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Immune checkpoint blockade represents a major breakthrough in advanced non-small
cell lung cancer (NSCLC) therapy. However, success is limited to a subset of patients and
there is a critical need to identify robust biomarkers associated with clinical response. In
this study, we assessed whether pre-existing immunological characteristics, as well as
immune parameters measured during treatment, might provide such clinical guidance.
We studied blood samples collected at baseline and during treatment in a cohort of
advanced NSCLC patients (n = 74) treated with nivolumab. Several lymphocyte subsets
and biomarkers were then correlated with overall survival (OS) as well as clinical response,
assessed using RECIST criteria. We found that patients characterized by longer OS
had higher levels of CD3*, CD4™, and CD8" T cells but lower levels of NK cells at
baseline. Moreover, that they displayed a statistically significant lower expression of
PD-1 on both CD3* and CD8™ T cells (o = 0.013 and p = 0.033, respectively). The
pre-treatment level of exhausted T cells (CD8TPD1+TEomes™) was significantly lower
in patients with controlled disease (CD), defined as partial response (PR), and stable
disease (SD), compared to those with progressive disease (PD) (p = 0.046). In CD
patients, the frequency of exhausted CD8™T T cells further decreased during treatment
cycles (p = <0.0001, p = 0.0032, and p = 0.0239, respectively). In conclusion, our
results suggest that the distribution of lymphocyte subsets and expression of PD-1 on T
cells before treatment may help predict the outcome of anti-PD-1 treatment in NSCLC
patients. In addition, assessing the initial levels of exhausted T cells as well as their
decrease upon treatment may also predict response and clinical outcome.
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INTRODUCTION

The programmed cell death protein-1 (PD-1) is an immune
checkpoint receptor highly expressed on the surface of
functionally exhausted T cells after persistent antigen
stimulation, in patients with tumors or chronic infections.
When engaged by its cognate ligands (PD-L1 and PD-L2), PD-1
mediates a strong inhibitory signal that dampens the T cell
effector functions, including direct cytotoxicity and cytokine
production. In this setting, targeting the immuno-regulatory
axis PD-1/PD-L1 offers a novel approach to restore T cell-
mediated antitumor immunity and has become a cornerstone
in the current management of several malignancies, including
advanced non-small cell lung cancer (NSCLC).

Several antibodies disrupting this axis are currently available
in clinical practice for advanced NSCLC. These antibodies,
known as immune checkpoint inhibitors (ICI), include the
anti-PD-1 monoclonal antibodies nivolumab (1, 2) and
pembrolizumab (3, 4), as well as the anti-PD-L1 monoclonal
antibody atezolizumab (5). In spite of the impressive results
obtained by the use of these agents, a substantial proportion of
patients do not experience clinical benefit. For this reason, and
because of the high cost of these agents, identifying the most
appropriate candidates for PD-1/PD-L1 blockade among patients
with NSCLC is a high priority. However, the identification of
suitable and affordable biomarkers able to predict either clinical
response or resistance has remained elusive. To date, expression
of PD-L1 in cancer tissue represents the most deeply investigated
marker (6), although several trials showed some inconsistencies
regarding its value as predictor of outcomes (7).

For this reason, a significant amount of research has been
devoted to identify additional immune system biomarkers,
which may provide additional insights into the ways anti-
immune checkpoint antibodies exert their effects (8-13). Tumor-
infiltrating lymphocytes (TILs) have been shown to represent a
key element influencing the behavior of human tumors (14), and
the relative abundance and phenotype of specific subsets of TILs
have been extensively investigated as potential biomarkers for
ICIs (15-17). However, this approach is not feasible for many
advanced lung cancer patients because of the limited availability
of tumor tissues.

To overcome the need for tissue samples, efforts have been
directed on readily accessible samples such as peripheral blood.
Various studies have shown that tumor neoantigen-specific T
cell clonotypes can be isolated from peripheral blood of cancer
patients (18-20). Recent studies have further suggested that
sampling peripheral blood may also provide insights into the
ongoing immune responses induced by ICI (10, 21).

Abbreviations: BOR, best overall response; CD, controlled disease; CL, confidence
limits; ED, early death; HR, Hazard Ratio; ICI, Immune Checkpoint Inhibitors;
irRC, immune-related response criteria; NSCLC, non-small cell lung cancer; OS,
overall survival; PBMC, peripheral blood mononuclear cells; PD, progressive
disease; PD-1, programmed cell death protein-1; PD-L1, Programmed cell death
1 ligand 1; PFS, Progression-free survival; PR, partial response; RECIST, Response
Evaluation Criteria in Solid Tumors; SD, stable disease; TIL, Tumor-Infiltrating
Lymphocytes.

The discovery of biomarkers able to predict response to
checkpoint blocking therapies has now become a priority,
although none of these biomarkers have been so far validated
as predictors of responsiveness useful in patient selection. In this
study, we performed a high-dimensional flow cytometry analysis
to investigate the distribution of different lymphocyte subsets in
the peripheral blood of NSCLC patients prior and during anti-
PD-1 immunotherapy, with the aim of verifying whether specific
immune cell signatures could be related to the clinical outcomes.

MATERIALS AND METHODS

Study Population and Assessments of

Clinical Outcomes

The study was designed as part of a mono-institutional
translational research project at the IRCCS Hospital San Martino
in Genoa, Italy. The study included patients receiving nivolumab
for advanced NSCLC within the global Italian nivolumab
Expanded Access Program (EAP), which was designed to allow
patients affected by advanced NSCLC to receive nivolumab in the
time period between its registration and its availability in Italy
as a therapeutic standard (NCT02475382). The main eligibility
criteria for treatment with nivolumab included cytological or
histological diagnosis of advanced NSCLC, progression after at
least one line of platinum-based chemotherapy for advanced
disease, Eastern Cooperative Oncology Group Performance
Status (ECOG-PS) < 2. The main exclusion criteria included the
need for systemic corticosteroid treatment at a dose >10 mg/die
of prednisone (or equivalent) and the presence of uncontrolled
brain metastases. Determination of PD-L1 expression was
not required for the inclusion within EAP. Eligible patients
received nivolumab at 3 mg/Kg every 14 days until death
or unacceptable toxicity, or up to 96 weeks from the first
administration; in patients with progressive disease, treatment
continuation was allowed if clinical benefit was perceived. Those
patients who were candidate for receiving nivolumab within
the Italian EAP at our Institution were asked to participate in
an additional translational research study designed to explore
potential predictive biomarkers of outcomes with nivolumab. All
subjects gave written informed consent in accordance with the
Declaration of Helsinki. The study was approved by our Ethical
Committee (N° P.R. 191REG2015) and the participation was not
mandatory for receiving nivolumab.

Response Assessment

The enrolled patients underwent disease assessment after every
four doses of nivolumab. Response assessment was performed
using the Response Evaluation Criteria in Solid Tumors
(RECIST) v. 1.1; additionally, since RECIST may underestimate
the activity of ICI, an additional response assessment was
performed by using the immune-related response criteria (irRC)
(22). In case of PD according to either RECIST or irRC criteria,
the subsequent CT scan was performed after two cycles instead
of four for confirmation of progression. The best overall response
(BOR) achieved during the whole treatment with nivolumab was
recorded for both RECIST and irRC according to the following
categories: complete response (CR), partial response (PR), stable
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disease (SD), progressive disease (PD); those patients who died
before undergoing at least one radiologic response assessment
were categorized as early death (ED). For purposes of our
analyses, patients were then aggregated in: (i) a controlled disease
(CD) group, which comprised all patients with CR, PR, SD, or
(ii) a progressive disease group (PD). ED patients were excluded
from the PD group, except in one longitudinal analysis reported
in Supplementary Figure 2.

Overall survival (OS) time was recorded from the first
administration of nivolumab to the date of death or date at last
clinical examination. Progression-free survival (PES) time was
recorded from the first administration to the date of progression
according to RECIST (RECIST-PES) or irRC (irRC-PFS) or date
at last clinical examination. If a patient died before experiencing
disease progression, PES was set equal to OS time.

Blood Collection and Isolation of

Peripheral Blood Mononuclear Cells

In order to evaluate the early landscape of circulating immune
cells before and during therapy, blood samples (~20ml) were
collected before each administration of nivolumab, thus, at
baseline (Pre-treatment) and at subsequent timings (every 15
days) defined as, post 15D, post 30D, and post 45D (Figure 1A).
Upon collection, blood samples were quickly processed by Ficoll-
Hypaque (Cedarlane, Canada), density gradient centrifugation
to isolate peripheral blood mononuclear cells (PBMCs), which
were then stored in liquid nitrogen for subsequent flow cytometry
analyses. For each sample, white blood cells count (WBCs) was
also retrieved and used to calculate absolute number of cells
within the different lymphocyte subsets.

Flow Cytometry

To perform phenotypic analyses, frozen PBMCs were thawed and
incubated overnight in RPMI 1640 medium (Lonza, GA, USA)
plus 10% FCS and Penicillin /Streptomycin (Euroclone, Italy), at
37°C, as previously described by Gros et al. (19). Cells were then
stained with three different multicolor staining panels (mAbs
details reported in Supplementary Table 1). For the detection
of surface markers, cells were incubated with a mixture of
antibodies for 30, at 4°C. For intranuclear antigens detection,
after staining for surface markers, cells were additionally fixed,
and permeabilized (Foxp3 Transcription Factor Staining Buffer
Set, eBioscience), then incubated with a mixture of antibodies
against relevant intranuclear markers (40/ at R.T.). Samples were
acquired using Gallios (Beckman Coulter) flow cytometer, and
data analyzed using FlowJo 10.3 software (TreeStar Inc.).

Statistical Analysis

Distributions of all immune biomarker measurements and
patients’ characteristics (gender, age at enrollment, time
since diagnosis, ECOG-PS, number of previous treatments,
histotype, disease stage, and smoking habits) were explored and
summarized using descriptive statistics. In particular, continuous
variables (e.g., biomarkers and age at enrollment) were described
through mean, median and range of variation (min-max).
Data relative to biomarkers were also dichotomized using
median values as cut-off points in order to obtain equally-sized

subgroups. All categorical and discrete variables (e.g., gender
and ECOG-PS) were expressed in terms of absolute and relative
frequencies (percentages). Differences in immune biomarker
distribution in sub-groups of patients were assessed using the
non-parametric Kruskal-Wallis test. Kaplan-Meier method was
applied to describe the effect of each dichotomized immune
biomarker on PFS/OS probabilities while the association between
all immune biomarkers and relapse/death rates was estimated by
means of the Cox regression analysis and expressed as (hazard)
ratio (HR), which represents the rate of relapse/death in the
higher immune biomarker category relative to the analogous
rate in the lower category. Cox regression analysis was adjusted
for gender, age at enrollment, time since diagnosis, ECOG-PS,
number of previous treatments, and histotype. To evaluate
the association between each baseline immune biomarker
measurement and RECIST/irRC binary BOR outcome (CD
vs. PD), a logistic regression analysis was performed. In this
setting, odds ratio (OR), namely the ratio of progressive patients’
proportion in the higher immune biomarker category to the
analogous proportion in the lower category, was calculated as
an index of association, and was adjusted for gender, age at
enrollment, time since diagnosis, ECOG-PS, number of previous
treatments and histotype. Finally, in order to assess the impact
of the RECIST/irRC BOR variable (PD vs. CD) on the time
trajectory of all individual immune biomarker measurements
from baseline (cycle 1) to post 45D (cycle 4), a random effects
regression analysis was applied to log-transformed immune
biomarker data. In this context, median ratio (MR), that is the
ratio of median immune biomarker value among PD patients
and the median immune biomarker value among CD patients,
was used as an index of association. In all regression settings,
baseline patients’ characteristics were taken into consideration as
confounding factors and statistical inference on HR/OR/MR was
carried out using the likelihood ratio test. Ninety-five percent
confidence limits (95% CL) were also computed for all indexes.
A two-tailed p < 0.050 was assumed as statistically significant.
Additional details are provided in figure legends. All the analyses
were performed using Stata (StataCorp. Stata Statistical Software.
Release 13.1. College Station, TX (USA), 2013).

RESULTS

Study Population and Patients Outcomes
Globally, 74 patients were enrolled in this study. The
baseline clinical and pathological characteristics are reported
in Tablel and were used as covariates in the subsequent
correlation analyses.

Notably, only two patients had EGFR mutation, one harboring
exon 19 deletion and one harboring exon 19 deletion and exon 20
insertion, while no ALK or ROSI rearrangements were reported.
The median number of nivolumab administrations was 6 (range:
1-46). Three patients were not evaluable for BOR assessment
as the best response CT scan was not available, while one
patient was not evaluable for PFS assessment, as he/she did not
undergo further CT scans. One patient was considered evaluable
for irRC BOR and PFS but not for RECIST BOR and PEFS,
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FIGURE 1 | Identification of lymphocyte subpopulations in blood of NSCLC patients. (A) Study design. (B) Representative gating strategy to identify subsets within
PBMCs for immunophenotyping analyses. As shown in the very top row, all data files were first preprocessed to include only CD45* live cells, as well as, singlet
events. The remaining gating hierarchy for each of the panels is shown. Panel 1 was used to identify CD8 T cells and exhausted (PD-1+ Eomes™) T cells (antibodies:
CDg3, CD8, Eomes, PD-1). Panel 2 allowed characterization of CD4* T cells, as well as total and CD39*" Foxp3* Tregs (antibodies CD3, CD4, CD127, CD25, CD39,
PD-1, Foxp3). Panel 3 was used to characterize NK cells and CD56™ CD3™ T cells (antibodies used: CD3, CD56, PD-1). (C) Histograms showing expression of PD-1
on CD3* T cells, CD8* T cells, CD4* T cells, CD3* CD56* T cells and NK cells from one representative patient.

due to differences between the criteria. All the patients were =~ The RECIST-BOR was reported as follows: PR = 10; SD
evaluable for OS analysis. The median OS, RECIST-PFS and  14; PD = 30; the irRC-BOR was reported as follows: PR =
irRC-PFS time were 8.60, 1.87, and 1.93 months, respectively.

9; SD = 19; PD = 27. No complete responses were observed.
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TABLE 1 | Summary of clinical and pathological patients’ characteristics.

Patients’ characteristics N % Mean SD Min-Max
Gender
Male 51 68.9
Female 23 31.1
67.6 9.0 44.0-85.0
Age
< 70 years 37 50.0
> 70 years 37 50.0
2.4 2.1 0.0-11.3
Time since diagnosis
< 2years 37 50.0
>2 years 37 50.0
ECOG-PS
0 27 36.5
>1 47 63.5
Previous treatments
1 30 40.5
>1 44 58.1
Histotype
Squamous cell lung cancer 15 20.3
Adenocarcinoma 59 79.7
Smoking habit
Non smoker 9 12.2
Ex-smoker 27 36.5
Current smoker 38 51.4
PD-L1
0% 40 541
>1% 7 9.5
Missing 27 36.5
Whole sample 74 100.0

ECOG-PS, Eastern Cooperative Oncology Group Performance Status.

Overall, 16 patients died before undergoing the first response
assessment, and were defined as ED. Blood specimens for
PBMC isolation and immunophenotyping were available for 73
patients at baseline, while fewer samples were available at the
subsequent time-points.

Association Between Survival and PB

Lymphocyte Parameters at Baseline

To gain insights in the mechanisms underlying the clinical
responses to anti-PD-1 therapy in NSCLC patients, we
comprehensively evaluated the frequency and phenotype of
lymphocyte subsets potentially involved in the response to
human tumors upon anti-PD-1 therapy (namely T cells and
NK cells) in PBMCs of patients receiving nivolumab. By the
use of multicolor flow cytometry (Figures 1B,C), we assessed
the frequency of total circulating T cells and NK cells, as well
as the relative amount of CD8' and CD4™ T cells. Among
CD8" T cells, we also quantified the frequency of bona fide
“exhausted” T cells by gating on PD-17 Eomest CD8" T
cells, as previously described Twyman-Saint Victor et al. (10).
In addition, because of their key role in the modulation of
immune responses, we investigated the impact of regulatory

CD4*1 CD25" CD127"8 Foxp3™ T cells (Tregs), including those
co-expressing CD39 (CD39T Tregs) (23), in our samples. Given
the cytotoxic potential of CD3™ CD56™ T cells (24), we also
identified and monitored this subset in our cohort of patients.

First, the impact of the baseline immunological status
(pre-treatment) on OS, RECIST-PFS and irRC-PFS upon
nivolumab treatment was evaluated. Figure2A and
Supplementary Table 2A  summarize the effect of each
biomarker on patients life expectancy through Hazard Ratio
(HR) point estimates and corresponding 95% CL, obtained from
the Cox regression analysis. When HR > 1, higher immune
biomarker levels (i.e., greater than median value) are correlated
with higher death/relapse rates.

Our results suggest that higher levels of almost all the
effector T cell subsets, namely, CD3", CD8%, and CD4" T
cells were correlated with longer OS and PFS (HR = 0.57;
95% CL = 0.32-1.01; HR = 0.69; 95% CL = 0.39-1.23; HR
= 0.62; 95% CL = 0.33-1.14, respectively). Also a higher
percentage of circulating exhausted CD8™ T cells was associated
with longer OS (HR = 0.66; 95% CL = 0.37-1.18) and PFS
(HR = 0.85), albeit not reaching statistical significance (95%
CL = 0.50-1.44, by irRC only). The role of CD3" CD56" T
cells was not clear: patients displaying percentages of CD3"
CD56" T cells higher than the median were associated with
longer OS (HR = 0.72; 95% CL = 0.41-1.27) but with shorter
PFS (HR = 1.09; 95% CL = 0.65-1.82; HR = 1.11, 95% CL
= 0.66-1.86, by RECIST and irRC, respectively). Similarly,
with regard to total Treg cells and CD39" Treg cells, we
did not find any significant correlation between their amounts
and OS or PFS, but only a trend toward higher baseline
frequency of CD39" Tregs in patients characterized by longer
OS (HR = 0.84, 95% CL = 0.47-1.51) and PFS (0.84 RECIST;
0.88 irRC).

Since high values of CD8' T cells to Treg ratio have been
correlated to a higher rate of response to immune checkpoint
inhibitors (10), we also assessed whether patients with high
(CD8* /CD39" Treg) ratio would show better OS and/or clinical
benefit. Surprisingly, we did not find any improvement of
survival in patients with higher baseline CD8/CD39" Treg ratio;
rather, higher values were associated with lower OS (HR = 1.96,
95% CL = 1.04-3.72) and RECIST-PFS (HR = 1.53, 95% CL =
0.85-2.75). This could be due to a trend toward a higher baseline
frequency of CD39" Tregs in patients characterized by longer
overall survival.

Next, in order to define whether the survival advantage of
a higher frequency of effector T cells could be, on the other
hand, related to a peculiar expression of PD-1" cells within
each subset, we also analyzed the expression of this immune
checkpoint on the various sub-populations previously defined
(Figure 1C). In contrast with previous reports (25, 26), higher
expression levels of PD-1 on CD3% cells and on CD8t T
cells were significantly associated with poor OS and PFS and
a similar trend was observed on CD3% CD56™ T cells (HR =
1.39, 95% CL = 0.79-2.45, HR = 1.42, 95% CL = 0.84-2.37,
HR = 1.57, 95% CL = 0.94-2.6 for OS, PFS RECIST and PFS
irRC, respectively) (Figure 2A). On the contrary, no correlation
between PD-1 levels on CD4™" T cells and survival was detected
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FIGURE 2 | Correlation between baseline PB lymphocyte subsets and survival (1 = 73). (A) Caterpillar plots showing the impact of each immune biomarker evaluated
at baseline on overall survival (OS), RECIST, and irRC PFS. HR and corresponding 95% CL were derived from a Cox regression analysis adjusted for gender, age at
enrollment, time since diagnosis, ECOG-PS, number of previous treatments and histotype. Vertical line at HR = 1 divides HR associated with a better prognosis (left
side) from those associated with a worsen prognosis (right side). (B) Kaplan-Meier survival curves illustrating the prognostic effect on OS of CD3™ T cells and CD56™
CD3~ NK cells frequencies, and CD8"/CD39* Treg ratio for patients with higher (dotted lines) and lower (solid lines) values. (C) Kaplan-Meier survival curves for
patients with high or low expression of PD-1 on CD3* T cells and on CD8™ T cells. (B,C) The median values used as thresholds for categorizing immune biomarkers
are indicated in the scatter plots on the left side of each curve.

(OS: HR = 0.75, 95% CL = 0.41-1.34; PFS: HR = 0.92, 95%  baseline levels of PD-1 expression on effector T cells may be
CL = 0.52-1.60; HR = 0.96, 95% CL = 0.55-1.67, by RECIST  associated with limited clinical efficacy of nivolumab treatment in
and irRC, respectively). Overall, these data suggest that higher =~ advanced NSCLC.
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Concerning the innate immune response, high frequencies of
NK cells were correlated with lower OS (HR = 2.72, 95% CL =
1.46-5.08) and PFS (HR = 1.88, 95% CL = 1.08-3.26; HR =
2.22, 95% CL = 1.25-3.96, by RECIST and irRC, respectively).
Moreover, we found that a discrete subset of NK cells expressed
PD-1 on their surface (range: 0.6-10%). Nonetheless, the role of
PD-1 expressed by NK cells was unclear, since we did not find
a significant correlation with OS (HR = 0.85, 95% CL = 0.48-
1.52), whereas only a slight association with PFS was present (HR
=0.8,95% CL = 0.46-1.36; HR = 0.74, 95% CL = 0.43-1.29, by
RECIST and irRC, respectively) (Figure 2A).

Our data were further confirmed using multivariate analyses
(Kaplan-Meier survival curves) (Figure 2B). Although statistical
significance was not observed for several of the analyzed markers,
relative amounts (“High” vs. “Low” groups according to median
value of the marker) of circulating CD3" cells and NK cells
could predict patients’ overall survival time (p = 0.048 and
p = 0.002, respectively). These data reinforce the notion that
the relative abundance of CD3™ T cells and NK cells could
represent, respectively, positive and negative prognostic markers
of survival in our cohort. The CD8/CD39" Treg ratio emerged
as a biomarker able to predict the clinical outcome, since higher
values (> 23.2) at baseline were associated with shorter OS
(p = 0.037). We also noticed that baseline PD-1 expression was
generally correlated with poor clinical outcomes. In particular,
high expression of PD-1 on CD3V cells (> 29.3%) and on CD8*
T cells (>32.8%) were both significantly associated with shorter
OS (p =0.013 and p = 0.033, respectively) (Figure 2C).

We further investigated the absolute numbers of the above
mentioned immune cell subsets, in order to confirm their impact
on OS. In agreement with data showed in Figures 2B-C, patients
characterized by high number of circulating CD3* lymphocytes
(>1.015 x 1076/ml) displayed a significant longer OS (p =
0.017). Along the same line, we found high absolute number of
CD39" Tregs, significantly correlated with longer OS (p = 0.040),
thus supporting the association between a low CD8/CD39" Treg
ratio and better survival rate. On the contrary, although not
statistically significant (p = 0.449), patients characterized by
longer OS showed a trend toward a higher absolute number
of NK cells. Finally, high levels of circulating PD-1T"CD3%
and PD-1TCD8™" T cells displayed no correlation with survival
(Supplementary Figure 1).

Baseline PB Immune Features and

Radiological Response

Next, we asked whether, beside OS, immunological signatures
measured at baseline could also be prognostic of clinical response
(i.e., RECIST and irRC). Notably, analyses using irRC criteria did
not show any relevant difference from RECIST. In agreement
with our data correlating immune biomarkers and OS, higher
frequency of total CD3" lymphocytes (HR= 0.92, 95% Cl=
0.26-3.21) and total CD4™" T cells (HR=0.28, 95% CI= 0.07-
1.06, p = 0.061) were also associated with controlled disease
(Figure 3A). Similarly, higher amounts of both total Tregs
and CD39" Tregs correlated with clinical benefit (CD group)
(Tregs: HR = 0.38, 95% CI = 0.09-1.55; CD39" Tregs: HR

= 0.33, 95% CI = 0.08-1.32). Conversely, a higher frequency
of NK cells was associated with a progressive disease (PD)
(HR = 1.77, 95% CI = 0.52-5.99). Consistent with previous
observation on the negative impact of PD-1 expression on
patients’ OS, we found that PD patients differed from CD patients
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FIGURE 3 | Correlation between PB lymphocyte subsets at baseline and
radiological response (n = 54). (A) Caterpillar plot showing the effect of each
immune biomarker evaluated at baseline on the binary (CD vs. PD) best overall
response (BOR) according to RECIST criteria. Odds ratio (OR) and
corresponding 95% CL, were derived from a logistic regression analysis
adjusted for gender, age at enroliment, time since diagnosis, ECOG-PS,
number of previous treatments and histotype. Vertical line at OR = 1 divides
OR associated with a CD status (left side) from those associated with a PD
status (right side). (B) Distribution of exhausted CD8* T cell population, at
baseline, in CD and PD patients. Statistical comparison was performed using
Kruskall-Wallis test (KW P-value). Median values are represented by the thick
horizontal line while 25 and 75-th percentiles (inter-quartile difference) are
represented by the thin horizontal lines.
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by displaying higher level of PD-1 on almost all lymphocyte sub-

populations examined (i.e. CD3™, CD4", CD8*, CD3" CD56™ A CD3+ T cells =
T cells) (Figure 3A and Supplementary Table 2B). In particular, CD8+ T celis R
PD-17CD3" T cells were significantly higher in PD patients D4+ T cells- -
than in CD patients (p = 0.013). These data corroborate the CD3+CD56+ T cells S V—
notion that PD-1 expression on circulating T lymphocytes, at Exhausted T cells e
baseline, might negatively impact on patient’s clinical response Tregs | ===
and survival. Surprisingly, in contrast to what observed analyzing CD39+ Tregs| o
OS (Figure 2A), we found that higher frequency of CD8" T CD8+/CD39+ Tregs ratio | N —
cells correlated with progressive disease (HR = 2.78, 95% CI NK cells
— 0_74_10.43). PD-1+/CD3+ T cells-| =
By repeating the same multivariate Cox regression analysis BB G LE sl T
including also early-death (ED) patients within the PD group ED-1+CDAE T cellsy =
(Supplementary Figure 2), we confirmed higher frequencies of Elwerboge Lol T
CD3™ T cells, CD4™ T cells, total and CD39" Tregs in CD vs. PD PD-HNK cells —E - -
patients. Conversely, higher amount of CD8* T cells, NK cells, W MIRO& 95%1 '(51 o
CD8%/CD39™ Treg ratio and higher PD-1 expression on CD3™" < >
T cells and CD3" CD56™ T cells characterized PD patients. Controlled disease  Progression disease
We further investigated each of the above-mentioned
parameters with univariate analysis obtaining similar results.
In particular, while not reaching statistical significance on &

multivariate model, univariate analysis showed that the impact of
exhausted CD8" T cells on the response rate was remarkable. Of
note, although exhausted T cells were supposed to be the target
sub-population of ICI, the baseline frequency was significantly
higher in PD patients than in CD patients (Figure 3B, p = 0.046).

% CD8+ Exhausted T cells/Lymphocytes
*

Changes in PB Lymphocyte Parameters
During Anti-PD-1 Therapy

Finally, we aimed at identifying whether variations in
immunological biomarkers, assessed during the treatment,
could associate with disease control. To this end, we performed a
longitudinal analysis of blood samples obtained at baseline and
before each treatment cycle, up to 6 weeks. Notably, while some
studies have reported that therapeutic anti-PD-1 administration
hampers detection of PD-1 expression on peripheral blood
cells by commercially available antibodies (21, 27, 28), we did
not notice any technical issue on this regard. ED patients were
excluded from longitudinal analyses, as they could not undergo
all the four pre-planned blood sample collections. Thus, blood
samples at pre-treatment, post 15D, post 30D, and post 45D were
available for 54 patients. No difference was found in longitudinal

immune profiles when patients were grouped on the basis of
histology or smoking habits (Supplementary Figure 3).

Of Lymphocytes

FELL & OO

$ &S S S
L L L L L

We found that in PD patients the frequencies of CD8™" FIGURE 4 | Changes in PB lymphocyte subsets during nivolumab treatment.
A) Caterpill lot showing th lationship bet CD vs. PD patient
T cells, exhausted T cells, and CD3T CD56%T T cells were A aterpliar piot sfiowing the reiationsnip between LU vs. FL patlents on
L i X the longitudinal profile of all immune biomarkers. Median ratio (MR) and
significantly higher than median values of the CD group. corresponding 95% CL were derived from a random effects regression
Figure 4A and Supplementary Table 2C show the relationship analysis adjusted for gender, age at enroliment, time since diagnosis,

between CD vs. PD (BOR) on the longitudinal proﬁle of ECOG-PS, number of previous treatments, and histotype. Vertical line at MR =
all immune biomarkers. MR represents the ratio of each 1 divides MR associated with a controlled disease (left side) from those

. . . associated with a progressive disease (right side). (B) Frequency of exhausted
immune marker median value in PD-CD groups. These data, CD8* T cells assessed at four different time points, Pre-treatment (n = 54),

again, highlighted the putative role of exhausted T cells as a post 15D (1 = 48), post 30D (1 = 45), and post 45D (n = 48) in CD and PD
prognostic biomarker. patients. Bars represent mean values +SD. Mann-Whitney test (statistical
Thus, when longitudinally analyzed in each group of patients, comparisons between CD and PD groups) or paired non-parametric Wilcoxon

test (statistical comparisons within each group) was used for statistical

we found that the frequency of exhausted T cells among total
analyses. *p < 0.05, “*p < 0.01, ***p < 0.0001.

lymphocytes was lower in CD than PD patients. Interestingly, in
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CD patients the level of exhausted T cells immediately decreased
from baseline after the first cycle of therapy (p = < 0.0001),
then reaching plateau only at day 45 of treatment (Figure 4B).
Conversely, it is worth noting that levels of exhausted T cells
in PD patients did not show significant variations across the
different time points. Moreover, exhausted T cell levels were
consistently higher in PD than in CD patients during treatment.
Similarly, the difference of CD8" T cells and of CD3" CD56
T cells frequencies between CD and PD patients persisted during
therapy (p = 0.016 and 0.045, respectively, data not shown).

DISCUSSION

While immunotherapy with PD-1/PD-L1 blocking agents has
achieved impressive results in the management of advanced
NSCLC, reliable biomarkers of efficacy are still limited. This
study was designed to determine whether the proportion
of circulating T cell and NK cell sub-populations and the
expression of informative cell surface antigens could represent
potential predictors of outcomes for NSCLC patients receiving
nivolumab. With regards to baseline values, our data show
that patients displaying higher frequencies of total CD3" T
cells and of distinct T cell subsets (i.e., CD4T, CD8" and
CD3" CD56™ T cells, with the exception of Tregs) achieved a
survival advantage upon treatment with nivolumab. Conversely,
relative high proportions of NK cells, as well as a higher
CD8" /CD39" Treg ratio, were associated with shorter OS
and PFS; along this line, also the expression of high levels
of PD-1 appeared to play a role in limiting patients’ survival.
These data are in line with what observed by Mazzaschi and
coworkers reporting that in NSCLC a low expression of PD-1
among CD8™ TILs was associated with prolonged PFS during
treatment with nivolumab (16). In agreement with what found
by analyzing OS, our data show that baseline higher frequencies
of total CD3™ T cells, CD4™ T cells, total Tregs and CD39™
Tregs were correlated with CD, whereas higher proportions
of NK cells, as well as a high CD8" /CD39" Treg ratio,
were mostly found in PD patients. A remarkable exception
regards the frequency of CD8" T cells that, in contrast to
what observed by analyzing patients survival, was significantly
associated to PD.

These findings suggest that while some sub-populations
associated with survival were also associated with radiological
response in a consistent fashion (ie. CD3%' and CD4"
effector T cells were associated with improved response and
survival, while higher frequencies of NK cells were associated
with worse response and survival), other sub-populations
appeared to behave differently in terms of response and
survival. This apparent inconsistency may be explained by the
peculiar mechanism of action of immune checkpoint inhibitors,
which might achieve prolonged survival while their effect in
terms of response might be underestimated by radiological
response evaluation criteria (this is especially true with regards
to RECIST).

Despite our results that correlate higher frequencies of
NK cells to shorter OS seem relevant, parallel evaluation

of absolute numbers of circulating NK cells also suggested
their positive association with longer OS. This data is in
line with what already documented by Mazzaschi et al. (28),
thus suggesting that the specific contribution of NK cells
to the response to nivolumab is an aspect that requires
further investigations.

Another unexpected result emerging from our analysis is the
association of a higher CD8/CD39" Treg ratio with both lack
of response and shorter OS. This observation would prompt
further investigation at the tumor site, in order to evaluate the
relative amount of CD8" T cells and Tregs within neoplastic
lesions. However, the current inability to access matched FFPE
tissue samples limits our speculation. Nonetheless, in our cohort,
the low CD8/CD39" Treg ratio is paralleled by a significant
higher level of circulating CD39" Tregs in patients displaying
longer OS.

In humans, CD39 characterizes a subset of highly suppressive
Tregs. CD39-expressing Tregs are indeed distinguished from
their CD39 negative counterparts for higher proliferative,
survival and suppressive capacities (29, 30). Notably, a significant
expansion of CD39"8" PD-1high CTLA4hi Foxp3"i8" Tregs has
been detected in early lung cancers, thus suggesting that the
high level of circulating CD39" Tregs recovered from blood
could mirror the high level of CD39" Tregs at the tumor
site (31). Functionally, it has been described that intratumoral
CD39%Treg cells act within tumor-associated tertiary lymphoid
structures (TA-TLS) by suppressing antitumor T cell responses
(32). Importantly, TA-TLS are frequently described in human
lung cancers and correlate with higher frequency of T cells
and presence of clonally expanded CD8" PD-1T T cells. Given
that intratumoral PD-17" Treg cells express high levels of PD-1,
which acts as a stimulatory receptor rather than inhibitory (33),
agents blocking PD-1 activity may also target Treg suppressive
function within TA-TLS, thus unleashing a powerful immune-
mediated response at the tumor site. Thus, it would be interesting
to further investigate the expression of immune checkpoints
(including PD-1 and CTLA-4) on CD39" Tregs present in
our patients.

Interestingly, in line with data regarding the inverse
correlation between overall PD-1 expression and OS, we found
that at baseline higher PD-1 levels on T cells were strictly
associated with poor outcome. This data suggests that baseline
PD-1 levels of expression on lymphocytes may represent a
relevant predictive biomarker correlated with both survival
and response.

Remarkably, univariate analysis showed that the frequency
of exhausted T cells at baseline is higher in PD patients, thus
highlighting the possible role of this CD8™ T cell sub-population
as a predictive factor associated with response.

Since our present analysis was performed on PB lymphocytes,
our results might not completely mirror what found analyzing
CD8" T cells present at the tumor site. Indeed, data collected
from metastatic melanoma samples suggest that a higher
proportion of exhausted CD8' among TILs predicts response
to PD-1/PD-L1 blockade, implying that the relative composition
of TIL populations might impact on the outcomes achieved by
immune checkpoint inhibitors (17).
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Finally, our present data suggest that levels of circulating
exhausted T cells during nivolumab therapy may be associated
with clinical outcome, though this association needs to be
confirmed by larger studies.

Longitudinal peripheral blood samples from patients revealed
that, both at baseline and before each treatment cycle, the
frequency of exhausted T cells was higher in patients with
uncontrolled disease as compared to patients controlling disease.
Moreover, in CD group the amount of exhausted T cells declined
soon after the first therapy cycle and then remained stable until
the fourth administration, whereas in PD patients exhausted
T cells levels alternatively increased and decreased at different
time points.

These results support the notion that the levels of circulating
exhausted T cells may be used to identify patients who
will experience clinical disease control upon nivolumab
administration. However, additional studies with detailed
analysis of levels of exhausted T cell population in peripheral
blood during late weeks after PD-1 blockade are needed.

Thus, if these results will be confirmed and extended also at
later time points, peripheral blood analysis of exhausted T cell
subsets may provide a valuable strategy to predict responses to
PD-1-targeted therapy that may assist in the management of lung
cancer patients.

We are aware that the possible conclusions of our study might
be limited by the relatively small number of evaluated patients,
and by the absence of a validation cohort for confirmation of
these results in a larger and independent cohort of NSCLC
patients. This holds true especially when the longitudinal
assessment is taken into account, as some patients did not
undergo all the pre-planned sample collections due to early
treatment discontinuation. Since we explored a relatively large
variety of circulating lymphocyte sub-populations compared to
our number of patients, we did not proceed with sub-group
analyses based on histology and smoking status, taking also
into account the relative disproportion favoring non-squamous
histology and smoking history in our population. However,
we acknowledge that histology and smoking status might
influence tissue and circulating proportions of lymphocytes;
hence, further research with a wider patient population and pre-
planned end-points based on these parameters are advised. With
regards to EGFR mutations, while it is known that single-agent
immunotherapy has a limited role for patients harboring such
mutations (34), our proportion of EGFR-mutant patients was too
small (two patients harboring different mutations) to draw any
relevant conclusion. With regards to the individual responses, the
patient with exon 19 deletion experienced disease progression as
best response at the first disease assessment with an OS equal
to 5.2 months, while the patient harboring exon 19 deletion
and exon 20 insertion experienced initial disease control, with a
RECIST PES equal to 2.17 months and an OS equal to 5.6 months.
Notably, both patients were heavily pre-treated before receiving
immunotherapy (6 and 3 previous lines, respectively), further
limiting the possible conclusions on EGFR-mutant NSCLC.

Furthermore, while tissue biomarkers such as immunoscore
or the expression of PD-L1 are employed in clinical practice, we

were not able to proceed with a comparison between our findings
and PD-L1 or immunoscore on tumor samples; the main reason
for this limitation relies on the circumstance that, at the time of
patient enrollment, the role of PD-L1 was still not consolidated,
and tissue collection was not mandatory for the inclusion in
the study (thus resulting in many enrolled patients with archival
tissue which was not adequate for PD-L1 and immunoscore
analysis). Additional studies exploring the role of PD-L1 and
immunoscore on circulating lymphocyte sub-populations, as well
as other factors which might potentially influence such sub-
populations (e.g., circulating auto-antibodies) might be useful
for understanding the mechanisms driving the distribution of
circulating immune cells.

Finally, it should also be considered that novel
immunotherapy-associated biomarkers are emerging in
pulmonary oncology; while the determination of tumor
mutational burden (TMB) both in tissue and in peripheral blood
has achieved mixed results and still needs further evaluations
before being considered in clinical practice, the negative role of
STK11/LKB1 seems significantly more robust (35, 36). When
this study started, information involving the clinical role of
STK11/LKB1 was not as acknowledged as it is at present date,
hence it was not included as a possible covariate. Future studies
involving potential predictors of response in circulating blood
should also be compared with the emerging role of STK11/LKB1
and other novel tissue-based biomarkers.

In spite of these limitations, our research might provide an
insight on the dynamic immunologic mechanisms leading to
different efficacy of PD-1 blocking agents and suggests a potential
predictive role of circulating immune cell sub-populations during
treatment with nivolumab for advanced NSCLC.
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