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ABSTRACT

Purpose: Therapy targeting CTLA-4 immune checkpoint provides increased survival in patients with
advanced melanoma. However, immunotherapy is frequently associated with delayed and heterogeneous
clinical responses and it is important to identify prognostic immunological correlates of clinical endpoints.
Experimental design: 77 patients with stage Ill/IV melanoma were treated with ipilimumab alone every 3
weeks, during 9 weeks. Blood samples were collected at the baseline and before each dose for in depth
immune monitoring. Results: The median follow-up was 28 mo with a median survival of 7 mo. Survival
and clinical benefit were significantly improved when absolute lymphocyte count at the baseline was
above 1 x 10%/L. Notably, ipilimumab had a global effect on memory T cells, with an early increase of
central and effector subsets in patients with disease control. By contrast, percentages of stem cell memory
T cells (TSCM) gradually decreased despite stable absolute counts and sustained proliferation, suggesting
a process of differentiation. Higher proportions of eomes™ and Ki-67" T cells were observed, with
enhanced skin homing potential and induction of cytotoxic markers. Conclusion: These results suggest
that CTLA-4 blockade is able to reshape the memory subset with the potential involvement of Eomes and
memory subsets including TSCM.
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Introduction from many clinical trials indicate that the common denomina-

Melanoma is one of the most rapidly spreading cancers in
terms of worldwide incidence. Until recently, survival outcomes
for stage IV melanoma patients treated with standard therapies
such as dacarbazine have been poor, with a median survival
less than 8 mo and a 5-y survival rate of approximately 10%."?
Melanoma is a long-lasting cancer known for its ability to
induce specific immunological responses, providing the first
evidences of successful immunotherapy by activating the
immune system with high doses of IFN-« or IL-2.” The use of
autologous tumor-infiltrating lymphocytes (TIL) in metastatic
melanoma by Rosenberg and colleagues* Three decades ago
emphasized the potential role of tumor-specific T cells’ and
paved the way for the development of melanoma specific vac-
cines. However, patients with detectable tumor Ag-specific T
cells can still develop progressive metastatic melanoma. Results

tor of therapy benefit in melanoma is the augmentation of host
immunity. Recent advances in the understanding of the com-
plex cellular mechanisms regulating cancer immunity have led
to the development of new strategies aimed at targeting specific
immune-checkpoints.® The early stages of T cell activation are
regulated by the interaction of B7-1 and B7-2, whose expres-
sion is restricted to professional antigen presenting cells, with
their counter receptors CD28 and cytotoxic T-lymphocyte-
associated antigen 4 (CTLA-4).” The costimulatory signal
through CD28 lowers the threshold for full activation, allowing
lower affinity T cell clones to become activated. Subsequently,
CD28 primes the system for regulation by increasing CTLA-4
on the T cell surface (for a review, see ref.*). CTLA-4 is a key
element in immune tolerance and a main negative regulator of
T-cell-mediated antitumor immune responses. It out competes
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the interaction of CD28-B7 molecules and antagonizes early T
cell activation, IL-2 production, cell cycle progression and
modulation of TCR signaling.” Therefore, blockade of CTLA-4
aims to prevent the attenuation of T cell activation, potentiating
tumor-specific T cells."®"" Ipilimumab, previously known as
MDX-010, is a fully humanized IgGl monoclonal antibody
against the extracellular domain of CTLA-4. Since the initial
human studies in previously vaccinated melanoma patients,'>">
several trials have assessed the efficacy of anti-CTLA-4 therapy
alone or in association with targeted therapy, chemotherapy,
peptide vaccine or other immunotherapies (for a review, see
ref.'*). A survival benefit with ipilimumab was demonstrated in
two pivotal phase III trials in a subset of patients with advanced
melanoma, leading to its approval by the US Food and Drug
Administration in March 2011.">'® Data from subsequent clin-
ical trials also suggested that a proportion of patients treated
with ipilimumab can achieve survival of at least 5 y."” A recent
pooled analysis of 12 studies reported a remarkable effect in
terms of durability illustrated by a 3-y survival rate of 22%."®
However, this therapy appears to benefit only a subset of
patients. Consequently, identifying prognostic immunologic
correlates of clinical endpoints is a challenging issue. Although
durable objective clinical responses are found to be associated
with the induction of immune-related adverse events (IrAEs),"’
autoimmune disorders do not predict improved antitumor
response.”’ Immunological monitoring has always constituted
a relevant aspect of completed and ongoing clinical trials. Sev-
eral immunologic endpoints with a strong biologic rationale
are proposed to correlate with clinical activity. Increased abso-
lute lymphocyte count (ALC) during the therapy is found to be
associated with clinical benefit and overall survival (OS) in
uncontrolled studies.”"****** In a clinical trial using tremeli-
mumab, another humanized anti-CTLA-4, increased levels of
memory and activated T cells were reported in 3 out of 12
patients achieving disease control (DC).>> Several reports

demonstrate immunological changes under ipilimumab ther-
apy, shedding light on in vivo mechanisms of anti-CTLA-4, but
their pertinence to predict clinical responses and OS remains to
be clarified.**** In this report, we present results from the lon-
gitudinal immunological monitoring of a cohort of 77 ipilimu-
mab-treated patients. The extended characterization of
peripheral lymphocyte subsets allowed us to define early
markers of survival and/or clinical response, such as ALC at
the baseline. We report major changes within the memory T
cell subsets, which are associated with response to the treat-
ment, and a potential implication of T memory stem cells
(TSCM).

Results

Patient clinical characteristics, response to treatment and
immune-related adverse events

The majority of patients included in this study were stage IV
(90%) (Table 1). The median follow-up was 28 mo with a
median survival of 7 mo in the cohort of patients treated with
ipilimumab alone (95% IC 6-10). DC group was defined as
patients achieving complete response (CR), or partial response
(PR) or stable disease (SD) at week 16, whereas NR group
included patients with progressive disease (PR) or death before
week 16. DC was reported in 30% of cases. 52 patients received
the total course of four cures ipilimumab and presented a better
clinical response at week 16, with 35% of these patients achiev-
ing DC, compared to 24% in the group of patients receiving
less than four doses of ipilimumab (p = 0.01). This was
expected since the number of doses of anti-CTLA-4, reflecting
the continuation of the therapy, depends on a good tolerability
of the treatment by the patient, potentiating a better response.
The overall survival was however not affected by the dose num-
ber of anti-CTLA-4 (data not shown). Patients receiving less

Table 1. Patients characteristics. The whole cohort is described as well as the two groups of patients treated or not with the full course of four cures of ipilimumab.
Adverse events were graded according to the National Cancer Institute’s Common Terminology Criteria for Adverse Events (version 4.0).

Whole < Four cures of Four cures of
Patients cohort n =77 Ipilimumab n = 25 Ipilimumab n = 52 p value
Age, mean (SD) y 59.8 (16.6) 59.8 (16.3) 59.8 (17.0) 1
Women, no. (%) 35 (45) 11 (44) 24 (46) 1
AJCC stage at inclusion, no. (%) 0.81
llic 8(10) 4(16) 4(8)
[\ 4 (5) 1(4) 3(6)
IVM1a 2(3) 0 2 (4)
IVM1b 7(9) 2(8) 5(10)
IVM1c 56 (73) 18 (72) 38(73)
Response at week 16 (WHO), no. (%) 0.01
CR 1(1) 0 1(2)
PR 4 (5) 0 4(8)
SD 19 (25) 6 (24) 13 (25)
PD 36 (47) 8(32) 28 (54)
Death < w16 17 (22) 11 (44) 6(12)
Overall survival (95 % Cl) 0.10
at 6 mo 62 % (52 to 74) 36% (21 to 61) 75% (64 to 88)
at 12 mo 25 % (17 to 37) 20% (9 to 44) 28% (18 to 43)
at 24 mo 11 % (5 to 21) 12% (4 to 35) 10% (4 to 24)
Adverse events, no. (%)
Total 36 (47) 15 (60) 21 (40) 0.14
Grade 3 16 (21) 10 (40) 6(12) 0.007
Grade 4 2(3) 1(4) 1 0.55




than four doses were the ones with a higher frequency of grade
3 irAEs (p = 0.007), resulting in treatment discontinuation.

IrAEs occurred 49 d in median after the beginning of treat-
ment with values ranging from 7 to 186 d. The most clinically
significant IrAE was enterocolitis (grade III/IV in 14% of cases)
followed by rash/pruritus or hepatitis (5%). These IrAEs were
in most cases treatable with vigilance and early intervention
with corticosteroids. Of note, we did not find any correlation
between patients who develop IrAEs and those who achieved
clinical benefit (data not shown).

ALC at the baseline is a predictive marker of survival and
clinical response

The success of therapies aimed at immune checkpoints relies
on the ability of the immune system to mount specific and sus-
tained antitumor responses. Therefore, the immune status at
the baseline may be especially relevant. Our results showed that
ALC before Ipilimumab initiation was lower in patients when
compared to healthy donors (HD) (median = 1.18 x 10°/L ver-
sus median = 1.58 x 10°/L respectively, p = 0.00008). This was
mainly due to a defect in both CD4" (p = 0.005) and CD8" T
cells (p = 0.006), with a more pronounced defect in effector
memory CD8" T cells (p < 107°). B and NK-cell counts were
similar in patients and HD (data not shown). Characteristics of
patients T cells at the baseline are represented in Figs. 1A and B
and are consistent with an activated phenotype, as evidenced
by increased percentages of HLA-DR+ and granzyme B*
CD8* T cells and a lower expression of CD28 on CD8™ T cells.
Although not significant, a shift toward a higher CTLA-4
expression was detected on memory CD8" T cells of patients
when compared to healthy donors (HD) (p = 0.057).

In addition, the cutaneous addressin CLA, as well as CCR4
and CXCR3 were expressed at higher levels in patients.

We then delineated a threshold value of ALC = 1 x 10°/L
below which only 2.5% of HD was found. A median survival of
11 mo (95%CI 7-14) was observed in the group with a baseline
ALC > 1 x 10°/L, vs. 5 mo (95%CI 3-10) in the group with
ALC < 1 x 10°/L (p = 0.003) (Fig. 1C). The prognostic impact
of baseline ALC was still significant when adjusting for baseline
LDH (Hazard Ratio HR = 0.49, 95%CI = 0.28-0.86) or for the
use of glucocorticoids (HR = 0.5 95%CI 0.29-0.88). Moreover,
the proportion of patients achieving disease control was higher
in the group with an ALC > 1 x 10°/L at the baseline (44% vs.
19% if ALC < 1 x 10°/L, p = 0.04).

Ipilimumab induces early immunological changes of T cell
subsets

A significant increase in ALC, CD4" and CD8™" T cells absolute
counts was observed 3 weeks after the first dose of ipilimumab
(p = 0.0006, p = 0.0002 and p = 0.008, respectively) with val-
ues remaining stable from week 3 to week 12 (data not shown).
A marked increase in HLA-DR activated T cells was also
reported, lasting at least over 12 weeks for CD8' T cells
(Fig. 2A). An early and transient upregulation of CD25 on
CD4" and CD81 T cells was observed at week 3 (data not
shown).
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Figure 1. Patients immunological status at the baseline. Percentages of CD4™ (A)
and CD8" (B) T cell subsets (CM for central memory, EM for effector memory,
EMRA for terminally effector memory, GzmB for Granzyme B). Results from HD and
patients are shown as open bars and black bars respectively. *for p < 0.05, ™ for
p < 0.01, " for p < 0.001 and **** for p < 0.0001. (C) Kaplan—-Meier survival
curves from patients with ALC > 1 x 10%/L (gray line, n = 43) or < 1 x 10°/L
(black line, n = 26) at the baseline.

Naive and memory T cell subsets were identified based on
CD45RA and CCR7 expression. Naive cells (TN) were charac-
terized as CD45RA™ CCR7™, central memory T cells (TCM)
had the CD45RA-CCR7" phenotype, effector memory T cells
(TEM) were defined by the lack of expression of these markers
and terminal effector memory (TEMRA) exhibited
CD45RA+CCR?7- phenotype (Fig. S1A). An early effect of ipili-
mumab was detected on CD4" and CD8* TCM and TEM sub-
sets with an increase in both percentages and absolute counts
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Figure 2. Ipilimumab induces activated and memory T cells. The two slope model
is visualized by the black line. CD4* and CD8™ T cell subsets are presented in the
left and the right panels respectively. (A) Percentage of HLA-DR™ T cells, absolute
counts per mm? of (B) CM, (C) EM and (D) EMRA. The same results are observed in
terms of percentages of parental subsets (data not shown). *for p < 0.05, ** for
p < 0.01, " for p < 0.001 and **** for p < 0.0001.

(Figs. 2B, C), whereas the increase of CD8* TEMRA subset was
delayed (Fig. 1D). These results suggest that the major dynamic
changes between naive and memory subsets operate within 3
weeks after the first injection of ipilimumab.

ICOS (CD278) is a receptor belonging to the CD28/CTLA-4
family expressed upon T-cell activation.’® It has been shown
that ICOS critically controls the pool size of both effector mem-
ory and regulatory T cells.’" In our study, comprising the global
cohort of 77 patients, no significant changes in the frequency of
ICOS* CD4™ T and CD8™ T cells from baseline to week 6 were
observed (Fig. S2).

Eomes and T-bet are the two T-box transcription factors
which are involved in the generation and function of effector
and memory CD8" T cells. Our results showed that ipilimu-
mab treatment was associated with the expansion of lympho-
cytes expressing eomes (CD4" and CD8* T cells) and T-bet
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Figure 3. Pharmacodynamic changes during ipilimumab therapy. Expression of
eomes on CD4' and CD8" T cells (A), T-bet (B) and CD122 (C) on. Cytotoxic
markers expression (GzmB and TNF-a) on CD8™ T cells (D). Evolution of chemokine
receptor expression in T cells (E). Note: T-bet and GzmB were evaluated on
20 patients as mentioned in material and method section. *for p < 0.05, ** for
p < 0.01, " for p < 0.001 and “*** for p < 0.0001.

(CD8* T cells) (Figs. 3A and B). These transcription factors
cooperate to maintain memory CD8' T cells homeostasis
through the expression of IL-2RB (CD122), favoring IL-15
mediated signaling and proliferation of memory T cells.> The
increased expression of CD122 (Fig. 3C) on CD8" T cells was
consistent with the enhanced expression of T-bet and eomes.
In addition, cytotoxic molecules such as TNF-o and granzyme
B were induced on CD8™ T cells but not in CD4™ T cells during
the course of treatment, whereas no changes in IFNy



expression were observed in T cells (Fig. 3D and data not
shown). Finally, CTLA-4 blockade had an effect on chemokine
receptors with an expansion of CXCR3, CCR6 and CCR4 posi-
tive T cells from week 0 to week 6 (Fig. 3E).

Occurrence of IrAEs is not associated to any of the
biomarkers tested in this study

Although targeted immunotherapies such as ipilimumab are
well related to the induction of IrAEs, we did not find any asso-
ciation between the occurrence of such events and the activa-
tion status of lymphocytes, assessed by CD25, HLA-DR and
ICOS expression on T cells, at baseline and during the course
of immunomonitoring. Similarly, none of the biomarkers used
in our experimental design was found to be associated with the
development of IrAEs (data not shown).

Clinical response is associated to the generation of
memory T cells with a potential role of T memory stem
cells (TSCM)

An increase in ALC between week 3 and week 12 was signifi-
cantly associated with DC (p = 0.013). Importantly, although
no association between the evolution of total count of CD4* T
cells and clinical response was observed, the early raise of
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Figure 4. CTLA-4 blockade and markers associated with clinical response. Patients
were subdivided in two groups, DC (gray line and dots) and NR (black line and
dots). Clinical benefit is associated with a more marked increase of memory
subsets (A and B) and of eomes expressing CD8" T cells (C). *for p < 0.05, ™ for
p < 0.01
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CD4" TCM and TEM (from week 0 to week 3) was signifi-
cantly higher for patients achieving DC than for non-respond-
ers (NR) (Fig. 4A). This early augmentation in CD4" TEM was
followed by an increase between week 3 and week 12 in patients
achieving DC, and a decrease in patients with no response
(median slope = —2.1 and +5.9 in NR and DC respectively,
p=0.025).

In addition, patients with DC had a slightly delayed, but sus-
tained increase of effector and terminal effector memory CD8™
T cells (Fig. 4B) with a higher proportion of CD8" T cells
expressing eomes (median slope = 0.7 and 2.1 in NR and DC
respectively, p = 0.008) (Fig. 4C). Of note, the two response
groups had similar immunological profiles in terms of ICOS™
T cell evolution (data not shown).

Further phenotypic characterization of memory T cells was
performed for 20 patients (10 DC and 10 NR, randomly cho-
sen), allowing the study of transitional memory T cells TTM
(CD45RA-CCR7-CD27+)* and the recently identified TSCM
(defined as CD45RA+CCR7+CD27+CD95+) (Fig. S1B).**
Upon ipilimumab therapy, percentages of both CD4" and
CD8" TSCM significantly decreased whereas absolute counts
remained unchanged (Figs. 5A and B). In order to analyze the
dynamics amidst memory T cell subsets, we followed the
expression of the Ki67 protein, a cellular marker for prolifera-
tion and cell cycling.”® Ipilimumab treatment resulted in a sig-
nificant increase of CD4" and CD8' T cell proliferation
(median slope = +0.6, p < 107"*> and +0.8, p < 10, respec-
tively), involving TCM, TTM and TEM subsets, and remaining
barely detectable in naive T cells (Fig. 5C). Notably, both CD4™
and CD8" TSCM had significant proliferative activity and
CD4" TSCM exhibited an enhanced proliferative capacity
from week 0 to week 6 (median slope = 4-0.4, p = 0.034).

Discussion

Anti-CTLA-4 is the first therapeutic agent aimed at overcoming
cancer immune tolerance. It relies on the ability of T cells to
enhance antigen recognition by shifting their activation threshold.
Prior to ipilimumab therapy, patients are characterized by a
lymphopenia, which may reflect either the tumor burden,
through tumor-derived factors,”® or previous conventional
therapies such as dacarbazine.”” In the present study, we
reported that ALC above 1 x 10°/L before therapy was signifi-
cantly associated with an extended survival and disease control.
Moreover, only patients mounting a sustained expansion of
total lymphocytes, as well as CD4" and CD8* T cells during
the course of immunotherapy were associated with a higher
rate of disease control at week 16. Our data reinforce previous
results from clinical trials involving either ipilimumab at a
higher dose or another CTLA-4 abrogating antibody, tremeli-
mumab.?"****% Prior to treatment, patients’ circulating T cells
displayed a phenotype compatible with a chronic activation by
the tumor, with a lower expression of the costimulatory mole-
cule CD28 and increased percentage of HLA-DR and granzyme
B positive CD8* T cells, when compared to HD. In addition,
although not significant, a trend toward higher percentages of
TCDS8* T cells expressing CTLA-4 by was also observed, sug-
gesting a post-activation status of T cells. An early expansion of
CD4" and CD8" T cells was reported at the induction of
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Figure 5. Ipilimumab induces a dynamic interplay between TSCM and classical
memory T cells. Among memory subsets, only TSCM decrease in percentages (A)
with constant absolute counts (B). The proliferative capacity of naive, memory and
TSCM subsets was assessed by Ki67 expression (C).

immunotherapy, with CD8" T cells gradually expressing higher
levels of granzyme B and TNF-c.

A correlation between CTLA-4 blockade and ICOS induc-
tion has been reported in several studies.”® An increase of

ICOS™ CD4" T cells producing IFNy was first observed in six
bladder cancer patients, in the absence of any association with
clinical outcome.*” In a subsequent study, Carthon et al.
showed that increases in ICOS™ CD4™ T cells were more pro-
nounced with 10 mg/kg ipilimumab treatment than with 3 mg/
kg. In addition, these authors correlated the increased and sus-
tained frequency of ICOS™ CD4™ T cell to improved overall
survival in an independent cohort of 14 melanoma patients
treated with 10 mg/kg ipilimumab.*' More recently, in a study
analyzing 36 patients treated with ipilimumab, an increased fre-
quency of ICOS+ CD4* T cells was proposed as a pharmaco-
dynamic biomarker of CTLA-4 blockade activity at the dose of
3 mg/kg.’® We were not able to confirm these observations in
our cohort of 77 patients. Further investigations are therefore
needed in order to confirm these data and to better characterize
the phenotype of ICOS+ CD4" T cells in terms of memory
subsets.

Chemokines are critical mediators of routine immune sur-
veillance, providing directional signals for cell trafficking.**
Some of these molecules orchestrate the migration of T cells to
the skin. CCR4 is involved during the first step of T cell skin
homing, followed by the extravasation to the skin due to CLA
interaction with its ligand, E-selectin. In addition to other T
cell types, CCR6 is expressed on a T cell subset with skin hom-
ing properties.”> CXCR3 is a chemokine receptor that favors
migration of Th1 cells and effector CD8™ T cells into inflamed
tissues** and tumors.*” Before CTLA-4 blockade, patients with
advanced melanoma had a higher proportion of CD4" and
CD8" T cells expressing CXCR3, CCR6, CCR4 and/or CLA,
suggesting an increased capacity of T cells to relocate to the
skin. This phenotype was observed in all patients at the base-
line, regardless of clinical responses. Furthermore, ipilimumab
therapy potentiated the expression of these chemokine recep-
tors on both CD4* and CD8™ T cells. A previous study, where
patient-derived melanoma-specific T cell lines were analyzed,
reported a positive association between survival and the expres-
sion of CXCR3 and CCR4 by T-cells, highlighting the impor-
tance of these molecules in the maintenance of effective in situ
antitumor immunity.*® Our data further emphasize the poten-
tial of CTLA-blockade in the induction of tumor infiltrating
cells, already demonstrated in previous reports.*”*

Upon therapy, we observed an expansion of memory sub-
sets, with an increase of central and effector memory T cells,
followed by a gradual raise in TEMRA cell counts. More impor-
tantly, our data showed for the first time a significant associa-
tion between clinical benefit at week 16 and an early increase of
CD4" TCM and TEM followed by a delayed increase of
TEMRA (Fig. 4), consistent with the stepwise differentiation
pattern of memory subsets from TCM to TEMRA.* There was
an increased proliferative state of memory T cells, and more
specifically of TTM, in accordance with previous studies.”® In
contrast, the late expansion of TEMRA seemed to rather
depend upon differentiation than proliferation, as suggested by
the stable Ki-67 expression. Therefore, the immunological
changes induced by ipilimumab may not be solely explained by
enhanced proliferation. The functional development of mem-
ory T cell subsets is directed by regulatory transcription factors
such as eomes and T-bet. They sustain memory CD8" T cell
homeostasis through the expression of CD122 and are involved



in the differentiation of memory precursor and effector CD8*
T cells respectively.”' In addition, they coordinately promote T
cell migration to inflamed tissues via chemokine receptors and
cooperate to generate cytotoxic T cells.”>* In mice, CTLA-4
reduces the expression of eomes at the transcriptional level
resulting in less IFNy and granzyme B producing CD8" T
cells.” In accordance with this observation, our results showed
that CTLA-4 blockade induced a higher expression of eomes in
CD8* T cells from patients with DC, suggesting a pivotal role
of this transcriptional factor during ipilimumab therapy.

Recently, TSCM have been identified.’* These cells, which
are the least differentiated memory subset, are long lived, with
an enhanced self-renewal capacity and multipotency to differ-
entiate into all memory T cells. In addition, emerging evidence
indicate that TSCM are involved in antitumor immunity, thus
representing valuable candidates for adoptive T cell therapies.
They are the most potent cells among memory subsets to trig-
ger tumor regression in humanized mice. Moreover, some
patients with metastatic melanoma have a significant fraction
of MART-1-specific CD8" TSCM.>* Interestingly, experiments
conducted in the setting of adoptive immunotherapy revealed
that T cells invalidated for both T-bet and eomes were unable
to trigger an antitumor response and bored characteristics con-
sistent with TSCM. Therefore, the antitumor potential of
TSCM seems to rely more on their further differentiation into
effector memory cells than in their intrinsic activity.”® After ipi-
limumab initiation, CD4" TSCM percentages decreased despite
enhanced proliferative activity suggesting a differentiation pro-
cess into classical memory cells. Whether this phenomenon
was driven or not by T-bet and eomes remains to be elucidated.

Factors that determine the development of IrAEs under
CTLA-4 blockade are a field of intensive research. Although it
was hoped in early anti-CTLA-4 trials that the induction of
IrAEs,'® that are well correlated to immunotherapies, were
associated with durable objective clinical responses, it is now
more established that autoimmune disorders are not good pre-
dictors of improvement in anti-CTLA-4 therapy.”’ We were
not able to confirm the overlap between patients who devel-
oped IrAEs and those who achieved durable objective clinical
response (for review and references therein®®). In addition, we
did not find any correlation between the occurrence of IrAEs
and the biomarkers investigated in this study. This lack of cor-
relation may however be related to the observation of IrAEs
over a wide range of time points (7 to 186 d) which increases
the complexity of the statistical analysis.

In conclusion, this study identified pharmacodynamic
markers and biomarkers associated with survival and/or clinical
benefit. Our data show that CTLA-4 blockade targets the early
steps of memory T cell generation, inducing both differentia-
tion and proliferation. These results suggest that ipilimumab is
able to reshape the memory subset and provide new insights
into the mechanisms of memory T cell subset expansion with
the potential involvement of TSCM and eomes (Fig. S3). In
response to ipilimumab, T cells gradually acquire skin homing
and cytotoxic capacities, which may increase in situ antitumor
responses. Identifying immune biomarkers as reliable interme-
diate endpoint may therefore facilitate the management of
patients, providing insight into the selection of most effective
therapeutic strategies.
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Patients and methods
Patient characteristics and study design

Patients with unresectable stage III or IV melanoma were eligi-
ble for ipilimumab treatment if they had previously failed to
one or more systemic therapy. Between June 2010 and Septem-
ber 2013, 77 patients were prospectively included (59 at Saint-
Louis hospital and 18 at Bichat hospital, Paris, France). They
received intravenous ipilimumab 3 mg/kg every 3 weeks, for an
expected total course of four doses. Dose omission or discon-
tinuation, mainly due to the occurrence of IrAEs, was discussed
during multidisciplinary meetings. Blood samples were col-
lected before each injection of ipilimumab at week 0, 3, 6, 9,
and at week 12. All patients gave their informed consent for
this study, which was approved by the Institutional Review
Board of Saint-Louis Hospital, in accordance with the Declara-
tion of Helsinki. Thirty samples from healthy donors were col-
lected from the blood donor center (Etablissement Frangais du
Sang, Hopital Saint-Louis).

Flow cytometry and monoclonal antibodies

Lymphocyte immunophenotyping was performed on freshly
collected EDTA whole blood samples, using a FACS Canto II
flow cytometer and FACS DIVA software (BD Biosciences), in
a laboratory that operates under GLP principles. Absolute
counts were determined using the TruCount system (BD Bio-
sciences) with anti-CD3 FITC, -CD8 PE, -CD45 PerCP, and
-CD4 APC mAbs (BD Multitest, BD Biosciences). Eight colors
labeling was performed with the following mAbs (all from BD
unless specified): anti-CD45 FITC and PercP, CD3 V450, -CD4
V500, -CD8 PerCP, -CD16 APCH7, -CD56 PECy7, -CD45RO
PE, -CD45RA APC, -CCR7 PECy7 and BV421, -CD27 PE and
APCH?7, -CD28 PE, -CD25 PECy7, -HLA-DR APCH?7, -CD57
FITC, -CD122 PE, -CLA FITC, -CCR4 PE, -CCR6 PECy7,
-CXCR3 APC, -CD278 PE and eomesodermin (eomes) PE (e-
Bioscience). Additional immunostainings were done for 20
patients from stored frozen peripheral blood lymphocytes
(PBL), using anti-CD95 FITC and APC, -CTLA-4 PE, -T-bet
PE, -Ki67 PECy7, -IFNy Vio770, -TNF-« PE and granzyme B
FITC (last three mAbs from Miltenyi). Intracellular staining
was performed using either Foxp3 staining buffer (e-Bioscien-
ces) or inside stain buffer (Miltenyi), according to the manufac-
turer’s instructions. These studies were performed using
standard operating protocols. Acquisition was performed using
a FACSCanto 1™ flow cytometer. Results were expressed
according to the « fluorescence minus one » (FMO) control,
allowing the definition of the background signal and data were
analyzed using FACS Diva™ (BD Biosciences).

Definition of tumor assessment and main clinical
outcomes

Tumor assessment using clinical examination, total bodyscan,
cerebral MRI and ultrasound lymph node scan if necessary was
performed at baseline, week 12 and week 16, and then every 2
mo. Because of the atypical pattern of response to immunother-
apy, week 16 evaluation was systematically maintained even if
the patient exhibited tumor progression at week 12. The overall
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response was assessed according to the immune-response-
related criteria (irRCs) derived from time-point response
assessments (based on tumor burden).

Statistical analyses

Data are described using means and standard deviation for
quantitative variables and count and percentages for qualitative
variables. Comparisons between patients and HD immunologi-
cal status at baseline were performed using Wilcoxon rank sum
test. p values where adjusted for multiple comparisons using
the Hochberg correction.

Opverall survival was defined as time between inclusion and
death from any cause and was estimated using the Kaplan-
Meier method. Effect of ALC at baseline on survival was
assessed using Cox proportional hazard model.

Linear mixed-effect models were fitted to model the evolu-
tion of T cells between baseline and week 12. A two-slope
model was used to account for a potential early and late effect
of ipilimumab. The early effect was defined as the initial rise
from baseline to week 3, and the late effect was modeled as a
linear increase from week 3 to week 12. Random effects were
added for the intercept and the two slopes. Immunological
changes of T cell during the follow-up were modeled using lin-
ear mixed-effect models. To test the effect of response at week
16 on the evolution of T cells, two interaction terms between
response and the two slopes were added to the model. Regard-
ing several subsets of T cells, quantification was only performed
at week 0, 3, and 6. In these cases, linear mixed-effect models
were fitted with a single slope.
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