid/J (NOD.scid), and 
NOD.Cg-Rag1tm1MomIl2rgtm1Wjl/SzJ (NRG) mice were obtained from the Jackson Laboratory, bred and 
housed under specific pathogen–free conditions. NOD mice were diagnosed with overt diabetes after 2 con-
secutive blood glucose readings greater than or equal to 250 mg/dl. NOD mice were treated i.p. with 1 mg 
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of  ND anti-CD4 and anti-CD8 rat IgG2a. Rat IgG2a isotype control 2A3 was purchased from Bio X Cell. 
NOD mice were treated with: (a) 10,000 units of  murine rIFN-γ i.v. every 6 hours for the duration of  the 
experiment (Peprotech), (b) 1 mg/kg of  FK506 i.p. every other day (Abcam), and (c) 500 μg of  anti–IFN-γ 
Ab (clone R4-6A2) i.p. daily for 2 days. R4-6A2, YTS177, and YTS105 Abs were produced in-house from 
supernatants of  cultured hybridomas, as previously described (56). The R4-6A2 line was purchased from 
ATCC. YTS177 and YTS105 hybridomas were a gift from Herman Waldmann (University of  Oxford).

NRG mice were reconstituted with 15 × 106 to 20 × 106 fresh PBMCs prepared by Ficoll-Paque Plus 
(GE Healthcare). Human reconstitution of  animals was monitored via flow cytometry for human CD45+ 
cells in peripheral blood. Four to 6 weeks after transfer, mice were injected with 1 mg of  CH5g5 and 1 mg 
of  CH9d2 or 2 mg of  polyclonal human IgG (Bio X Cell) via the i.p. route. Seventy-two hours following Ab 
injection, mice were sacrificed for analyses of  sera and T cell content of  organs.

Flow cytometry and T cell enumeration. Single-cell suspensions were prepared from tissues, and RBCs lysed 
using Tris-buffered ammonium chloride. Pancreases were perfused with 2 mg/ml collagenase P (Roche) via 
the common bile duct and islets isolated on a Lympholyte 1.1 gradient (Cedarlane). Infiltrating leukocytes were 
liberated from hand-picked islets using an enzyme-free dissociation buffer (Life Technologies) prior to staining. 
Pacific Orange-succinimidyl ester or blue-reactive LIVE/DEAD discriminator dyes were used to identify viable 
cells (Life Technologies). The following fluorochrome-conjugated Abs were purchased from eBioscience, Bio-
legend, or BD Biosciences: anti–CD45-BrilliantViolet-421 (clone 30-F11), anti–CD4-PE (clone RM4-4), anti–
CD3ε-FITC or –PE/Cy7 (clone 145-2C11), anti–CD8α-PE (clone 53-6.7). The following anti–human Ab were 
used (all purchased from BD Biosciences): anti–CD45-APC-H7 (clone 2D1), anti–CD3-FITC (clone OKT3), 
anti–CD4-BV421 (clone OKT4), anti–CD8-PerCP-Cy5.5 (clone SK1), and anti–CD69-PE/Cy7 (clone L78). 
Anti–human IgG-PE (catalog 2040-09) was purchased from Southern Biotech. T cells were enumerated using 
AccuCheck counting beads (Life Technologies). Flow cytometric data were acquired using a Becton-Dickinson 
LSRII or a Beckman-Coulter CyAn ADP, and data analyzed using FlowJo software (Treestar).

Quantitative real-time PCR. RNA was prepared from isolated islets using RNeasy PLUS columns 
(QIAGEN), and cDNA synthesized using SuperScript III (Life Technologies) according to the manufac-
turers’ recommendations. cDNA (50 ng) was amplified via a Maxima SYBR green master mix (Thermo 
Fisher Scientific) and an ABI Prism 7500 (Applied Biosystems). Ct values were calculated by the ΔΔCt 
method and ABI Sequence Detection System software, and normalized to HPRT values and calibrated 
to a control sample.

IFN-γ production by intra-islet leukocytes. Isolated islets were disaggregated and cultured in round-bottom 
96-well plates at 37°C and 5.5% CO2. Twenty-five (NOD.BDC) or 50 (NOD.8.3) islets were cultured in 200 
μl DMEM supplemented with 10% FBS, L-glutamine, penicillin-streptomycin, and β-mercaptoethanol. 
Following 72 hours of  culture, IFN-γ was measured in supernatants using an OptEIA set (BD Biosciences).

AAV vector production and treatment. Full-length murine IFN-γ and CXCL10 cDNAs were cloned into 
a double-stranded AAV plasmid and expression driven by mIP (39). For packaging, AAVmIP-IFN-γ or 
AAVmIP-CXCL10 plasmids, an adeno helper plasmid (pXX6-80), and serotype capsid 8 encoding plas-
mid were cotransfected into HEK-293T cells using polyethylenimine. Seventy-two hours after transfec-
tion, nuclear fractions were harvested, and vector particles purified by cesium chloride centrifugation. 
Vector copy number was determined by real-time PCR using the standard curve method. Packaged AAV 
vector (2 × 1010 vector particles) was administered i.p.

Preparation of  Fab monomers. Purified YTS177 and YTS105 were digested with papain using a Pierce 
Fab Preparation Kit (Thermo Fisher Scientific). Fab monomers were purified on an ÄKTA protein purifi-
cation fast performance liquid chromatography (FPLC) system using a GE Healthcare HiTrap Q Sephar-
ose HP and HiTrap DEAE Sepharose FF column, respectively. Fab monomer purity was confirmed by 
SDS-PAGE, and binding to CD4 or CD8 measured by flow cytometry using a goat anti–rat AlexaFluor488 
conjugate (Life Technologies, catalog A-11006).

Mobilization of  intracellular calcium. Lymphocytes were labeled with 2.5 μM Indo-1 AM (Life Technol-
ogies) in HBSS plus 1% FBS. Labeling was carried out at 37°C for 60 minutes at a cell concentration of  
2 × 106/ml. Cells were washed and treated with 5 μg/ml biotinylated anti-CD3ε (145.2C11, BioLegend) 
and titrated amounts of  anti–CD19-APC (eBioscience, clone 1D3) on ice. Cells were washed and sus-
pended in HBSS plus 1% FCS and brought to 37°C before flow cytometric analysis. Thirty seconds into 
the analysis, acquisition was paused, and one volume of  25 μg/ml unlabeled streptavidin added (Life 
Technologies); acquisition was then restarted.
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ND anti–human CD4 and CD8α. Murine hybridoma lines secreting mouse anti–human CD4 and CD8α 
Abs were established using the Ag8.653 fusion partner (purchased from ATCC) according to the method 
of  Kohler and Milstein (56). RNA was harvested from monoclonal hybridoma lines and the variable region 
genes for heavy and light chains amplified by PCR using Ambion 5′ RLM-RACE reagents (Life Technol-
ogies), and cloned into a TOPO 2.1-TA vector (Life Technologies) for sequencing. Light chain variable 
region genes were subcloned into a pFUSE2-CLIg-human κ expression vector and heavy chain variable 
region genes subcloned into a pFUSE2-CHIg-human γ4 expression vector (InvivoGen). Expi293 cells were 
transfected according to the vendor’s instructions (Life Technologies) and human IgG4 purified by protein 
A affinity chromatography (Hi-Trap Protein A, GE Healthcare).

Statistics. Data on scatter and line plots appear with the mean identified by a horizontal line. Error bars 
represent standard error of  the mean (SEM). For experiments containing 2 groups, 2-tailed Student’s t test 
was used to determine significance. For experiments containing more than 2 groups, 1-way analysis of  
variance (ANOVA) with Bonferroni’s multiple comparisons correction was used to determine significance. 
Differences were considered to be significant when P < 0.05.

Study approval. All animal procedures were approved by the University of  North Carolina at Chapel 
Hill (UNC-CH) IACUC. Human PBMCs were collected from healthy donors enrolled in the study in 
accordance with UNC-CH IRB guidelines.
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