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Interrupting T cell costimulatory signals as a strategy to control undesired immune responses, such as occur in
autoimmunity or transplantation, has the potential to alleviate many of the unwanted side effects associated with current
immunosuppressive therapies. Belatacept, a high-affinity version of CTLA4-Ig that blocks ligand ligation to CD28, has been
approved for use in kidney transplant recipients. Despite the long-term benefits associated with its use, such as improved
renal function and lower cardiovascular risk, a subset of patients treated with belatacept experience elevated rates of acute
T cell-mediated rejection, tempering enthusiasm for its use. Here we demonstrate that costimulation-independent T cell
alloreactivity relies on signaling through CD122, the shared IL-2 and IL-15 receptor -chain. Combined costimulatory and CD122
blockade improved survival of transplanted tissue in mice and nonhuman primates by controlling proliferation and effector
function of CD8" T cells. The high-affinity IL-2 receptor was dispensable for memory CD8* T cell responses, whereas signaling
through CD122 as a component of the high-affinity IL-15 receptor was critical for costimulation-independent memory CD8* T
cell recall, distinguishing specific roles for IL-2 and IL-15 in T cell activation. These studies outline a novel approach for clinical

Introduction

Blockade of key T cell costimulatory pathways represents a
more targeted strategy to prevent unwanted immune responses
such as rejection in transplant recipients. Recently, belatacept,
a high-affinity variant of the CTLA4-Ig fusion protein, became
the first approved alternative to conventional nonspecific immu-
nosuppression for kidney transplant recipients (1, 2). Compared
with patients receiving cyclosporine, transplant patients treated
with belatacept enjoyed superior function of their transplanted
kidney with fewer off-target toxicities and a 43% risk reduction
of death or graft loss in a 7-year follow-up (3-5). Despite these
improvements, a significant subset of patients experienced
elevated rates and grades of acute allograft rejection during
belatacept therapy (6, 7). Belatacept specifically interrupts T
cell costimulatory signals mediated by CD28-CD80/CD86
interactions. Memory CD8* T cells are capable of mounting
alloimmune responses despite blockade of CD28 and CD154
costimulatory molecules (8-11). We recently demonstrated that
a critical threshold of T cell memory can effectively predict bela-
tacept resistance in patients and nonhuman primates (NHPs)
and that belatacept-resistant rejection is uniquely characterized
by allograft infiltrate that is more fully differentiated, with a
unique proinflammatory cytokine signature (12, 13). There are
subsets of memory CD8* T cells in humans and NHPs that lack
CD28 expression altogether and rely on alternative signals for
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optimization of costimulatory blockade strategies in transplantation by targeting CD122.

activation (14, 15). One such signal is provided by the shared
IL-2 and IL-15 cytokine signaling complex.

IL-2 and IL-15 signals depend on the assembly of high-affinity
heterotrimeric receptors which share a p-chain (CD122) and com-
mon y-chain (y ) (16). The unique contributions of these cytokines
to host protection and alloimmunity, while described, are not fully
elucidated. Interestingly, IL-2/IL-2Ra knockout animals exhib-
it autoimmunity, whereas IL-15/IL-15Ra knockout animals have
diminished CD8, IELS, NK, and NKT cells, suggesting that these
2 cytokines have unique biological roles despite a shared signaling
complex (17-20). Blocking the shared IL-2/IL-15R has ameliorat-
ed disease in a murine model of IL-15-dependent autoimmunity
(21). Additionally, we know that IL-15 signaling is critical for mem-
ory CD8* T cell homeostasis and survival (22-24). Exogenous
IL-15 has been shown to induce expansion of memory CD8* T cells
in rhesus monkeys (25). Inflammation may drive IL-15 production,
leading to enhanced trafficking and proliferation of memory T cells
following viral infection, but it is unclear what role IL-15 signaling
has in transplant rejection, including its role in costimulation-in-
dependent T cell responses (26). We and others have demonstrat-
ed that IL-2 and IL-15 signaling induces the loss of CD28 while
providing other activation signals (27, 28). Thus, signaling through
the IL-2/IL-15 receptor complex may activate alloreactive T cells
while making them increasingly resistant to belatacept due to
loss of CD28. In support of this, recent studies by Traitanon et al
demonstrate that IL-15 uniquely drives the proliferation of human
alloreactive memory CD8* T cells, despite costimulatory blockade
(CoB) with CTLA4-Ig (29). Here we demonstrate that blockade
of the shared IL-2 and IL-15 receptor B-chain, CD122, synergiz-
es with CoB to abrogate both primary and memory CD8* T cell
responses to transplanted tissue and results in prolonged trans-
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Figure 1. Kinetics of CD122 expression on CD8 T cells in acute viral
infection and allograft rejection. (A) C57BL/6 mice were infected with
LCMV Armstrong strain. The frequency and phenotype of antigen-specific
(CD44+GP33 tetramer*) splenic CD8* T cells were assessed longitudinally,
and more than 95% of all antigen-specific T cells (black circles) expressed
CD122 (gray squares). (B) The MFI of CD122 on antigen-specific T cells was
highest at day 108 compared with day 8, P = 0.0002. (C) Representative
FACS plot of data shown in A (top row) and B (middle row). Bottom row
depicts changing phenotype of CD122* cells after infection. (D) Represen-
tative histogram demonstrating that antigen-specific T cells are pheno-
typically CD127°KLRG1" on day 8 after infection (unshaded) compared with
a memory time point (day 108), when cells were CD127"KLRG1° (shaded).
(E) CD122 is more highly expressed on antigen-specific T ,, (CD44'CD62L*)
CD8" T cells compared with T,,, (CD44°CD62L") CD8* T cells (P = 0.0274). (F)
C57BL/6 (H2b) mice received BALB/c (H2d) skin grafts and were assessed
longitudinally, similar to A. The majority of alloreactive CD8*CD44* T cells
(black circles) expressed CD122 (gray squares). (G) CD122 MFI was highest
100 days after transplant (P = 0.0011). (H) Representative FACS plot of
data shown in F (top row) and G (middle row). Bottom row depicts pheno-
typic changes after transplant. (I) CD122* cells demonstrate similar CD127
and KLRG1 expression at the peak of rejection (unshaded) and memory
(shaded) compared with infection (D). (J) Alloreactive CD8* T, cells express
higher levels of CD122 compared with T,,, CD8" T cells (P = 0.0016). P values
generated by 1-way ANOVA with Tukey’s multiple comparisons test (B,

G). Student’s t test, 2-tailed. Bars represent the mean + SEM of 3 mice

per group (E, J). All results, including FACS plots, represent 3 independent
experiments (n = 3 mice/group). *P < 0.05; **P < 0.01; ***P < 0.001.

plant survival in mice and NHPs. Interestingly, blockade of the
high-affinity IL-2 receptor failed to inhibit T cell recall and graft
rejection, whereas blockade of CD122 controlled CD8* memory T
cells, suggesting recall responses uniquely require IL-15, but can
dispense with IL-2. This data supports a role for IL-15 not only in
memory T cell homeostasis but also in memory T cell activation,
proliferation, and acquisition of effector function. In contrast, the
high-affinity IL-2 receptor in combination with CoB is sufficient
to prevent primary allo-specific T cell responses. CD122-directed
therapy allows for blockade of 2 pathways involved in T cell acti-
vation, IL-2 and IL-15, which possess distinct functions as signal 3
cytokines in primary and recall responses, respectively.

We translated these findings into a preclinical, NHP renal
transplant model where we characterized the expression of
CD122 as a marker of antigen-experienced memory CD8" T cells,
and found that IL-15 augments effector function of T cells, more
so than IL-2, across the spectrum of memory T cell differentia-
tion. Belatacept-resistant allograft infiltrate was characterized by
high expression of CD122, but not CD25. The addition of a novel
humanized CD122 blocking antibody synergized with belatacept
to abrogate alloreactivity in vitro and markedly prolong survival of
NHP renal transplant recipients. These data offer a novel strategy
for the optimization of CoB in transplantation and define a critical
role for CD122 in both primary and secondary immune respons-
es, as part of the IL-2 and IL-15 receptor systems, respectively.
Our studies suggest that signaling through IL-2/IL-15R (CD122)
directly contributes to costimulation independence. The transla-
tion of CD122-directed therapy for transplantation may be supe-
rior to currently approved therapies targeting CD25, which may
also deplete regulatory T cells (30). Furthermore, CD122-directed
therapy has the benefit of interrupting the IL-2 receptor and the
IL-15 receptor, inhibiting both primary and secondary alloreactive
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T cell responses. These data improve our understanding of the
basic signaling requirements of T cells, and highlight the distinc-
tive role of IL-15R in graft-specific memory responses.

Results
CDI22 is highly expressed on antigen-specific memory CD8* T cells.
High levels of CD122 expression distinguish memory CD8* T cells
and NK cells (31). Consistent with previous reports, we observed
elevated CD122 expression on nearly all activated (CD44") CD8*
T cells following viral infection (32). In a well-described model
of acute viral infection with the Armstrong strain of lymphocytic
choriomeningitis virus (LCMV), we found CD122 to be expressed
on more than 95% of viral antigen-specific cells tracked with
GP33 tetramer (Figure 1A, corresponding FACS plot Figure 1C).
Virus-specific CD8" T cells not only maintained CD122 expres-
sion over time but the CD122 MFI increased as the population of
antigen-specific T cells matured to a memory phenotype (Figure
1B, corresponding FACS plot Figure 1C). We observed that IL-2/
IL-15Rp (CD122) is expressed on both short-lived effector cells at
the peak of response to infection (KLRG1"CD127° CD8" T cells)
as well as memory T cells (KLRG1°CD127" CD8* T cells, Figure
1D). Antigen-specific central memory CD44*CD62L* CD8* T cells
exhibited the highest expression of CD122 when compared with
effector memory CD44*CD62L" CD8* T cells at 3 months after
infection (Figure 1E, corresponding FACS plot Figure 1C). Pheno-
typically, CD122 expression on antigen-specific cells suggests an
important role for CD122 during acute responses and in memory.
Virus-specific and alloreactive CD8" T cells demonstrate simi-
lar expression of CD122. We translated these findings to a model
of transplantation to characterize CD122 expression on allore-
active CD8" T cells during a primary challenge with an allograft.
We characterized CD122 expression on alloreactive CD44" CD8*
T cells (Figure 1, F-]). The expansion, contraction, and homeo-
stasis of alloreactive CD8" T cells in a BALB/c (H-29) to C57BL/6
(H-2) skin transplant model was similar to LCMV acute infection
as previously described (9). CD122 expression on alloreactive
CD8" T cells was comparable to the LCMV-specific response and
was similarly highest on central memory CD8" T cells (T,,) com-
pared with effector memory CD8* T cells (T,,) (CD122 MFI T, =
1,545 vs. T, = 564, P = 0.0016, Figure 1J). CD122 expression was
increased at distant memory time points where CD122* T cells are
increasingly of a T, phenotype (Figure 1H). These findings sug-
gest an important role for CD122 signaling in alloimmunity and
potentially a distinctive role in alloreactive CD8" T cell memory.
CDI22 signaling underlies costimulation-independent rejec-
tion. Immunosuppressive strategies employing CoB have already
shown promise in kidney transplant recipients, but wider adoption
has been limited in part due to significantly elevated rates of T
cell-mediated acute rejection (5-7, 33). We sought to investigate
the role of CD122 signaling in costimulation-independent rejec-
tion. C57BL/6 (H-2°) recipients of BALB/c (H-29) skin allografts
undergo vigorous CoB-resistant rejection during primary chal-
lenges (median survival time [MST] = 21 days with CoB vs. MST =
10 days without treatment, Figure 2A). Mice receiving anti-CD122
alone rejected with similar kinetics to untreated mice (MST =
10 days, Figure 2A). CoB extended graft survival modestly com-
pared with control animals (21 days vs. 10 days, Figure 2A), but
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Figure 2. CD122 signaling underlies costimulation-independent rejection.
(A) Median survival time (MST) of BALB/c skin allografts on C57BL/6 recip-
ients without treatment was 10 days (black triangles, No Rx). Anti-CD122
alone failed to improve graft survival (open circles, MST =10 days). Mice
treated with CoB (CTLA4-1g+aCD40L) succumb to costimulation-indepen-
dent rejection (black squares, MST = 21 days). Combination CoB+0CD122
prolongs survival to greater than 80 days, preventing costimulation-
independent rejection in the majority of recipients (n = 6-13 per group,
representative of 3 independent experiments, P < 0.0001, Mantel-Cox
log-rank test). (B) Mice were sacrificed at day 10 after transplant. Rep-
resentative FACS plots of splenocytes from untreated (No Rx), CoB, and
CoB+0CD122-treated animals. CoB+0CD122 resulted in reduced frequency
of alloreactive CD44+CD122* CD8* T cells. Correspondingly, there is marked
decrease in frequency of CD44*IFN-y* CD8* T cells in both the spleen (P =
0.0048) and dLN (P = 0.0009), as well as a reduction in absolute numbers
of alloreactive CD44*IFN-y* CD8* T cells in the spleen (P = 0.0002) and dLN
(P < 0.0001). (€) In a model of acute graft-versus-host disease, C57BL/6
splenocytes were labeled with CTV and transferred into sublethally
irradiated BALB/c recipients, which were either untreated (No Rx), treated
with CoB, or treated with CoB+aCD122. After 72 hours, splenocytes were
harvested and assessed for CTV-labeled cell division as depicted in repre-
sentative histograms. Both CD8* (P < 0.0001) and CD4* (P < 0.0001) allo-
proliferation was significantly constrained with combination CoB+aCD122
treatment. P values were generated by 1-way ANOVA followed by Tukey’s
multiple comparisons test; bars represent the mean + SEM of 3-5 mice per
group (B-C). Results are representative of 3 independent experiments.
*P < 0.05; **P < 0.01; ***P < 0.007; ****P < 0.0001.

combined CD122 and CoB prevented costimulation-independent
rejection and prolonged allograft survival significantly (MST > 80
days, P < 0.0001, Figure 2A). These data suggest that signaling
through CD122 as part of either the IL-2 and/or the IL-15 recep-
tor is critical for costimulation-independent rejection. We inves-
tigated the mechanisms underlying the survival benefit observed
in animals treated with CoB+anti-CD122. CoB alone fails to
completely suppress alloreactive CD8* T cells, but the addition
of CD122 blockade efficiently mitigates the generation of an
alloimmune response (Figure 2, B and C). Combination therapy
reduced both the expansion and effector function of alloreactive
T cells by nearly 10-fold compared with CoB, and 20-fold com-
pared with unmodified rejection (absolute number of dLN CD8*
CD44*TFN-y* = 2.54 x 10% in no treatment [No Rx] vs. 1.23 x 10%in
CoB vs. 1.27 x 10* in CoB + anti-CD122, P < 0.0001, Figure 2B).
In a model of graft-versus-host disease we found similar effects
of combined CoB and anti-CD122 on alloreactive T cell prolifera-
tion and effector function (Figure 2C). These data suggest that in
the absence of traditional costimulatory signals such as CD28 and
CD154, signaling through CD122 supports the expansion, activa-
tion, and effector function of naive alloreactive T cells through the
effects of IL-2 and /or IL-15.

CDI22 signaling supports costimulation-independent memory
responses. Immune memory can significantly contribute to trans-
plant rejection (34, 35). Memory T cells can readily function with-
out the requirement of traditional costimulatory signals, resulting
in allograft rejection despite CoB (9, 36-38). Previous studies out-
lined animportantrole for IL-15 in memory T cell homeostasis, but
the role of IL-2 and IL-15 in the generation of effective memory T
cell responses remains unclear, with some groups demonstrating a
critical role for IL-2 in the generation of effective recall responses,
whereas others have shown an important role for IL-15 signaling
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inrecall (22, 26, 32,39-43). Further confounding efforts to under-
stand the respective contribution of these cytokines in generating
memory responses is the role of costimulatory signals, particularly
the CD40-CD154 pathways, which can support recall responses
(44, 45). Thus, we investigated the role of IL-2R and IL-15R sig-
naling in CD8" T cell recall in the setting of CoB. OVA-specific
CD8" T cells (OT-I) were transferred into naive C57BL/6 recipi-
ents and immunized with Listeria monocytogenes engineered to
express chicken ovalbumin (Lm-OVA). After 30 days, mice were
rechallenged with OVA-expressing skin grafts (Figure 3A). In the
context of memory CD8" T cell-mediated transplant rejection,
anti-CD122 synergized with CoB to prolong graft survival indefi-
nitely (MST >100 days, P < 0.0001, Figure 3B). CoB alone fails to
significantly prolong graft survival (MST =16 days). Animals treat-
ed with anti-CD122 alone rejected with similar kinetics to animals
who received no therapy (MST =11 days). We investigated the phe-
notypic and functional effects underlying prolonged graft survival
in a model of memory CD8* T cell-mediated acute graft rejection.
CoB alone did not significantly reduce the frequency of graft-
reactive CD8" memory T cells compared with untreated mice (Fig-
ure 3, C and D). The addition of anti-CD122 to CoB dramatically
constrained the expansion and effector function of graft-reactive
cells (Figure 3, C and D). Further, we observed a change in phe-
notype, where the combination of anti-CD122 and CoB induced
a PD-1MCTLA4" exhausted phenotype on antigen-specific CD8"
T cells (Figure 3E). CoB+anti-CD122 reduced Ki67 expression in
graft-reactive memory CD8* T cells as well, suggesting that the
difference in numbers was due at least in part to decreased expan-
sion/proliferation (Figure 3E). These data suggest that signaling
through the shared IL-2/IL-15Rp chain during recall responses is
critical for memory CD8* T cell proliferation and effector func-
tion; however, the relative importance of IL-2R versus the IL-15R
remained undetermined.

Antigen-specific memory T cells do not require the high-affini-
ty IL-2R to mediate CoB-resistant rejection. Currently approved
immunosuppressive strategies for transplant recipients include
the use of anti-CD25 therapies (46, 47). The role of IL-2 and
IL-15 in the generation of recall responses is the subject of great
interest for vaccine development, cancer immunotherapy, auto-
immunity, and transplantation (31). We investigated the impact
of the addition of a short course of anti-CD25 mAbD as an adju-
vant therapy to CoB in this memory T cell-mediated model of
graft rejection. The addition of anti-CD25 failed to prolong graft
survival (MST = 22 days, Figure 4A), whereas the addition of
anti-CD122 therapy, which blocks IL-15 and IL-2 signaling, pro-
longed graft survival indefinitely and controlled the expansion
of graft-reactive memory T cells, relative to CoB or CoB+anti-
CD25 (Figure 4, B and C). Mice who received OT-1 adoptive
transfer and Lm.OVA immunization but no skin graft challenge
were labeled “No Challenge” and utilized as controls. Combined
CoB+anti-CD25 failed to control the frequency of cells entering
the cell cycle compared with the significant reduction in animals
treated with CoB+anti-CD122, as measured by the frequency of
cells expressing Ki67 (mean frequency * SEM of Ki67* of Thy1.1*
=22.58 £ 2.58 in No Rx vs. 14.2 £ 1.71 in CoB vs. 7.66 £ 0.55 in
CoB+anti-CD122 vs. 26.28 *+ 2.52 in CoB+anti-CD25 vs. 12.81
*1.59 in No Challenge, P < 0.0001, Figure 4D). This increased
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Figure 3. CD122 signaling supports costimulation-independent recall responses. (A) In a model of memory CD8* T cell-mediated graft rejection, OVA-

specific CD8* T cells (Thy1.1+0T-1) were transferred into naive C57BL/6 mice. Mice were immunized 24-48 hours later with Listeria monocytogenes express-
ing ovalbumin (Lm.OVA). After 30 days, mice were challenged with an OVA-expressing skin graft. (B) Untreated mice experienced rapid acute rejection
(black triangles, No Rx, MST = 11). Mice treated with aCD122 rejected their skin grafts with similar kinetics to untreated mice (black diamonds, aCD122, MST
=13). CoB treated mice experienced memory CD8* T cell mediated costimulation independent rejection shortly after (black squares, CoB, MST=16). Addition
of aCD122 synergized with CoB to prolong graft survival indefinitely (black circles, CoB+aCD122, MST > 100 days, n = 6-13/group, P < 0.0001 Mantel-Cox
log-rank test). (C) We investigated the impact of CoB+aCD122 by examining the frequency and function of graft specific CD8* T cells in the draining lymph
nodes 5 days after transplantation. Addition of aCD122 constrains the expansion of graft specific CD8* T cells as demonstrated in representative FACS
plots. (D) Both absolute number of graft specific (Thy1.1*) cells (P < 0.0001) and IFN-y* cells (P < 0.0001) were diminished with the addition of aCD122. (E)
CoB+a.CD122 therapy resulted in increased coinhibitory receptor expression on remaining graft specific CD8* T cells. Thy1.1* cells demonstrated increased
PD-1(P = 0.0303) and CTLA4 (P = 0.0065) expression. Additionally, decreased Ki67 expression (P = 0.0250) indicated reduced cell-cycle entry. (C-E) P
values were generated by 1-way ANOVA followed by Bonferroni’s multiple comparisons test. Bars represent the mean + SEM of 3-7 mice per group. Results
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are representative of 5 independent experiments. *P < 0.05; ***P < 0.001; ****P < 0.0001.

cell cycle entry may be due to inhibition or reduction of Tregs in
CoB+anti-CD25-treated mice.

Previous studies underscored the importance of the high-
affinity IL-2 receptor in costimulation-independent rejection
during a primary allo-immune response (48). Our studies con-
firmed these results, demonstrating that both anti-CD25 and
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anti-CD122 synergize with CoB to prolong graft survival during a
primary response (Figure 4E). These data suggest that the IL-15R
receptor is necessary for costimulation-independent memory T
cell responses, whereas the high-affinity IL-2R receptor is dispens-
able. In the setting of a primary allo-immune challenge, costimula-
tion-independent cells rely on the high-affinity IL-2 receptor. Tar-
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Figure 4. Antigen-specific memory T cells do not require high-affinity IL-2R to mediate CoB resistant rejection. (A) Utilizing the same model of mem-

ory CD8* T cell mediated graft rejection as modeled in Figure 3, we evaluated the relative importance of the high-affinity IL-2 receptor by blocking CD25,
compared with blocking CD122, which interrupts both the IL-2R and IL-15R. Untreated mice rejected rapidly (black triangle, MST = 11 days). CoB alone led to
costimulation-independent rejection (black squares, MST = 16 days). Combined CoB+aCD25 (black diamonds, MST = 23 days) failed to prevent memory CD8*
T cell-mediated CoB-resistant rejection, whereas combined CoB+aCD122 resulted in indefinite graft survival in the majority of transplant recipients (black
circles, MST > 100 days, P < 0.0001, n = 6-13 per group, Mantel-Cox log-rank test). (B) CoB+aCD122 synergistically controlled the expansion of antigen-spe-
cific CD8* T cells during recall responses more effectively than CoB or CoB+a.CD25 (P < 0.0001). (C) Representative FACS plot demonstrate reduced frequency
of antigen-specific cells in CoB+aCD122-treated animals compared with CoB or CoB+aCD25. (D) CoB+a.CD122 therapy resulted in a significant reduction of
antigen-specific cells entering cell cycle, demonstrated by reduced Ki67 expression in representative histograms and the corresponding graph comparing
CoB+aCD122 versus CoB or CoB+aCD25 (P = 0.0002). (E) In the BALB/c to C57BL/6 skin transplant model, a primary alloimmune challenge, the addition of
aCD25 therapy (black squares), which interrupts the high-affinity IL-2R, demonstrated similar efficacy in prolonging allograft survival as the addition of
aCD122 (black circles), which blocks both the IL-2R and IL-15R complexes. P values were generated by 1-way ANOVA followed by Bonferroni's multiple com-
parisons test. Bars represent the mean + SEM of 3-9 mice per group. Results are representative of 5 independent experiments. **P < 0.01, ****P < 0.0001.

geting CD122 interrupts both the IL-2 and IL-15 receptors, without ~ to patients we sought to characterize the phenotype and func-
the potential unwanted effects of anti-CD25 therapies on Tregs. tion of CD122 on CD8* T cells in a preclinical model using rhesus

CDI22 phenotype and function in rhesus macaques. In an effort ~ macaques. We first characterized CD122 expression on CD8 T
to evaluate whether these findings were potentially translatable  cells using an appropriate isotype control (Figure 5, A-E). CD122

jci.org  Volume128  Number10  October 2018 4563


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/10

RESEARCH ARTICLE The Journal of Clinical Investigation

A D Gated on CD8* E  Gated on CD8*
Lymphocytes

Isotype ctrl CD122- CD122*
551 443

SSC-A:

Isotype CD122

SSC-A
CD28

CD95
(o]
H CD28+CD95" 1 CD28+CD95* J CD28-CD95*
+ v P=0.0033
CD8 06 .|.—| @3 00113 @8 P=0.0153
] o . o .
<o) O 1 o O ¢ 0,02
a 4 v . 2 ., 3 ~ . 0
i ME 2 | = gof =i |
+ °
CD4 O 2 - o1 o o, N
ks oo k] k]
R o T T R o T L —L R T x
CD4 CD122-  CD122 CD122-  CD122* CD122-  CD122*
K IL-2 vs. IL-15 —IL-15 +IL-15
— 100 effector response CD45RACCR7-  CD45RA‘CCR7-  CD45RACCR7- CD45RA*CCR7-
<1004
© 0O A 104 2.95 60.2 31.3
1S [+
5 8
I o =
~ =t (V) “
z O < |
£ - IL-15 ; 2
= -2 & —
L_L C T T L] T L] L] -
NI o 3.77 0.91 54.9 27.8
N N
Q S D 2
Dose (ng/ml) &}
[eo]
8 —
&) =
>
L *kkk
*k '
801 —kkkk ____ ) Kkkk
,% TEEE
|} *%
Fkkk « o®
*
60. — *kkk ° l
El- . '_il *kkk puiid °
L]
>= * %
> 401 —
T o e o
R . * |°®
[ ]
200 o : .
ﬁ ’ :
[
G 2 %
@ OF QA0 D F QLD QT QO B F Qo+
S5 o g FT S a4 o Fh S a4 o Fh S o o FT
T o= T oo T oo T oo
* k- k- E
o o o o

CD45RA*CCR7- CD45RACCR7- CD45RA*CCR7- CD45RA-CCR7-
CD28+*CD95* CD28-CD95*

4564 jei.org  Volume128  Number10  October 2018



https://www.jci.org
https://www.jci.org
https://www.jci.org/128/10

The Journal of Clinical Investigation

Figure 5. CD122 phenotype and function on rhesus macaque CD8 T cells.
(A) Rhesus PBMCs were analyzed by FACS. Gates based on lymphocytes
were defined by forward and side-scatter, (B) further gated on CD3* T cells
and then (C) CD8* T cells and CD4* T cells. (D) Gating on CD8* T cells, an
isotype control was utilized to define (E) CD122- versus CD122* CD8* T cells.
(F) CD122" cells demonstrated higher frequencies of CD28*CD95™ naive
CD8" T cells in contrast to (G) CD122+ cells which were predominantly T,
CD28°CD95* or T,,, CD28*CDY5* CD8* T cells. (H-]) The increased memory
phenotype of CD122* (gray bars) CD8* T cells versus the more naive phe-
notype of CD122" (black bars) CD8* T cells is depicted graphically. (K) The
addition of IL-15 in vitro increased frequencies of CD8* T cells recruited into
the effector response as measured by dual IFN-y and TNF production. IL-15
augments effector function across the spectrum of memory differenti-
ation, as defined by CD28, CD95, CD45RA, and CCR7 expression. (L) IL-15
was superior to IL-2 in recruiting CD8* T cells into an effector response.
IL-15 augments cytokine production by CD28+CDY5* cells compared with
CD28-CD95" cells (P < 0.0001). (H-)) P values were generated by Student’s
t test, 2-tailed. (L) P values were generated by 1-way ANOVA followed by
Tukey’s multiple comparisons test; bars represent the mean + SEM of 3-6
rhesus macaques. Results are representative of 3 independent experi-
ments. *P < 0.05; **P < 0.01; ****P < 0.0001.

is highly expressed on T, (CD28*CD95*) and T,,, (CD28 CD95%)
but not naive (CD28'CD95°) CD8" T cells (Figure 5, F-]). Next, we
assessed the effector function of CD8* memory T cell subsets and
the relative effects of exogenous IL-2 and IL-15. The addition of
IL-15 for 5 hours dramatically increased effector cytokine produc-
tion by CD8* T cells, more so than IL-2 (Figure 5, K and L). Analysis
of intergroup differences revealed that in all memory subsets, IL-15
was more potent at recruiting cells into an effector response when
compared with IL-2 (Figure 5L). Increasing, albeit supra-therapeu-
tic, concentrations of IL-2 may elicit similar responses (Figure 5K).
We have previously reported that CD28* memory T cells in rhesus
monkeys and humans predict CoB-resistant rejection (12, 13). We
found CD28* memory T cells more responsive to exogenous IL-15
than CD28 memory T cell subsets (Figure 5L). To better under-
stand the mechanism(s) by which CD122 signaling contributes to
alloreactivity, we utilized an ex vivo mixed lymphocyte reaction
with NHP PBMCs. We found that IL-15 augmented alloreactivity,
specifically by increasing proliferation and effector function, and
IL-15 induced a loss of CD28 expression in CD8* T cells (Figure
6, A and B). Belatacept fails to inhibit alloreactivity in vitro, but
the addition of a humanized CD122-specific monoclonal antibody
(HuABC2) synergistically inhibits proliferation, effector func-
tion, and CD28 downregulation in CD8"* T cells without evidence
of increased cell death (Figure 6, A and B). These data suggest
CD122 signaling, particularly via IL-15, in primate CD8" T cells is
sufficient to support costimulation-independent responses, and
in fact CD122 signaling drives the loss of the costimulatory mole-
cule CD28 while augmenting proliferation and effector function,
potentiating therapeutic resistance to CD28-directed therapies,
such as belatacept.

A humanized anti-CDI22 mAb synergizes with belatacept to sig-
nificantly prolong allograft survival in NHPs. We next tested whether
treatment with a humanized anti-CD122 antibody would impact
CoB-resistant rejection in a NHP kidney transplant model (Figure
6C). This rigorous model gives rise to allograft rejection that is
resistant to CoB with belatacept monotherapy (1). We observed no
survival benefit in animals treated with anti-CD122 monotherapy
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(n =2, MST = 7 days, Figure 6C). The combination of CoB using
belatacept and anti-CD122 significantly prolonged kidney trans-
plant survival in NHPs (n = 5, MST =138 days, P < 0.0001, Figure
6C). We did not observe a marked increase in viral reactivation,
confirming an absence of overt over-immunosuppression (Sup-
plemental Figure 1; supplemental material available online with
this article; https://doi.org/10.1172/JC195914DS1). These data
indicate that belatacept-resistant rejection relies on CD122 sig-
naling. We assessed the impact of combined belatacept plus anti-
CD122 as compared with belatacept alone and found no signifi-
cant impact on T cell subsets (Figure 7A). Belatacept+anti-CD122
improved survival compared with belatacept alone; however, the
kinetics of rejection on combination therapy allowed for further
intragroup comparison. Two animals, C1 and C2, rejected on com-
bination therapy (day 35 and day 67) whereas one animal rejected
after cessation of anti-CD122 (C3, day 148), and 2 animals rejected
after withdrawal of both anti-CD122 and belatacept (C4, day 177
and C5, day 218). Further analysis revealed no significant differ-
ences in pretransplant memory T cell immunophenotype; how-
ever, graft-infiltrating CD8" T cells in animals that rejected after
withdrawal of all therapy (C4 and C5) demonstrated a similar phe-
notype with increased CD28" memory T cells. This is in contrast
to animals that rejected on combination therapy (C1 and C2), in
which there were higher frequencies of CD28" infiltrate (C1 69%
and C2 55% vs. C4 37.3% and C5 37%, Figure 7C). While there
were no significant pretransplant differences in T cell immuno-
phenotype between belatacept or belatacept+anti-CD122-treat-
ed animals, only 3 belatacept monotherapy animals had suffi-
cient graft infiltrate to analyze with FACS and interestingly, all
demonstrated a marked CD28" allograft infiltrate (Figure 7, A-C).
Flow cytometric characterization of belatacept-resistant rejec-
tors revealed uniform upregulation of CD122, but not CD25, on
all graft-infiltrating T cells at the time of rejection (Figure 7C).
Importantly, both belatacept and belatacept+anti-CD122-treated
animals did not develop donor-specific antibody (DSA) while on
combination therapy (Figure 7D).

Regulatory T cells play a key role in graft tolerance, and may
be adversely impacted with current CD25-directed therapies.
We assessed the longitudinal peripheral blood frequencies of
Tregs (CD4*CD25'FoxP3*) and found no significant impact on
the frequency of Tregs with either belatacept monotherapy or
the combination of anti-CD122 and belatacept (Figure 8A). We
did, however, measure the frequency of CD4*CD25*FoxP3* cells
within graft infiltrate and found a trend toward an increased
frequency of Tregs in the combination belatacept+anti-CD122-
treated animals (Figure 8B).

Discussion

The introduction of potent, nonspecific immunosuppression with
calcineurin inhibitors dramatically improved short-term outcomes
in solid organ transplantation. Despite excellent improvements
early after transplantation, the late outcomes remain essentially
unchanged and represent the greatest challenge for transplant
recipients (49). Unfortunately, most transplant patients eventually
lose their allograft from rejection or die as the result of increased
cardiovascular complications or infections. The advent of CoB as
a more targeted strategy for transplant immunosuppression has
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Figure 6. Humanized aCD122 synergizes with belatacept to inhibit allo-
reactivity and prolong NHP transplant survival. (A) MLR of NHP PBMCs
between fully MHC-mismatched pairs. CFSE-labeled responder lympho-
cytes were incubated for 96 hours with irradiated stimulators (culture),
with IL-15, IL-15+bela (belatacept), or IL-15+bela+aCD122. The addition of
belatacept alone did not suppress proliferation, effector function, or loss
of CD28 expression. The combination of bela+aCD122 reduced prolifera-
tion (P < 0.0001), diminished effector function (P = 0.0117), and restored
CD28 expression on CD8+ T cells to similar levels as culture conditions
without IL-15 (P = 0.8011). (B) Representative FACS plots of CD8* T cell
expansion by CFSE dilution, effector function as measured by dual IFN-y
and TNF production, and apoptosis and cell death as measured by 7-AAD
and Annexin V staining (corresponds to graphs in A). (C) NHPs underwent
bilateral nephrectomy and life-sustaining renal transplantation from a
fully MHC-mismatched NHP donor. Animals were treated with humanized
(D122 alone (5 mg/kg, black circles, n = 2, MST = 7 days), belatacept alone
(black squares, n = 5, MST = 29 days), or bela+aCD122 (black triangles, n
=5, MST =138 days, P < 0.0001, Mantel-Cox log-rank test). Combination
bela+aCD122 synergized to prolong NHP survival compared with belatacept
monotherapy, or aCD122 monotherapy. (D) Corresponding serum creatinine
curves of NHPs and demonstrated rejection were preceded by declining
graft function. (A-B) P values were generated by repeat measures 1-way
ANOVA and Tukey’s multiple comparisons test; bars represent the mean +
SEM of 3 NHPs per group. In vitro results are representative of 3 indepen-
dent experiments. *P < 0.05; **P < 0.01.

demonstrated the first evidence of improved long-term outcomes
and graft function in the setting of clinical trials and in posttrial
use (5, 7). However, a significant number of patients treated with
belatacept experienced elevated rates and grades of acute rejec-
tion within the first 6 months of transplantation (6, 7). Studies
that investigate T cell reactivity in the setting of CoB improve our
understanding of the dynamic signaling requirements of T cells
while addressing a pressing clinical need for safer, more specific
forms of immunosuppression. Signal 2 (costimulation) and sig-
nal 3 (provided by cytokines) are synergistic and in some respects
redundant; in the absence of signal 2, signal 3 cytokines can sup-
port robust responses. Here we focused our investigation on the
ability of signal 3 cytokines IL-2 and IL-15 to support costimula-
tion-independent rejection. We evaluated a strategy to block both
IL-2 and IL-15 signaling with a single, CD122-directed reagent in
mice, and then translated our findings into a preclinical model uti-
lizing NHPs in order to optimize CoB strategies in the setting of
transplantation. The addition of anti-CD122 offered several key
advantages to current transplant immunosuppression strategies:
(a) abrogation of the primary immune response, (b) superior atten-
uation of memory CD8* T cell recall compared with strategies tar-
geting the high-affinity IL-2R, and (c) sparing of Tregs, which are
targeted by current CD25-directed therapies in transplant, with a
possible increase in the frequency of intragraft Tregs in NHPs.
IL-2 and IL-15 are structurally and genetically distinct cyto-
kines, sharing little sequence similarity. Though these cytokines
share 2 signaling subunits, CD122, the shared IL-2 and IL-15
receptor p-chain, and CD132 the common y-chain (y ), they have
distinct contact residues with CD122 and CD132 (50). Their
nonredundant roles are highlighted by the divergent phenotypes
of IL-2/IL-2Ra”’/" mice, which suffer from autoimmunity due to
CD4'CD25* Treg deficiency, and IL-15/IL-15Ra knockout mice,
which have decreased CD8* T cells, intraepithelial lymphocytes,
NK cells, and NK T cells (17-20, 51). Saturating doses of IL-2 and
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IL-15 give rise to nearly identical CD8" T cell transcriptomes
(50). Thus, the temporal and spatial differences in receptor sub-
unit expression (CD25 vs. CD122) may underlie the unique roles
of IL-2 and IL-15 in the generation and maintenance of adequate
adaptive immune responses as opposed to unique intrinsic signal-
ing properties of IL-2/IL-2Ra and IL-15/IL-15Ra (50, 52). IL-2 is
readily taken up by CD4*CD25* Tregs, which rapidly express the
high-affinity IL-2R as predicted by high expression of CD25. On
the other hand, CD122 expression is highest on CD8" memory
T cells and NK cells, allowing for formation of the high-affinity
IL-15R. IL-15Ra is expressed in trans by antigen presenting cells,
as well as by a number of peripheral tissue cell types, notably in
renal epithelium (53). IL-15Ra presents IL-15 in complex and
binds with 150 times greater affinity than circulating IL-15 to cells
expressing CD122 and the common y-chain (50, 53, 54).

The current body of knowledge emphasizes a critical role for
IL-2 in the generation of effective primary immune responses,
memory differentiation, and recall, whereas IL-15 is conceptual-
ized as providing homeostatic proliferative signals for memory
T cells, and recently, potentially providing inflammatory signals
to increase memory T cell cycling (26, 41, 43, 55-57). The type of
immune challenge used in these studies, the chronicity and anti-
gen load, as well as the strength and duration of cytokine signal-
ing, influences the quality of CD8* T cell memory development
and recall responses (58-61). It is likely that costimulation con-
founds studies of the individual contributions of either IL-2 or
IL-15 (45, 62, 63). Costimulation provides a set of redundant acti-
vation signals that may obscure the unique contribution of either
IL-2 or IL-15 in recall in studies utilizing IL-2/IL-2Ra or IL-15/
IL-15Ra mice (42, 63). In our studies, the use of CoB revealed dis-
tinct roles for IL-2R compared with IL-15R. The high-affinity IL-2R
was dispensable for effective memory CD8" T cell recall respons-
es, whereas blockade of CD122, which interrupts both IL-2R and
IL-15R, abrogated memory CD8" T cell-dependent graft rejec-
tion. The source and sequence of events leading to IL-15R-medi-
ated costimulation-independent recall responses in graft rejection
requires further investigation.

Targeting CD122 provides the opportunity to block 2 distinct
pathways that support T cell responses with a single reagent. Both
allograft rejection and autoimmune disease are characterized by
naive and memory T cell recruitment into a pathogenic response,
thus there is a need to address both primary and recall responses
in order to ameliorate disease. Previous studies have underscored
the potential of the IL-15 pathway to mediate autoimmune disease
and allograft rejection. Interruption of IL-15 signaling alleviated
autoimmunity and prevented islet allograft rejection (21, 64-68).
Current, clinically approved therapeutics in transplantation are
designed to solely interrupt the high-affinity IL-2R in order to pro-
mote allograft acceptance (46, 47). Our data suggest that targeting
both the IL-2 and IL-15 pathways with a single agent, anti-CD122,
may be a superior strategy for limiting pathogenic T cell responses.

Beyond its role as a signaling receptor subunit for both IL-2
and IL-15, recent studies have identified CD122 expression as
a marker of stem cell memory T cells (TSCM) (69-71). These cells
have superior proliferative capacity compared with conventional
T, or T,,, and in a model of graft-versus-host disease these cells
required CD28 and IL-15 signaling (72). Studies aimed at assess-
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Figure 7. Immunologic impact of combined belatacept+aCD122 therapy in
NHP kidney transplant recipients. (A) Longitudinal analysis of CD3* T cell
frequencies did not reveal significant differences in CD4* or CD8* subsets,
nor were there significant changes in memory subsets between belatacept
(black squares) and belatacept+aCD122 (gray circles) treated animals. (B)
Comparison of pretransplant CD8* memory subsets did not discriminate
between animals which rejected on combination therapy (C1and C2) versus
those which rejected after withdrawal of anti-CD122 (C3) versus animals
with prolonged survival (C4 and C5). However, graft infiltrating CD8* T cells
in animals which experienced prolonged survival demonstrated a marked
increase in CD28*CD45RA™ T cells. Data represented by FACS plots and
corresponding graphs depicting memory subset frequencies. (C) Charac-
terization of graft infiltrate from 3 animals treated with belatacept alone
demonstrating similar graft infiltrate phenotype to C1and C2, combination
therapy-resistant animals. Sample FACS plot of one belatacept alone
animal demonstrating no increased expression of CD25 in graft infiltrating
CD8* T cells (solid black histogram) compared with peripheral blood (gray
histogram, no fill) at the time of rejection. In contrast graft infiltrating
CD8* T cells (solid black histogram) had increased expression of CD122. (D)
Combination belatacept+aCD122 (black diamonds) and belatacept mono-
therapy (black squares) treated animals did not develop donor-specific
antibody during treatment. Animals receiving aCD122 monotherapy (black
circles) demonstrated a positive DSA at the time of sacrifice. DSA greater
than 500 MFI was positive.

ing the role of T, in alloimmunity and autoimmunity, and the
role of CD122 as a phenotypic or functional marker, may aid in
the development of therapeutic strategies. Others have defined a
role for CD122* CD8" T cells as a potent regulator of the immune
response (73, 74). In both mice and NHPs, we found that the addi-
tion of CD122 blockade prolonged allograft survival. Current, clin-
ically approved CD25-directed therapy is thought to have a det-
rimental impact on conventional Tregs, which support allograft
tolerance. Adoption of a strategy that targets CD122 rather than
CD25 may spare CD4*CD25* Tregs, as we found that addition of
CD122 blockade may lead to increased intragraft Tregs. The phys-
iologic impact of CD122*CD8" regulatory T cells, and any poten-
tial detrimental impact of CD122-directed therapy on this tolero-
genic subset, warrant further study.

In this report we outline a new strategy for the optimization of
clinical CoB, built on a finer mechanistic understanding of the role
of IL-2R and IL-15R. We translated these findings from the murine
to NHP model of kidney transplantation utilizing a humanized
antibody directed at CD122. Costimulation-independent respons-
es highlight the unique role of IL-2 and IL-15, and together with
emerging data regarding the capacity of IL-15 to uniquely support
costimulation-independent responses of human memory CD8*
T cells, these studies provide the basis to explore potential future
clinical translation (29).

Methods

Mice

C57BL/6 (H-2°) and BALB/c (H-2Y) mice were obtained from the
National Cancer Institute (Frederick, MD). OT-I (75) transgenic mice,
purchased from Taconic Farms, were bred to Thyl.1* background at
Emory University. mOVA mice (C57BL/6 background, H-2°) (76) were
purchased from The Jackson Laboratory. All animals were maintained
in accordance with Emory University IACUC guidelines. All animals
were housed in pathogen-free animal facilities at Emory University.
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Viral infection and kinetic analysis

To induce acute infection, mice were inoculated with 2 x 10° PFU
LCMV acute Armstrong strain (i.p. injection). Virus-specific CD8* T
cells were monitored with APC-conjugated gp33-41 tetramer.

Donor-reactive T cell adoptive transfers and memory generation

To generate OVA-specific memory T cells, splenocytes from Thy1.1*
OT-I mice were resuspended in PBS and 1.0 x 10* Thyl.1* OT-I T
cells were injected i.v. 24-48 hours prior to inoculation with 10* CFU
Lm.OVA (77) by i.p. injection. After 30 days, peripheral frequencies
of Thyl.1 OT-I T cells were assessed and mice were given recall chal-
lenge with OVA-expressing skin graft from mOVA donors.

Skin transplantation and antibody treatment

Full-thickness tail or ear skin was transplanted onto the dorsal thorax of
recipient mice and secured with adhesive bandages. Where indicated,
mice were treated with 250 pg CTLA4-Ig (Bristol Myers Squibb), 250
ug hamster monoclonal anti-mouse CD154 (MR-1, BioXcell), 200 pg
anti-CD122 (ChMBC7, N Biosciences), or 200 pg anti-CD25 (PC61,
BioXcell) i.p. on days O, 2, 4, and 6 after transplantation. ChMBC7 is
available from JN Biosciences via material transfer agreement.

Acute graft-versus-host disease model

C57BL/6 splenocytes were labeled with 10 uM Cell Trace Violet (CTV,
C34571, Invitrogen). C57BL/6 CTV-labeled splenocytes (3 x 107) were
transferred i.v. into sublethally irradiated (800 rads) BALB/c recipi-
ents, and selected groups received therapy on days O and 2 as described
above. Splenocytes were harvested on day 3 and analyzed by flow
cytometry to assess CTV-labeled cell division. Experiments involved
3-5 mice per group, and were verified in 3 independent repeats.

Donor-recipient pair selection and kidney transplantation

All experiments described herein were performed in compliance with
the principles set forth in the Guide for the Care and Use of Laboratory
Animals (Institute of Laboratory Animal Resources, National Research
Council, DHHS). Outbred rhesus monkeys (Macaca mulatta) ranging
between 3 and 5 years old were obtained from AlphaGenesis, Inc., and
Yerkes National Primate Research Center. Donor-recipient pairs were
chosen to maximize genetic disparity at both MHC class I and class II
alleles based on 454 deep-sequencing analysis (University of Wiscon-
sin, Madison, WI). Animals were heparinized (100 U/kg) during organ
procurement and implantation. Left native nephrectomy was per-
formed atleast 3 weeks prior to transplantation, and a completion right
native nephrectomy was performed at the time of transplantation. All
transplanted animals were monitored with daily clinical assessment
and serial laboratory evaluations, including complete blood count
and serum chemistry. Animals demonstrated excellent graft function
postoperatively and were sacrificed at the time of allograft rejection,
defined by graft dysfunction. Depressed renal function pursuant to
allograft rejection was determined by 2 consecutive measurements of
Cr greater than 5 or BUN greater than 120.

NHP experimental groups and immunomodulation

Rhesus macaques underwent bilateral nephrectomy and life-sus-
taining renal allograft transplantation. All donor-recipient pairs were
MHC defined and maximally mismatched. Five animals received
belatacept (Bristol Myers Squibb) as follows: d0, 10 mg/kg; d4, 15 mg/
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Figure 8. Increased graft infiltrating Tregs in combination belatacept+aCD122. (A) Longitudinal analysis of Tregs in the peripheral blood of animals treat-
ed with belatacept monotherapy (black squares) compared with belatacept+aCD122 (gray circles) revealed no significant differences between the treat-
ment groups. (B) Sample FACS plot of combination belatacept+aCD122 (top) treated animal compared with belatacept monotherapy (bottom). Graphical
representation demonstrating a trend toward increased graft infiltrating Tregs in combination bela+aCD122 (gray circles, mean + SEM, 4.001% = 1.732%)
compared with belatacept monotherapy (black circles, 0.4043% + 0.2462%, P = 0.1414, Student’s t test).

kg; d14-d28, 20 mg/kg weekly; d42, 20 mg/kg; d56, 20 mg/kg; d84,
20 mg/kg; d112, 20 mg/kg; d140, 20 mg/kg. Two animals received
5 mg/kg anti-CD122 alone (HuABC2, JN Biosciences) on d0, d4, d7,
di14,d21,d28,d42,d56, and d70. HUABC2 is available from JN Biosci-
ences via material transfer agreement. Five animals received combi-
nation belatacept and anti-CD122 as described (Figure 6C).

Antibodies and flow cytometric analysis

Nonhuman primates. Flow cytometric analysis was performed up to 3
times before transplantation and serially after transplantation to char-
acterize peripheral blood immune cell phenotypes. Total T cells and
T cell subsets were quantified by complete blood cell count and flow
cytometry. Fresh PBMCs were isolated by Ficoll density gradient cen-
trifugation (BD Biosciences). PBMCs were stained with the following
mAbs: CD3 PacBlue, CD95 V450, CD3 Alexa 700, CD4 PerCP-Cy5.5,
CD8 V500, CD28 PE-Cy7, CD25 PE-Cy7, IFN-y PE-Cy7, CD28 APC,
TNF APC, CD122 (both clones Mik2 and Mikf3) (all from BD Biosci-
ences). PE human IgG1 isotype control clone QA16A12 was utilized to
define CD122 expression in Figure 5 (Biolegend). PBMCs (1.5 x 109)
were incubated with appropriately titered antibodies for 15minutes at
4°C and washed twice. For intracellular staining, cells were fixed and
permeabilized using the BD Cytofix/Cytoperm kit (BD Biosciences)
according to the manufacturer’s instructions. Intracellular staining
was performed with FoxP3 V450 (Biolegend) to detect Tregs. Samples
were acquired immediately on a BD LSR II multicolor flow cytometer
(BD Biosciences) and data were analyzed using Flow]Jo software (Tree
Star). For mixed lymphocyte reactions, 1 x 10 PBMCs were labeled
with CFSE labeling dye, and incubated with CTV-labeled and irradiat-
ed MHC mismatched stimulator PBMCs (1 x 10°). For the stimulation
assay, 1.5 x 10 PBMCs were cultured in RPMI 1640 (Corning Cellgro)
supplemented with 10% fetal bovine serum and stimulated with 10 uM
phorbol 12-myristate 13-acetate (PMA) and 200 nM ionomycin (Sigma-
Aldrich) for 5 hours. IL-2 (100 ng/ml) and/or IL-15 (10 ng/ml) were
utilized in both 4-5 hour stimulations (Figure 5) and in mixed lympho-
cyte reaction (MLR) (Figure 6) as described (Peprotech). PBMCs were
washed twice prior to antibody staining and data acquisition.
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Surface stains and flow cytometry. Spleens or draining axillary and bra-
chial LNs were stained for CD4, CD8, Thyl.1, CTLA4, PD-1, KLRGI,
CD127, CD62L, CD122 (clone 5H4, different regional binding site
than ChMBC7), and CD44 (Biolegend). Samples were analyzed using
an LSRII FACS machine (BD Biosciences). Data were analyzed using
FlowJo software (Treestar).

Intracellular cytokine staining. Where indicated, responder lym-
phocytes or splenocytes were stimulated with PMA /ionomycin or
10nM OVA257-264 (Genscript) in the presence of 10 pg/ml Brefel-
din A for 4-5 hours. An intracellular staining kit was used to detect
TNF, IFN-y (Biolegend), and IL-2 (BD Biosciences) according to
manufacturer’s instructions.

Statistics

Survival statistics were calculated using a log-rank test. T cell frequen-
cies, absolute numbers, and MFI were compared using 1-way ANOVA
with Tukey’s multiple comparisons test, or unpaired ¢ test (compari-
son between 2 groups). Data were analyzed using Prism 6 (GraphPad
Software). P < 0.05 was considered statistically significant.

Study approval

Both murine and NHP experimental subjects received humane care
and treatment in accordance with Emory University IACUC guide-
lines, and all experimental protocols utilizing animals were conducted
with approval by Emory University’s institutional review board.
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