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ABSTRACT

Despite the success of immune checkpoint blockade in melanoma, the majority of patients do not
respond. We hypothesized that the T and NK cell subset frequencies and expression levels of their
receptors may predict responses and clinical outcome of anti-CTLA-4 treatment. We thus characterized the
NK and T cell phenotype, as well as serum levels of several cytokines in 67 melanoma patients recruited in
Italy and Sweden, using samples drawn prior to and during treatment. Survival correlated with low
expression of the inhibitory receptor TIM-3 on circulating T and NK cells prior to and during treatment and
with the increased frequency of mature circulating NK cells (defined as CD3~CD56%™ CD16") during
treatment. Survival also correlated with low levels of IL-15 in the serum. Functional experiments in vitro
demonstrated that sustained exposure to IL-15 enhanced the expression of PD-1 and TIM-3 on both T and
NK cells, indicating a causative link between high IL-15 levels and enhanced expression of TIM-3 on these
cells. Receptor blockade of TIM-3 improved NK cell-mediated elimination of melanoma metastasis cell
lines in vitro. These observations may lead to the development of novel biomarkers to predict patient
response to checkpoint blockade treatment. They also suggest that induction of additional checkpoints is
a possibility that needs to be considered when treating melanoma patients with IL-15.
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Introduction and CTLA-4 blockade could influence T cell activity by differ-

Fundamental research in immunology is being successfully
translated to improve cancer therapy.'” For example, treat-
ment with anti-CTLA-4 and anti-PD-1 monoclonal antibod-
ies—also referred to as “immune checkpoint blockade”—
unleashes patient immune responses to tumors by blocking
inhibitory receptors on immune cells.” Initial response rates to
anti-CTLA-4 (ipilimumab) were in the range of 20%>° of
patients. Although these are higher with anti-PD-1 (nivolumab
and pembrolizumab) and even higher with a combination of
the two, it is unclear why certain patients respond and others
do not. The evaluation of responses to immune checkpoint
blockade therapy has been based mainly on conventional clini-
cal biomarkers, while cellular and molecular immune responses
have only been studied to a limited extent.”'* There is ample
evidence for T cell involvement in immunity to melanoma,!>*®

ent mechanisms, e.g., (a) expanding the pool of antigen specific
of CD8" T cells and CD4™ T helper cells, (b) depleting CD4™"
regulatory T cells (Tregs).w’20

NK cells display potent cytotoxicity against tumor cells
expressing low levels of MHC class T molecules®' ™’ and/or
increased levels of tumor or stress associated activating ligands,
but their potential in cancer immunotherapy is yet to be fully
exploited. We and others have recently demonstrated that (a)
NK cells selectively target freshly explanted tumor cells, (b)
activation and frequency are related to the clinical outcome of
melanoma and (c) specific NK cell subsets found in tumor-
infiltrated lymph nodes of melanoma patients can eliminate
autologous tumor cells.***’

We hypothesized that the in-depth characterization of T and
NK cells in the peripheral blood of melanoma patients before
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and during anti-CTLA-4 treatment could help develop a better
integrated understanding of the complexity of immune
responses and ultimately contribute to a more efficient immune
therapy. Moreover, comparative analysis of T and NK cells in
patients stratified into groups based on survival in response to
the immune therapy may reveal an association of specific varia-
bles with clinical outcome after anti-CTLA-4 treatment. This
could lead to the identification of new biomarkers able to pre-
dict responses to immune checkpoint blockade.

Results

Multivariate analysis of T, NK cells and sera of melanoma
patients before ipilimumab treatment distinguish long-
and short-term survival patients

To evaluate the putative association between immune variables and
treatment outcome, 67 melanoma patients treated with ipilimumab
were stratified into two groups according to survival; 12 mo or lon-
ger (long-term survivors, n = 33) and shorter than 12 mo (short-
term survivors, n = 34). Peripheral blood lymphocytes (PBL) and
sera were collected from patients before the administration of the
first dose of ipilimumab (withdrawal 0, WO0); at week 3 (with-
drawal, W1) before the second administration; at week 6 (with-
drawal, W2), before the third administration; and at week 9
(withdrawal, W3) before the fourth and last administration. At
each time point, a total of 134 parameters consisting of subset fre-
quencies, the receptor repertoire of T and NK cells, as well as serum
concentrations of cytokines and chemokines, were analyzed in
multivariate as well as in univariate mode. The same biological
parameters were analyzed in healthy donor controls.

To establish potential correlations between the immune varia-
bles analyzed and survival, multivariate projection models were
built. At WO, 65 patients were included in the analysis (long-term
survivors = 32, short-term survivors = 33) and at W3 51 patients
(long-term survivors = 27, short-term survivors = 24). The model-
ing approach, Orthogonal Projections to Latent Structures, Dis-
criminant Analysis (OPLS-DA) is based on Principal Component
Analysis, taking all variables into account simultaneously with
equal importance independent of the range of values. Thus, MFI
and percentages can be analyzed together and co-variation between
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two or more variables, as well as the correlation to a specific group
of patients (positive or negative, significance and magnitude of cor-
relation) can easily be assessed and displayed graphically. OPLS-
DA in particular helps identifying variables correlated with group
separation since the components are orthogonal, meaning that the
first principal component (here: horizontal axis) only represents
the difference between the two most distinct groups, while varia-
tion unrelated to survival is represented as orthogonal components
(here: vertical axis). The advantage in a clinical setting is that fewer
patients are needed for biomarker identification than for traditional
statistical methods, since general patterns can more easily be dis-
cerned when all variables are allowed to contribute.

At the start of the treatment, the OPLS-DA model yielded a
good separation between patients (Fig. 1A) that could explain
89.7% of the difference between long- and short-term survival
patients. The cross-validated predictive capacity was 63.8%. In
summary, the constellation of immune variables applied in the
multivariate analysis led to a clear separation of the two discrete
patient groups and identified the most promising biomarkers
correlating with a good prognosis.

Immunological parameters associated with survival time

We next studied in detail which individual parameters were associ-
ated with disease outcome. Eighteen variables were significantly
different between long- and short-term survivors. The most signifi-
cant variables are shown in Fig. 1B. We analyzed T and NK cell
subsets in blood by flow cytometry, using the gating strategy
depicted in Fig. S1. Variables correlated with long survival were
increased frequencies of the CD56"™ NK subsets expressing
respectively KIRs receptors as well as CXCR2 chemokines recep-
tors (Fig. 1B). Moreover, high IL-4 and IEN-y serum levels and
increased frequencies of KIRs" CD8™" T cells also correlated with
the long-survival endpoint. It should be noted that high CXCR2
frequencies in circulating NK cell subsets in melanoma patients
confirm our previous study.”’

Other varijables that contribute to the molecular signature of
long-survival patients in the OPLS-DA model were: low IL-15
serum levels, low frequencies of NKG2A+, DNAM-1" CD56"1¢"
NK cells, NKG2C* and NKG2A"CD56"™ NK cells, DNAM-1*
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Figure 1. Discriminant analysis and immunoprofile of melanoma patients before the treatment (WO0). (A) Discriminant analysis: Gray squares = long survivors (31), 12 mo
or more. Black circles = short survivors, <12 mo (33). Horizontal axis = predictive component. Vertical axis = Orthogonal component not related to difference between
groups. Ellipse = Hotelling’s T2 95% confidence interval limit. (B) The 14 most significant variables correlated with long survival at the start of treatment. Error bars =
95% confidence intervals. Positive correlation to long survival means negative correlation to short survival, and vice versa.



Table 1. Immunoprofile of melanoma patients before the treatment (W0).
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Variable Association with survival Short survivors mean value + S.D. Long survivors mean value + S.D. p-value
% of CD3~CD56°"I"TIM-3* cells Negative 7277 £11.76 63.05 + 15.47 0.0158"
MFI of TIM-3 on CD3~CD56"9M Negative 1589 + 801.4 1049 + 549.4 0.0022"
MFI of TIM-3 on CD3~CD56%™ Negative 1320 + 602.4 1038 + 448.9 0.0426'
MFI of KIRs on CD3~CD56%™ Negative 6690 £ 3598 4687 + 2323 0.0236
MFI of TIM-3 on CD3"CD56~ Negative 1259 + 406.7 1007 + 314.6 0.0076*
IL-15 serum concentration Negative 3.862 + 2.285 2.849 4+ 1.392 0.0121"

'According to the distribution, data were analyzed with Mann-Whitney test (1), for non-normally-distributed data, or unpaired t test (2), for normally-distributed data.

on T cells and low expression of NKG2D on CD56"¢" and TIM-3
on T cells (Fig. 1B).

The most surprising finding was the association of lower serum
IL-15 concentration with long-term survival, since IL-15 it is
known to boost the antitumor cytotoxic immune response.” It was
significantly higher for short-term survivors than for long-term
survivors before the first dose (WO0) and elevated in most patients
before treatment when compared with healthy donors. Since this
observation was counterintuitive, additional patients were included
in the study for this individual parameter. The IL-15 measurement
has thus been performed on 129 (W0) and 109 (W3) sera in total.
The result on this larger cohort of patients confirmed this finding
and further reinforced the statistical significance (Table 1).

The differences in TIM-3 expression on T cells, and the IL-
15 serum concentrations were statistically significant between
long and short-term survivors also after univariate analysis.
Moreover, the univariate analysis observed reduced frequencies
of circulating CD56""" TIM-3" and CD56%™ KIR" NK cells
subsets in long survival patients (Table 1).

In conclusion, IL-15 and TIM-3 were the individual parameters
that correlated most strongly with survival prior to treatment start,
and which were also confirmed by univariate analysis. The fact that
the expression of TIM-3 was associated with poor survival suggests
that this inhibitory receptor may play a role as new immune
checkpoint.

Analysis of T, NK cells and sera of melanoma patients
during ipilimumab treatment

The first dose of ipilimumab did not induce broad modifica-
tions in the immune profile of NK and T cells between short-
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and long-term survivors. A change, however, occurred after the
first (W1) and second dose (W2) (Fig. S2), when the average of
CXCR2" CD56""8" NK cells percentage increased in the long-
term survivors (Fig. S2C and F).

A new pattern emerged in the immune profile of the last
withdrawal (Fig. 2A). Here, the adverse side effects colitis, hipo-
physitis and skin rash were also included in the model. The
multivariate OPLS-DA model could explain 83.8% of the varia-
tion in the data at this time-point, and the cross-validated pre-
dictive capacity for new data was 63.5%. Forty-three variables
were significantly different between long- and short-term survi-
vors. The most relevant are shown in Fig. 2B. Among the varia-
bles that positively correlated with long-term survival were:
percentages of circulating CXCR2" CD56™¢", CD56%™,
CD16"CD56%™ NK cells, DNAM-1* CD56"™ and NKG2D™"
CD56%™. The T cell compartment was characterized by high
frequencies of CCR2" and NKG2D™ cells. Finally, higher
serum levels of IL-4 and IFNy correlated with long-term sur-
vival (Fig. 2B). The most significant variables that correlated
with long-term survival were the reduced concentration of IL-
15 in the patients’ sera and a lower expression of KIRs on the
CD56%™ NK cells subset. These two parameters also correlated
with each other, meaning that the same long-term survivors
often displayed both reduced levels of IL-15 and low expression
of KIRs on NK cells. The T cell compartment of long-term sur-
vival patients was dominated by a low expression TIM-3 and
CCR?7 and a reduced frequency of PD1" T cells (Fig. 2B).

In Table 2, we summarized the variables confirmed by
univariate analysis that associated with the patients survival
after the third ipilimumab treatment. Two variables were
confirmed to positively correlate with long survival in
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Figure 2. Discriminant analysis and immunoprofile of melanoma patients after the third treatment (W3). (A) Discriminant analysis: Gray squares = long survivors (28),
12 m or more. Black circles = short survivors, <12 mo (24). Horizontal axis = predictive component, vertical axis = order of patients, not related to differences between
groups. (B) The 14 most significant variables correlated with long survival at the end of treatment. Error bars = 95% confidence intervals. Positive correlation to long sur-

vival means negative correlation to short survival, and vice versa.
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Table 2. Immunoprofile of melanoma patients after the third treatment univariate analysis (W3).

Variable Association with survival Short survivors mean value + S.D. Long survivors mean value + S.D. p-value
% of CD3~CD564™ Positive 12.90 + 5.868 20.55 4 9.099 0.0005
% of CD3~CD569™CD16™ cells Positive 80.81 £ 16.41 89.87 + 7.074 0.0220'
MFI of KIRs on CD3~CD56%™ Negative 6337 4+ 3334 4324 + 1909 0.0096'
MFI of CCR7 on CD3~CD56""9" Negative 2655 £+ 1367 1872 + 9183 0.0198
% of CD3TCD56™~ Negative 60.28 + 13.63 53.16 & 11.60 0.0220'
MFI of TIM-3 on CD37CD56~ Negative 1203 + 370.5 980.3 4 267.8 0.0282"
MFI of PD-1 on CD3*CD8* Negative 2459 4+ 1424 1698 + 751.7 0.0357"
IL-15 serum concentration Negative 3.850 + 2357 2,937 £ 1.951 0.0257

According to the distribution, data were analyzed with Mann-Whitney test ", for non-normally-distributed data, or unpaired t test ), for normally-distributed data.

Table 3. Changes in NK and T cells phenotype in short and long survivors during anti-CTLA-4 treatment.

Variable Patients subgroup Samples withdrawal p-value Mean £ S.D.

% of CD3~CD56""IMDNAM-1" cells Long survivors ns
Short survivors? WO vs. W3 - 97.34 £ 2.21vs.91.49 &+ 8.27

W1 vs. W3 * 96.38 & 3.39 vs. 91.49 + 8.27

Long survivors? W1 vs. W2 * 59.12 4+ 11.36 vs. 47.18 4 13.37

% of CD3+CD4+ cells Short survivors? n.s

% of CD3+CD8+ cells Long survivors? W1 vs. W2 * 37.67 £ 1023 vs. 47.97 +11.78
Short survivors® n.s.

According to the distribution, data were analyzed with Kruskal-Wallis test followed by Dunn’s correction ”, for non-normally-distributed data, and ANOVA followed by

Bonferroni's correction 2, for normally-distributed data.
***p-value < 0.001; **p-value < 0.01; "p-value < 0.05.

univariate analysis: the frequencies of circulating CD56%™
NK cells having a higher proportion of CD16"CD56%™
cells. While five variables inversely correlate with long sur-
vival: KIRs on CD56%™ and CCR7 expression on CD56""¢"
NK cells, IL-15 serum levels, TIM-3 levels on CD3" T cells
and PD-1 expression levels on CD8' T cells, respectively.

Notably, there were no changes in the absolute number of
lymphocytes expressed as number of cells/uL among long
and short survivors groups before and after ipilimumab
treatment (data not show). Thus, the univariate analysis
confirmed that low serum IL-15 concentrations at WO as
well as at W3 characterize long-term survival patients.
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In conclusion, IL-15, TIM-3, PD-1 and KIRs were the
parameters that correlated with survival after the ipilimumab
treatment which were also confirmed by univariate analysis.

Patterns emerging during the treatments

A longitudinal analysis of treatment effects on the clinical and
immune variables was performed. All the measured parameters
were analyzed in univariate analysis and correlated with patient
survival. To understand whether clusters of variables correlate
to survival, a longitudinal multivariate analysis was also per-
formed. A clear decline of the percentages of DNAM-1*
CD56"8" NK cells was observed in short-term survival
patients. Interestingly, in long-term survival patients a switch
of the CD4%/CD8™ frequencies occurred between W1 and W2
in the peripheral blood, but this pattern was not sustained in
the blood in the next withdrawal. At W2, the CD8% T cells per-
centage prevailed over the CD4" T cells for these patients
(Table 3). To further investigate changes in the NK and T cell
compartments in response to treatment, we longitudinally
investigated lymphocyte activation in smaller subset of patients
(Fig. 3). NK cells in PBL from both patient groups (six long
and six short survivors) displayed a more robust degranulating
activity at WO, in comparison with the healthy donors. More-
over, at W1 the long-term survivors showed higher proportion
of activated CD107a™ NK cells than was found in short-term
survivors. These differences were even more evident after exog-
enous stimulation with the highly NK susceptible K562 cell line
(Fig. 3A, right panel). Strikingly, while circulating NK cells
from long-term survivor patients promptly responded to the
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exogenous K562 stimulation, as measured by CD107a degranu-
lation assays, NK cells from the short-term survival patients
did not. The increased activation of NK cells degranulation in
long-term survivors was mostly evident at W0 and W1 while
differences in CD107a™ percentage of T cells was observed at
W3 (Fig. 3B). Thus, while NK cells in long-term survival mela-
noma patients responded already after the first ipilimumab
treatment (W1) in short-term survival melanoma patients did
not. Moreover, the exogenous pulsing with K562 reveals that
circulating NK cells isolated from short-term survival patients
did not respond. These observations may indicate that NK cells
of short survival patients could be exhausted or anergic.

IL-15 upregulates TIM-3 and PD-1 on NK and T cells in vitro

The data presented above suggested a correlation between IL-
15 serum levels and expression of PD-1 on T cells, KIRs on NK
cells and TIM-3 on both. We therefore tested the hypothesis
that IL-15 modulates the expression of these inhibitory recep-
tors on NK and T cells. We stimulated PBL of healthy donor
with recombinant human IL-15 (Fig. 4) in vitro. After a sus-
tained exposure to IL-15 (5 d), a clear increase of both frequen-
cies and expression levels of TIM-3 and PD-1 on mature NK
and T cells was observed (Figs. 4A-C). Sustained stimulation
with IL-15 also increased the KIR expression selectively on NK
cells (Fig. 4A). Similar experiments conducted with 10-fold
lower dose of IL-15 gave the same trend, although with less
impressive induction of TIM-3, PD-1 and KIRs (Fig. S3).

Next, the possible role of TIM-3 and PD-1 in the modula-
tion of NK cell cytotoxicity against melanoma cells was
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Figure 4. In vitro effects of IL-15 stimulation on NK and T cells phenotype and function. FACS analysis of TIM-3, PD-1 and KIRs expression (mean fluorescent intensities
MFI) and frequencies: (A) NK cells (CD3-CD56™), (B) CD4™ T cells (CD37CD4™") and (C) CD8™ T cells (CD37CD8™) before and after 120 h of stimulation with IL-15. The data
are showed as representative dot plots where the percentage of cells in each quadrant is indicated, and as representative histogram plots. Columns represent the statisti-
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cal analysis from six independent experiments,

p-value < 0.001; **p-value < 0.01; “p-value < 0.05, by Student’s t test. Error bars represent standard deviations.

(D) Effect either single or combined PD-1, TIM-3 antibodies blockade on resting or 120 h IL-15 activated NK cells cytotoxicity against primary metastatic melanoma cells;

Mel30 and Mel35. Statistical analysis from three independent experiments made in single.

with Bonferroni’s post-test. Error bars, S.D.
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p-value < 0.001; **p-value < 0.01; *p-value < 0.05 by one-way ANOVA
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evaluated with receptor blockade experiments. While PD-1
blocking alone or in combination with TIM-3 did not signifi-

cantly alter the cytotoxicity of unstimulated NK cells, these

treatments significantly increased the cytotoxicity of IL-15
stimulated NK cells (Fig. 4D). These results may suggest that
the short-term survival of melanoma patients associated with
high IL-15 levels could be due to its induction of additional

immune checkpoints on NK and T cells that can interfere with

the anti-CTLA-4 treatment.

Prediction of survival based on immune biomarkers before

and during treatment

To explore whether TIM-3, KIRs, IL-15 and NK subsets could
work as predictive markers for long or short survival, an indica-
tor variable was used to build and compare two Kaplan-Meier
survival (KM) curves. Medians of the selected variables
obtained from the whole patient cohort demonstrated to be a
meaningful threshold with a good discriminating power. The

log rank test was used to compare the KM curves and calculate
the p-value.
Four predictors were identified that differentiated patients
before the treatment had started: (i) CD167CD56%™ NK cell
frequency; (ii and iii) the expression level of TIM-3 on
CD56"¢" NK cells and this subset frequency, (iv) the expres-
sion of TIM-3 on CD56%™ NK cells.
Patients with low frequencies of circulating CD16*CD56"™
NK cells, with high frequency of TIM-3" CD56""¢" NK cells
and high expression levels of TIM-3 on both CD56%™ and
CD56"¢" NK cells, displayed a statistically significant shorter

survival (Fig. 5A).

After the third administration of ipilimumab, parameters
inversely correlated with survival were high TIM-3 expression
on CDS8™T cells and on CD56%™ NK cells. The increased fre-
quency of KIR" CD56%™ circulating NK cells was associated
with adverse prognosis. On the other hand, increased frequency
of CD16" CD56%™ NK cells at this time point strongly corre-
lated with good prognosis and long survival (Fig. 5B).
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(A), WO, biomarkers measured before the anti-CTLA-4 treatment, (B) W3, biomarkers measured after the third anti CTLA-4 treatment. Variables are reported on the x-axis.

The curves were compared with log-rank test the p-values are reported on the top of each panel.




To adjust for potential confounding factors, separate Cox
models were fitted for each variable independently (TIM-3
expression, IL-15 concentration, CD56%™ frequency). The
models were adjusted for age, sex, kind of melanoma =
UVEAL and disease stage (RECIST PD)

The analysis at W0 showed that the expression of TIM-3 on
CD56"™8" and CD56%™, and the IL-15 sera concentration were
associated with increased risk. All estimated hazard ratios (hr)
were significantly different from one. However, those associ-
ated with TIM-3 and CD56 were very close to one, indicating a
small effect on the risk of death. Instead, the hazard ratio of IL-
15 was relatively large (hr = 1.26, 95% CI: 1.10, 143,
p-value < 0.001). At W3, IL-15 was associated with an
increased risk (hr = 1.22, 95% CI: 1.07, 1.401, p-value =
0.002), whereas CD56%™ was associated with a reduced risk (hr
= 0.92, 95% CI = 0.86, 0.99, p-value = 0.020) (Table S6).

Discussion

In this explorative study, we identified a number of parameters
that are associated either positively or negatively with the prog-
nosis of ipilimumab-treated melanoma patients. Here, we will
focus on the serum concentration of IL-15, frequency and func-
tion of NK cells, and expression of TIM-3, PD-1 and KIRs on
NKand T cells.

High IL-15 serum levels, before as well as during the treat-
ment, was associated with poor prognosis in patients with NK/
T cell lymphoma.®' TL-15 is usually considered favorably in the
context of cancer immunotherapy because it induces expansion
and maturation of NK cells, as well as expansion of memory
CD8™" T-cells, without amplifying the T,cg cell compartment.*’
Clinical trials are ongoing in melanoma patients with infusion
of IL-15 over 3 weeks.”> Indeed, our own in vitro data con-
firmed that IL-15 could activate NK cells.

There are several potential explanations for our findings in
ipilimumab-treated melanoma patients. One possibility is that
high IL-15 is just a downstream effect of another disease feature
associated with poor prognosis, e.g., cancer dissemination or
chronic inflammation. However, a more interesting possibility
is that high IL-15 levels actually contribute to the poor out-
come. The multivariate analysis showed that IL-15 serum con-
centration was associated with increased expression and
frequency of TIM-3 and PD-1 on both NK and T cells, which
were factors associated with shorter survival. We also found
that exposure to IL-15 for 5 d in vitro indeed led to enhanced
expression of TIM-3 and PD-1 on both NK and T cells, and of
KIRs selectively in NK cells. Our data confirm and expand pre-
vious observations indicating that IL-15 may induce TIM-3
expression on human NK cells.” It should be noted that TIM-
3 recognizes ligands expressed on the melanoma cell surface
that can inhibit the NK cells cytotoxic recognition. We demon-
strated, in vitro, that antibody blockade of TIM-3 and
PD-1 reverts NK cell exhaustion leading to melanoma metasta-
sis killing,***°

To the best of our knowledge, it has not previously been
shown that IL-15 stimulation upregulates PD-1 on NK cells.
These data support the possibility that the association between
high IL-15 levels and TIM-3/PD-1 expression on NK cells and
T cells may represent a causative link. Our results further
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suggest that IL-15 may prevent the beneficial effect of anti-
CTLA-4 blockade by inducing additional immune check
points, leading to a dampened immune response and as a con-
sequence more rapid tumor progression.

Previous studies in mice have shown that administration of
IL-15 over 3 weeks induces NK cell senescence and imbalance
toward expression of inhibitory receptors, whereas administra-
tion of IL-15 over 2 d leads to NK cells maturation, prolifera-
tion and activation of cytotoxicity.”®*” Based on this and our
own results, we suggest that a more effective strategy for IL-15
therapy might be short and frequent administrations, possibly
intervening with a second line of checkpoint blockade targeting
PD-1, TIM-3 and/or KIR.

The multivariate analysis showed that higher levels of IL-4
and IFN-y before ipilimumab treatment were associated with
long survival. The reason for this association is unknown. As
a speculation, we suggest that this may be related to the influ-
ence of the microbiome. In previous studies in mice and
in patients, antibiotics treatment weakened the antitumor
response after anti-CTLA-4 blockade.*® This was correlated
with how certain bacteria in the normal gut flora influenced
production of cytokines in co-cultures of T-cells and dendritic
cells, e.g., IL-10 and IFN-y. However, IL-4 was not measured
in those studies, nor was IL-15. Moreover, these data may
suggest a role for the NKT population during anti CTLA-4
treatment.

Several observations from our study implicate that patient
NK cells are activated during anti-CTLA-4 treatment and that
this may correlate to its therapeutic effect. For example, upon
one or two doses of anti-CTLA-4, many patients in the long-
term survival group displayed NK cells with increased capacity
to de-granulate, whereas patients in the short-term survival
group tended to show weaker response as well as increased
expression of TIM-3 and KIR. Moreover, once the treatment
had been completed, overall survival correlated with high fre-
quency of NK cells in the lymphocyte population, and within
the NK compartment, particularly the mature CD56%™CD16™"
NK cells. Again, there are several possible explanations.
A reduced NK cells frequency could be a consequence of other
factors that also lead to poor prognosis, e.g., disseminated dis-
ease or immunomodulation. The other general possibility is
that this reflects a response to ipilimumab which could be
either indirect via sustained secretion of cytokines by T cells or
deletion of T cells, or via a direct effect on NK cells. Indeed,
reports suggest that ipilimumab may activate cytokine produc-
tion in NK cells through CD16.** We observed that
CXCR27CD56™8" NK cells frequency was associated with
good prognosis before treatment and after the first ipilimumab
administration. CXCR2 recognizes IL-8 that is produced by
metastatic melanoma cells acting as a tumor autocrine growth
factor increasing the melanoma cells migration in metastatic
lesions.*’ We found it conceivable to speculate that the
CXCR2™" NK cells subsets may be able to migrate in the mela-
noma metastatic foci.

Regardless of the mechanism of action of anti-CTLA-4, our
results in this exploratory study clearly highlight the NK cell
population as a source of variables that may offer predictive
biomarkers in the context of checkpoint blockade. This should
be investigated and possibly validated in larger study. It should
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be noted that such new biomarkers may be easily detected in
the patient’s peripheral blood allowing the development of a
new simple and affordable diagnostic approach to be used in
real time before and during therapy. Our data also suggest that
NK cells are worth considering in the diagnosis and therapy of
melanoma patients. NK cells are indeed already used in the
experimental therapeutic trials of other malignancies, for exam-
ple, in AML and Multiple Myeloma. Therefore, NK cells could
open new avenues for the next generation of immune interven-
tion in melanoma patients, i.e., KIR blockade, and/or NK cell-
based adoptive immune therapy.*?

Methods
Study design

For the study, 115 stage IV melanoma patients were enrolled in
Italy at the Naples National Cancer Institute and 24 patients
were recruited at the Oncology clinic, Karolinska University
Hospital, Stockholm, Sweden. Ethical Committees associated
with Naples Cancer Institutet, Naples and Karolinska Univer-
sity Hospital, Stockholm granted ethical permission for each
patient cohort. Written informed consent was obtained from
all patients in accordance with the Declaration of Helsinki to
the use of human biological samples for research purpose. Each
patient received four infusions of ipilimumab with 21 d
between infusions. PBL and sera were collected from patients
at withdrawal 0 (WO0) before the administration of the first dose
of ipilimumab; at week 3 (withdrawal, W1) before the second
administration; at week 6 (withdrawal, W2), before the third
administration; and at week 9 (withdrawal, W3) before the
fourth and last administration. We isolated PBMCs from 67
patients to analyze the lymphocyte compartment and 12 were
used in functional assays. Based on their survival, we divided
patients in two groups: long survival > 12 mo, short survival <
12 mo after treatment. We also collected blood and sera respec-
tively from 37 and 28, sex and age matched, healthy donors as
controls at the Pugliese-Ciaccio Hospital and University Magna
Graecia of Catanzaro, Catanzaro, Italy. The experiments were
performed once per patient.

Isolation of peripheral blood lymphocytes and tumor cell
lines

Blood from 70 melanoma patients and 37 healthy donors were
isolated by Biocoll separating solution (Biochrom AG, Berlin,
Germany) density gradient centrifugation. Cells were counted
and put in culture with RPMI-1640 medium (Life Technology,
Milan, Italy) supplemented with penicillin (100 IU/mL) and
streptomycin (100 pg/mL) and 10% FBS. Cells were frozen
the next day. Ten Swedish patients were recruited at the
Oncology clinic, Karolinska University Hospital, Stockholm,
Sweden.

Blood samples were collected in 10 mL heparinized vacu-
tainer tubes (BD diagnostics, NJ, USA). Peripheral mononu-
clear cells were isolated by density gradient centrifugation
(Ficoll-Paque, GE Healthcare) within 2 h of sample collection
and frozen in 90% FCS + 10% DMSO freezing medium.

K562 cell line was obtained from ATCC. Melanoma cell
lines (Mel30 and Mel35) were obtained, based on informed
consent, from surgical specimens of melanoma metastases
from patients admitted at the Fondazione IRCCS Istituto
Nazionale dei Tumori, Milan. The cell lines were cultured in
RPMI 1640 medium (Life Technology, Milan, Italy) supple-
mented with penicillin (100 IU/mL) and streptomycin (100ug/
mL) and 10% FBS.

Immunofluorescence staining

After thawing, PBL from metastatic melanoma patients and
healthy donors were processed for an immunofluorescence
staining. Cells were washed, counted and divided in 96-well
plates and incubated for 15 min at room temperature with
50uL of inactivated human serum to achieve not specific bind-
ing. Then, cells were washed once with phosphate buffered
saline (PBS) 1X and were incubated at 4°C for 30 min, with the
following antibodies: PE or APC CD56 (clone REA196)/IgG1,
FITC CD3 (clone BW264/56)/IgG2a, PeCy7 CD4 (clone
VIT4)/1gG2a, APCCy7 CD8 (clone BW135/80)/I1gG2a, PE or
PeCy7 CD279 (PD-1, clone PD1.3.1.3)/IgG2b, PeCy7 CCR7
(clone REA108)/IgGl, PE CD158a/h (KIR2DL1/S1, clone
11BP6)/I1gGl, PE CD158b (KIR2DL2/DL3, clone DX27)/
IgG2ak, PE CD158e (KIR3DL1, clone DX9)/IgGl«, PE CD57
(clone TB03)/IgM, PE CD69 (clone FN50)/IgGl«, PE CD314
(NKG2D, clone BAT221)/IgG1, PE CD226 (DNAM-1, clone
DX11)/1gG1, PE CD337 (NKp30, clone AF29-4D12)/1gG1, PE
CD336 (NKp44, clone 2.29)/IgG1, PE CD335 (NKp46, clone
9E2)/1gG1k were from Miltenyi Biotech. APCCy7 CD16 (clone
3G8)/IgGlk, AlexaFluor 647 CD192 (CCR2, clone 6C6)/
IgGly, APC CXCR2 (IL8RB, clone 48607)/IgG2bk, were from
BD PharMingen. PE TIM-3 (clone F382E2)/IgG1, were from
Biolegend, PE NKG2C (clone 134)/IgG1 were from R&D Sys-
tems. After that, cells were washed twice with PBS 1X and
acquired by FACS CANTO II. 7-AAD Staining Solution (BD
Italy) was added before each acquisition. In all experiments, the
isotype-matched controls were used to set up the negative val-
ues. Data were analyzed using Flow-Jo version 9.3.1 software
analysis. The analysis of T and NK cell subsets in peripheral
blood by flow cytometry was performed using the gating strat-
egy depicted in Fig. S1.

CD107a mobilization assay after K562 pulsing

For degranulation assays quantifying cell surface CD107a
expression, thawed lymphocytes derived from melanoma
patients (six long and six short survivors) and healthy donors
(six healthy donors), were cultured at 37°C in 5% CO, at 1:1
effector:target ratio with K562 (ATCC) in the presence of 8L
of PE-conjugated CD107a/IgG1 antibody (BD PharMingen) in
U-bottom 96-well plates. After 1 h, Brefeldin A (10g/mL)
(Sigma Aldrich Saint Louis, MO, United States) was added to
cultures for an additional 3 h of incubation. At this time, cells
were collected, washed with PBS and stained with anti-
CD56APC and anti-CD3FITC (Miltenyi Biotec San Diego,
California) mAbs for 30 min at 4°C in the dark. The cells were
washed two times with PBS 1X and then analyzed by flow
cytometry. To detect cell viability, we used 7AAD (BD).



Cytotoxicity assay

Human NK cells were purified from 120 h IL-15 (10 ng/mL)
treated PBMCs by negative selection (Miltenyi Biotech). Puri-
fied NK cells were incubated for 1 h at room temperature with
the following blocking antibodies at 104g/mL: Purified mouse
IgG1 Isotype control (DAKO), Ultra-LEAFTM Purified anti-
human TIM-3 (Clone F38-2E2, Biolegend), Ultra-LEAFTM
Purified anti-human PD-1 (Clone EH12-2H7, Biolegend) or
the combination of TIM-3 and PD-1. Target cells Mel30 or
Mel35, previously labeled with Na[ ICr]O* at 37°C for 1 h,
were added at Effector:Target ratio of 6:1 and the co-culture
was allowed to proceed for 4 h at 37°C. The *'Cr activity of the
supernatant was measured with a gamma-counter. Percentage
of specific lysis was calculated as ([cpm experimental release —
cpm spontaneous release]/[cpm maximum release — cpm
spontaneous release]) x 100. Spontaneous release represents
the *'Cr release from target cells alone. Experimental release
represents the release from target cells incubated with effector
cells and maximum release represents the *'Cr content of re-
suspended target cells.

Microarray cytokine assay

For cytokine profile analysis, the serum of patients was ana-
lyzed using the biochip analyzer Evidence Investigator (Randox
Labs, Antrim, UK) and the “Cytokine Array I” kit (Randox,
Antrim, UK), according to the manufacturer’s instructions for
the simultaneous quantification of interleukin-2 (IL-2), IL-4,
IL-6, IL-8, IL-10, IL-1c, IL-1p, vascular endothelial growth fac-
tor (VEGF), interferon-y (IFNy), monocyte chemotactic pro-
tein-1 (MCP1), tumor necrosis factor-a (TNF-¢), Epidermal
Growth Factor (EGF). This assay was performed following the
manufacturer’s recommended procedure.

Samples were thawed before the analysis. Briefly, the princi-
ple of this multianalyte testing relies on a sandwich ELISA, in
which the analytes of interest are captured by specific antibod-
ies bound to discrete regions of the surface chemistry of the
biochip; horseradish peroxidase (HRP) labeled secondary anti-
bodies, which specifically recognize the analytes, trigger a lumi-
nol-based electrochemiluminescent signal emission, registered
by a charge-coupled device (CCD) camera and quantified by a
software.

IL-15 and IL-21 were evaluated by ELISA kit following man-
ufacturer’s instructions (R&D Systems and BioVendor).

Statistical analysis

Functional data obtained from multiple experiments were cal-
culated as mean & S.D. and analyzed for statistical significance
using the two-tailed Student’s t-test for independent groups, or
analysis of variance followed by Bonferroni correction for mul-
tiple comparisons. For immunoprofiling data with non-
parametric distributions, statistical univariate analyses were
performed with Mann-Whitney test. p-values < 0.05 were con-
sidered statistically significant. Statistical computations were
done using the Graph Pad Prism 5.0 software.

To estimate survival curves, we used the standard product-
limit estimator (Kaplan-Meier). We created Kaplan-Meier
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curves to compare patients below/above the median of each of
the variables validated in the univariate and multivariate analy-
sis. The log-rank test was used to compare the KM curves and
calculate the p-value. We used the R statistical software, version
3.3.1 (www.r-project.org), and in particular the “survival” pack-
age. To compute survival curves and compare them, we use the
Kaplan-Meier estimator. To compute hazard ratios, and adjust
for potential confundings we used the Cox model, testing for
proportionality using Schoenfeld’s test.

Multivariate analysis

SIMCA, version 14 (MKS Data Analytics Solutions, Umea
Sweden) was applied for multivariate analysis.*> In total, 165
variables were applied in the analysis. The biographical,
immune and clinical variables analyzed are reported in
Table S1-5. The majority of variables originated from flow
cytometry. Fourteen different cytokines, as well as variables
characterizing the patients (such as age, gender, site of mela-
noma and counts of various types of blood cells) were also
included in the analysis. Orthogonal Projections to Latent
Structures and Discriminant Analysis (OPLS-DA) was used to
distinguish groups and identify biomarkers for healthy donors,
long survivors and short survivors.** OPLS-DA has recently
been employed as a tool for biomarker discovery in endometri-
osis research.*’

OPLS is a projection method developed from principal com-
ponent analysis where systematic variation in the data are sum-
marized into scores (T). The scores are latent variables, where t
[1] represents the systematic variation in the N-dimensional
variable space related to an Y-variable outcome.** Discriminant
analysis, OPLS-DA, models are created with the aim of finding
maximal separation between pre-defined groups. Our groups
were long survivors, short survivors and healthy donors. All
variation related to separation between groups is present in the
predictive component(s) t[1]. More predictive components can
be calculated if there are several groups in the data, which also
are distinct enough to separate. Variation unrelated to separa-
tion between groups is visualized as “orthogonal components”
to[1], to[2] and so on. The quality of OPLS-DA models are
assessed by internal cross-validation, and presented as percent-
age of data that can be explained and predicted. A good biologi-
cal model is defined as having > 40% predictive capacity.*’

The models were constructed with the following workflow.
First, biologically irrelevant variables were excluded, for exam-
ple subsets with no signal, or side effects at time point WO
where the side effects had not yet occurred. Second, the models
were screened for outliers. A patient was only considered an
outlier if it deviated significantly both from its own group and
the global OPLS-DA model. At WO, the model was built on
127 variables, and no consistent outliers were observed. The
model could explain 89.7% of the difference between long-term
and short-term survivors and predict with 63.8% accuracy the
survival of potential new patients screened for the key bio-
markers. At W3, the model was built on 129 variables. One
consistent patient outlier was observed, displaying very high
values for most of the MFIs. After excluding this outlier, the
model could explain 83.8% of the difference between long-term
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and short-term survivors and predict 63.5% accuracy the sur-
vival of potential new patients screened for the key biomarkers.

To estimate survival curves, we used the standard product-
limit estimator (Kaplan-Meier). We created Kaplan-Meier
curves to compare patient below/above the median of each of
the variables validated in the univariate and multivariate analy-
sis. The log rank test was used to compare the KM curves and
calculate the p-value.
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