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INTRODUCTION

Abstract

Objectives. Despite remarkable advances in the treatment of non-
small cell lung cancer (NSCLC) with anti-programmed death (PD)-1
therapy; only a fraction of patients derives durable clinical benefit.
In this study, we investigated whether the differentiation status of
systemic CD8" T cells predicts the outcome of PD-1 blockade in
NSCLC. Methods. We carried out a prospective study on a total of
77 NSCLC patients receiving anti-PD-1 blockers, among which 47
patients were assigned as a discovery cohort and 30 patients as a
validation cohort. Peripheral blood samples were obtained at
baseline and upon multiple therapy cycles and analyzed by multi-
parameter flow cytometry. Results. We found that a higher
baseline ratio of PD-1" early effector memory CD8" T cells
(CD28°CD27 CD45RO", Tgem) to PD-1" effector CD8" T cells
(CD28 CD27 CD45RO~, Tg) delineated responders to PD-1
blockade from progressors and was associated with prolonged
progression-free survival (PFS) and durable clinical benefit.
Moreover, PD-1"CD8 Tgm cells exhibited early responses after
anti-PD-1 therapy and was the major fraction of «cycling
PD-17Ki67°CD8" T cells to expand specifically with positive impact
on PFS. Conclusion. These findings provide insights into how the
baseline differentiation status of the peripheral immune system
determines responses to PD-1-targeted therapies.

Keywords: biomarkers, early-like differentiation, non-small-cell
lung cancer, PD-1 blockade, T cells

survival rate of < 15% following diagnosis.” The
advent of immune checkpoint blockade (ICB)

Non-small cell lung cancer (NSCLC) is among the agents has remarkably prolonged overall survival
most common malignancies accounting for 17.6% rates in NSCLC patients.> To date, a plethora of

of cancer deaths worldwide,’

with a 5-year agents targeting PD-1 or its ligand PD-L1 has been
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approved in multiple clinical settings.*> However,
such therapies are only beneficial to a limited
fraction of patients; the majority of advanced
NSCLC patients on progression do not respond to
PD-1 blockade.® Factors underlying such distinct
clinical outcomes are only partially understood,
and there is a need for further investigations as to
how PD-1 blockade modulates the immune system
in cancer.>’”8

CD8" T-cell density in tumor biopsies has been
associated with favorable clinical outcomes in
response to PD-1-targeted therapies in multiple
studies,® which is thought to occur mainly because
of the reinvigoration of exhausted T cells.’®"!
However, recent evidence suggests that pre-
existing tumor-specific T cells might have a limited
re-invigoration capacity. PD-1 blockade might act
rather by attracting novel T-cell clones that derive
from the tumor periphery, lymphoid organs or
the bloodstream to the tumor regions.12 Indeed,
systemic PD-1"CD8" T cells were shown to expand
upon PD-1 blockade in NSCLC patients and that
such activation correlated well with clinical
responses.’> Considering the diversity of the
peripheral CD8" T-cell pool in terms of
differentiation states and functionality, exploring
the features of distinct systemic CD8" T-cell
subsets responding to PD-1 blockade might
broaden our understanding on the mechanism of
PD-1 blockade and provide indicators of response
to the ICB immunotherapy.

The peripheral CD8" T-cell repertoire is highly
heterogeneous, consisting of diverse cellular
populations with distinct maturation states. Upon
antigenic stimuli, CD8" T cells are activated and
acquire memory and effector functions while
progressively losing the expression of co-
stimulatory receptors CD28 and CD27. Based on
the expression of these two molecules, CD8" T
cells transit through four differentiation states,
from an early differentiated state
(CD28°CD27°CD8" T cells, Tgp), to an early-like
differentiated state (CD28" CD27 CD8" T cells,
Tep), to an intermediate differentiated state
(CD28 CD27°CD8" T cells, T;p) to finally reach a
highly differentiated state (CD28 CD27CD8" T
cells, Tup).""® Each of these states comprises of
different cellular subsets. Relying on the linear
progression model of T-cell diversification often
referred to as the decreasing potential model,
where repetitive stimulation of T cells drives the

proliferation and acquisition of effector
functions.’® Naive CD8 T cells (CD28"
2022 | Vol. 11 | e1406

Page 2

A Khanniche et al.

CD27'CD45R0O™) after first encounter with an
antigenic  stimuli undergo activation and
acquisition of the CD45RO isoform to form central
memory CD8" T cells 'Tey' (CD28°CD27°CD45RO™).
Following further antigenic stimulation, Tcym
acquire more cytolytic capacity while retaining
their memory properties to form effector memory
T cells ‘Tgw'. CD28 and CD27 are down-regulated
stepwise as Tcy become specialised Tgy cells
defining intermediate memory subsets; early
effector memory T cells (CD28°CD27 CD45RO",
Teem)'™?"  and  transitional memory T cells
(CD28CD27" CD45RO", Trwm).'® The final stage of
T-cell differentiation in the linear progressive
model is characterised by the loss of the memory
marker CD45RO and formation of fully
differentiated Effector T cells
(CD28 CD27 CD45RO~, Tg) that are endowed
with higher cytolytic activity but lack proliferative
potential and memory features. Although
conventionally Tg cells are CD287CD27", there is
evidence of the presence of small subpopulations
expressing either CD27: Toe2
(CD28 CD27°CD45R0O") or CD28: Toes
(CD28"CD27 CD45RO™) within the T¢ pool.??

Considering the heterogeneity of the peripheral
CD8" T-cell pool in terms of states of maturation
and differentiation, whether the differentiation
status of CD8" T subsets with unique functionality
correlates with PD-1 blockade in NSCLC has not
yet been addressed and is worthy of investigation.
Therefore, in this study, we have examined the
differentiation states of circulating CD8" T cells at
baseline and analysed their prognostic values with
regard to their association with progression-free
survival (PFS) and their predictive potential as a
surrogate indicator of response to ICB therapy.
We have also examined the kinetics of peripheral
CD8" T-cell differentiation subsets upon the
course of the treatment, which intended to
further establish potential correlations between
PD-1 blockade and systemic CD8" T-cell
differentiation states.

RESULTS

Characterisation of systemic CD8" T-cell
differentiation subsets in NSCLC

To explore the distinct peripheral CD8" T-cell
composition in NSCLC and its potential association
with responses to PD-1 blockade, we conducted a
prospective analysis on PBMC samples isolated
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from the fresh blood of a discovery cohort of 47
patients with NSCLC before the initiation of PD-1
blockade therapy (baseline) and every 3 weeks
upon nivolumab (anti-PD-1 antibody therapy)
allocation. Efficacy evaluation was performed
every 8 weeks until disease progression. Durable
clinical benefit (DCB) was evaluated at day 180,
and progression-free survival (PFS) was
determined beyond 800 days (Figure 1 and
Table 1). We then characterised the heterogeneity
of peripheral CD8" T cells according to the
decreasing potential model leading to the
definition of four general stages of differentiation
as early differentiation (ED, CD28'CD27"), early-
like differentiation (ELD, CD28°CD27"),
intermediate differentiation (ID, CD28 CD27") and
high differentiation (HD, CD28 CD277). Each
stage was composed of two distinct cellular
subsets based on CD45RO expression leading to
the identification of eight T-cell subpopulations
(Figure 2a). Furthermore, by applying FlowSom
algorithm, CD8" T cells from 10 NSCLC patients
were clustered based on the expression of CD27,
CD28 and CD45RO into eight distinct clusters that
displayed similar phenotypes as the predefined
subpopulations and exhibited a developmental
trajectory aligning with the decreasing potential
model (Figure 2b). It is noteworthy that the
circulating CD8" T-cell pool from NSCLC patients is
mostly composed of effector subsets including
Teems Teme and T cells that were more frequent
when compared with other subsets (P < 0.0001)
(Figure 2¢).

Cytotoxic responses and effector function of
CD8" T cells depend on transcription factors T-bet
and Bcl6,° whereas Foxp3 and RORyt were
reported to define distinct subsets within the
CD8" T-cell population with regulatory or
proinflammatory properties, respectively.?>?* In
our data set, the transcription factors Foxp3 and
RORyt were barely expressed by CD8" T-cell
subsets and Bcl6 did not show a specific trend
between the subsets (Supplementary figure 1).

Meanwhile, T-bet expression was slightly
increased within  subsets exhibiting higher
differentiation states (ID and HD) including

effector subpopulations CD8" Tpes, Tpe2, Tem and
Te as well as Ty cells when compared with CD8*
Tne Tem and Tegwm cells (Figure 2d). More notably,
granzyme B expression showed significantly
increased  expression in  subsets with an
intermediate differentiation state (Trm and Tpe2)
as compared to those with an early and early-like
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differentiation status (Tn, TcwmTeem and  Tpes)
(P <0.0001), and an even more enhanced
profile was observed with cells displaying a highly
differentiated profile (Tegmy and  Tg)  when
compared with all other subsets either with an
early, early-like or intermediate differentiation
state (P < 0.0001) (Figure 2e).

These results indicate that in the periphery of
NSCLC patients, the baseline composition of
systemic CD8" T cells is heterogeneous and
includes subpopulations with distinct cytolytic
capacity which is proportional to their
differentiation state.

The cytolytic capacity of CD8" T-cell
differentiation subsets at baseline does not
distinguish responders to nivolumab from
progressors

We investigated the potential link between the
baseline differentiation of CD8" T-cell subsets and
responses to PD-1-targeted immunotherapy. We
first compared the composition of the CD8" T-cell
population between responders to nivolumab in
the Checkmate 870 cohort who had stable disease
(SD) or partial response (PR) at the first evaluation
point and progressors who had progressive
disease (PD). We found that the frequencies of
each defined subset were not significantly
different between the two groups at baseline
(Supplementary figure 2a). We then examined the
frequencies of GzmB and T-bet-positive cells in
each CD8" T-cell subset and found no significant
differences (Supplementary figure 2b and ¢).
These results imply that PD-1 blockade-induced
clinical responses are not linked to the cytolytic
ability of circulating CD8" T cells.

The baseline ratio of PD-1" early effector
memory T cells to PD-1" fully differentiated
effector CD8" T cell predicts responses to
PD-1 blockade in NSCLC

PD-1 expression might constitute a potential
indicator of response to anti-PD-1 therapy.
Therefore, we next examined the expression of
PD-1 on each CD8" T-cell differentiation subset
(Figure 3a). We found that PD-1 expression
differed between subsets and was mainly
observed on cells displaying a memory phenotype,
including Tcm, Trme Teem and Tey cells (Figure 3b).
To assess the predictive value of PD-1 expression
on CD8" T cell subsets, we first compared the
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Figure 1. Flowchart of study design of the discovery cohort.

Table 1. Patient characteristics and demographics

Discovery cohort (Nivolumab, Checkmate 870) (n = 47) Validation cohortAnti-PD1 immunotherapy (n = 30)

Patients characteristics Responders (n = 24)  Progressors (n = 23) P Responders (n = 18)  Progressors (n = 12) P
Age (years), median (range) 62 (42-74) 62 (44-77) ns 65.5 (45-81) 62.5 (37-78) ns
Sex, n (%)
Male 21 (87.5) 18 (78.26) 16 (88.89) 6 (50)
Female 3(12.5) 5(21.73) 2(11.12) 6 (50)
Histological type, n (%)
ADC 16 (66.67) 15 (65.21) 11 (61.11) 10 (83.33)
SCC 8 (33.34) 8 (34.78) 7 (38.88) 2 (16.66)
Stage, n (%)
Il 6 (25) 0 6 (33.33) 2 (16.66)
\Y 18 (75) 23 (100) 12 (66.66) 10 (83.33)
Anti-PD1 agent, n (%)
Nivolumab 24 (100) 23 (100) 7 (38.88) 5 (41.66)
Sintilimab 4(22.22) 3 (25)
Pembrolizumab 6 (33.33) 1(8.33)
Tislelizumab 1 (5.55) 0
Toripalimab 0 3 (25)
Response, n (%)
CR 0 0 0 0
PR 7 (29.16) 0 3(16.66) 0
SD 17 (70.83) 0 15 (83.33) 0
PD 0 23 (100) 0 12 (100)
Median PFS 271 52 < 0.0001 2475 40.5 < 0.0001

ADC, adenocarcinoma; CR, complete response; PD, progressive disease; PFS, progression-free survival, PR, partial response; SCC, squamous cell
carcinoma; SD, stable disease.
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Figure 2. Characterisation of peripheral CD8" T-cell differentiation subsets. (a) Gating strategy for CD8" T-cell differentiation subsets in flow
cytometry. Four differentiation states were defined based on the expression of CD28 and CD27, including an early differentiated state
(CD28"CD27", ED), an early-like differentiated state (CD28"CD27, ELD), an intermediate differentiated state (CD28 CD27", ID) and a highly
differentiated state (CD28~CD27~, HD). Peripheral CD8" T cells were further subgrouped into eight subsets based on the additional expression of
CD45RO0 including naive CD8" T cells (CD28°CD27"CD45R0O™, Ty) and central memory CD8" T cells (CD28"CD27 CD45R0O", Tcy) in ED state
(second plot), early effector memory T cells (CD28°CD27~CD45RO", Tegw) and effector T cells (CD28"CD27 CD45RO™, Tpes) in ELD state (third
plot), transitional memory T cells (CD28 CD27'CD45RO", Try) and effector T cells (CD28~CD27'CD45RO ™, Tyey) in ID state (forth plot), and
effector memory T cells (CD28~CD27~CD45RO", Tey) and fully differentiated effector T cells (CD28~CD27 CD45RO~, Tg) in HD state (fifth plot).
(b) FlowSOM generated CD8" T cell clusters from 10 NSCLC samples showing the different differentiation profiles of CD8" T cell subpopulations.
(c) Baseline frequencies of CD8" T cell differentiation subsets (Tn, Tem, Teem. Tpes: Trme Tpe2, Tem and Tg) from 47 NSCLC patients. (d) Baseline
frequencies of T-bet-positive cells in each differentiation subset. (e) Baseline frequencies of GzmB expressing cells in each differentiation subset.
Data presented as median with interquartile range. Statistical analyses were performed using the Wilcoxon matched-pairs signed-rank test,
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

frequencies of PD-1" cells in the total CD8" T-cell (Supplementary figure 3b). We then compared

population between patients who responded to
nivolumab therapy and those who did not. We
found no significant differences between both
groups (Supplementary figure 3a), and no
prognostic value was observed as well

© 2022 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of
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the frequencies of PD-1" cells from each individual
subset between both groups. We found that
responders to nivolumab treatment exhibited
slightly higher frequencies of PD-1'cells in the
Teem Subset (P = 0.05) and Ty (P = 0.03), whereas
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Figure 3. Baseline ratio of PD-1"CD8" Tgym to Te cells predicts favorable responses to nivolumab treatment in advanced NSCLC.

(a)

Representative flow cytometry data plot of PD-1 expressions in peripheral CD8™ T differentiation subsets from one NSCLC patient. (b) Baseline
frequencies of PD-1" cells in CD8" T subsets. (¢) Comparison of PD-1 expressions at baseline in peripheral CD8" T subsets between responders
(n = 24, blue dots) and progressors (n = 23, red dots) to nivolumab therapy. (d) Comparison of PD-1"CD8" Teg/PD-17CD8" T¢ ratio at baseline
between responders and progressors (discovery cohort). (e) ROC analysis of baseline PD-1"CD8" Tge/PD-17CD8™ T¢ ratio (f) Kaplan-Meier PFS
curves of PD-1°CD8" Tggw/PD-17CD8" Te ratio at baseline (discovery cohort). (g) Proportions of NSCLC patients (discovery cohort) with DCB
responses at 6 months with PD-1"CD8" Tgg/PD-17CD8" T¢ ratio > 5.7 or < 5.7. (h) Comparison of PD-1"CD8" Tgg/PD-17CD8" T¢ ratio at
baseline between responders and progressors from the validation cohort (n = 30). (i) ROC analysis of baseline PD-1"CD8" Tgg/PD-17CD8" T
ratio (validation dataset). (j) Kaplan-Meier PFS curves of PD-1"CD8" Tgew/PD-17CD8" T¢ ratio at baseline (validation data set). (k) Proportions of
NSCLC patients (validation cohort) with DCB responses at 6 months with PD-17CD8" Tgg\/PD-17CD8" T ratio > 5.7 or < 5.7. Data were analysed
using the Wilcoxon matched-pairs signed-rank test (b) and the Mann-Whitney test (c, d, g, h, k). *P < 0.05, ***P < 0.001, ****P < 0.0001.
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lower levels were observed in Tg (P = 0.03) than in
progressors (Figure 3c).

When we explored the predictive value of PD-1
expression on a given CD8  T-cell subset, we
found that frequencies of PD-1"CD8" Tg correlated
slightly with PFS (P = 0.05), whereas no clinical
significance was detected among other subsets
(Supplementary  figure 4a-e). However, by
integrating the baseline frequencies of PD-1" Tgem
and PD-1" Tg into the baseline ratio ‘PD-1°CD8"
Teem to PD-1°CD8' T¢, we observed striking
differences between responders and progressors
(P < 0.0005) (Figure 3d). Furthermore, the ratio
had a high predictive value for response to
nivolumab therapy with the area under curve
(AUCQ) reaching 0.79 [95% confidence interval (Cl)
0.66-0.92, P = 0.0006, Figure 3e]. An optimal cut-
off value of 5.7 for the PD-1" Tgem to PD-17 Tg
ratio was determined from the receiver operator
characteristic (ROC) curve with a sensitivity and
specificity reaching up to 82.61% and 69.57%,
respectively. Interestingly, PD-1" Tggm to PD-1" Tg
ratio exhibited a significant positive association
with PFS, NSCLC patients with a ratio higher than
5.7 had a notable prolonged PFS with a median
of 173 days, whereas those with values < 5.7 had
a PFS median of only 54 days (P = 0.006)
(Figure 3f). Moreover, the probability of DCB
(with response lasting up to 180 days) was
significantly elevated when the ratio was higher
than 5.7 (P = 0.004) (Figure 3g).

To validate these findings, we included an
independent cohort of NSCLC patients receiving
different anti-PD-1 agents (validation cohort)
(Table 1 and Supplementary table 1). Consistently,
responders from the validation cohort also
displayed a significant increase in PD-1" Tggym to
PD-1" Tg ratio at baseline when compared with
progressors (P < 0.0001) (Figure 3h). In addition,
PD-1" Tgem to PD-17 T ratio significantly predicted
response to PD-1 blockade [AUC 0.93, 95%
confidence interval (Cl) 0.85-1, P <0.0001,
Figure 3i] and the predefined cut-off value of 5.7
had 77.78% and 91.67% of sensitivity and
specificity, respectively (Figure 3i). The median PFS
was 247.5 days for patients with a ratio higher
than 5.7 and 40.5 days for those with a ratio < 5.7
(Figure 3j). Moreover, the probability of DCB was
significantly higher when the ratio was more than
5.7 in the validation cohort as well (P = 0.003)
(Figure 3k).

Taken together, we have identified the baseline
PD-1" Tgem to PD-1" Tg ratio as an indicator of

© 2022 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of
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response to PD-1 blockade in NSCLC. These
findings also establish a clear association between
PD-1 expression, the differentiation status of
systemic CD8" T cells and responses to PD-1
blockade in NSCLC.

PD-1"CD8" Tgem cells are the early
responders to PD-1 blockade

The association between the baseline
differentiation status of PD-1"CD8" T cells and the
response to PD-1 blockade also suggests that this
blockade might have selective effects on CD8" T-
cell differentiation subsets. We therefore
monitored responses of PD-1"CD8" T-cell subsets
at baseline and 2 weeks after the first cycle of
nivolumab therapy (Checkmate 870) through
measuring Ki67 expression, a cell cycle marker
expressed in cycling or recently divided cells®
(Figure 4a). Interestingly, we found that the
increase in Ki67 expression occurred mainly in
PD-1" cells displaying an early effector memory
phenotype (P = 0.004 in responders and P = 0.06
in progressors), yet no significant differences were
observed among other differentiation subsets
(Figure 4b). Nonetheless, further monitoring of
subset kinetics upon several time points (C2-C10)
(Supplementary figure 5) reveals that frequencies
of cycling PD-1"CD8" Tggm were increasing from
baseline to C4 specifically in responders to
nivolumab but not in progressors. Furthermore,
delayed activation (after 4 weeks) was observed in
other PD-1"CD8" subsets mainly in those
expressing CD28 (Tcm and  Tpes). However,
increased proliferation of PD-1"CD8" Ty cells was
also observed in progressor patients after 4 weeks
of nivolumab initiation (Supplementary figure 5).

PD-1 blockade-induced expansion is
dominated by cells displaying a PD-1" Tgem
phenotype

To shed further light on the effects of PD-1
blockade on CD8" T-cell differentiation, we aimed
to characterize the contribution of each
differentiation phenotype to the total cycling
Ki67 PD-1"CD8" T-cell population at different time
points following nivolumab therapy (0, 2, 4, 6 and
8 weeks) and its association with progression-free
survival and clinical benefit (Figure 5a).

We found that, in responders, the major
fraction of expanding Ki67" PD-1"CD8" T cells in
the blood upon the course of nivolumab therapy

2022 | Vol. 11 | e1406
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Figure 4. PD-17CD8" Teey cells are the early responders to PD-1 blockade. (a) Representative flow cytometry dot plots showing the expression
of Ki67 in PD-1"CD8" T cell subsets at baseline and 2 weeks after nivolumab therapy (Discovery Cohort). (b) Graphs showing the kinetics of
cycling Ki67*PD-17CD8" T subsets upon one cycle of nivolumab therapy in responders (n = 17) (upper row) and progressors (n = 10) (lower row).
Data were analysed using the Wilcoxon matched-pairs signed-rank test.

(0, 2, 4, 6 and 8 weeks) was of a Tggm phenotype
(Figure 5b). Indeed, the Ty fraction constituted
13.5% of cycling cells at week 0 and increased
significantly to reach 20% at week 2, then 56% at
week 8 in NSCLC patients who experienced
response to nivolumab therapy. However, no
changes were observed in progressors (Figure 5b).
Importantly, this increase was specific to the Tgeym
phenotype as other differentiation phenotypes
did not display similar patterns (Figure 5c and d).
In addition, the Tgm fraction of Ki67"
PD-1"CD8" T cells was significantly elevated in
responders as compared with progressors at week
4 (P=0.001) and week 8 (P =0.001) (Figures 5d
and 6a) and predicted response both at week 4
[AUC 0.92, 95% ClI 0.78-1; P = 0.0023; Figure 6b]
and week 8 [AUC 0.84, 95% CI 0.70-0.98;
P = 0.0017; Figure 6b]. Optimal cut-off values of
29.43% (week 4) and 21.86% (week 8) (Figure 6b)
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were associated with higher sensitivity (85.7% at
week 4 and 63.6% at week 8) and specificity
(91.7% at week 4 and 95% at week 8). Patients
with Tggym fractions higher than 29.43% at week 4
and higher than 21.86% at week 8 had a
prolonged PFS (P<0.0001, week 4 and
P =0.0005, week 8) (Figure 6¢). In addition, the
Teem fractions at weeks 4 and 8 were strongly
correlated with durable benefit from nivolumab
therapy, and the probability of DCB was higher
when Tggy fractions exceeded 29.43% at week 4
(P=0.03) and 21.86% at week 8 (P=0.007)

(Figure 6d).
In summary, our data demonstrates that
nivolumab therapy-induced T-cell expansion is

mostly observed with cells displaying a PD-1"CD8"
Teem cell phenotype which is associated with
positive impact on progression-free survival in
NSCLC patients.
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Figure 5. PD-1 blockade induces the preferential expansion of PD-1"CD8" T cells with an early effector memory phenotype (Discovery Cohort).
(a) Gating strategy to determine the phenotype of proliferating PD-1" Ki67"'CD8" T-cell population based on the expression of CD27, CD28 and
CD45R0 with Teggy fraction. (b) Subset fractions of Ki67*PD-1"CD8" T cells at week 0, 2, 4, 6 and 8 after PD-1 blockade in the discovery cohort.
() Kinetics of the proportions of major CD8" memory T cell subsets (Tcp, Trv, Teem and Tew) expressing PD-1 and Ki67 cells at week 0, 2, 4, 6
and 8 in responders (Blue dots) and progressors (Red dots). (d) Comparison of PD-1Ki67"CD8" T cell differentiation subsets between responders
(n =24 at week 0, n =17 at week 2, n = 14 at week 4, n = 15 at week 6, n = 20 at week 8) and progressors (n = 20 at week 0, n = 10 at
week 2, n=7 at week 4, n =5 at week 6 and n = 11 at week 8) at different time points, data are presented as median with interquartile
ranges. Data were analysed using the Wilcoxon matched-pairs signed-rank test (c) and the Mann-Whitney test (d). *P < 0.05, **P < 0.01,
***p < 0.001, ****P < 0.0001.

early-like differentiation status at baseline
represented by the ratio of PD-1"CD8" Tggy to PD-
1"CD8 Tg was associated with longer progression-

DISCUSSION
Emerging evidence suggests that PD-1 blockade

might induce the remodelling of the peripheral
T-cell immunity including CD8" T cells'?, However,
this action has not been fully -elucidated.
Considering the distinct functional properties of
CD8" T-cell differentiation subsets in the periphery,
we hypothesized that the differentiation spectrum
of peripheral PD-1'CD8" T cells might determine
responses to PD-1 blockade. Hence, in this study,
we analyzed the distinct differentiation subsets
within circulating PD-1"CD8" T cells in advanced
NSCLC  patients before and upon PD-1
immunotherapy. Of interest, we found that the

© 2022 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.

free survival and durable clinical benefit of anti-PD-
1 therapy in NSCLC. Moreover, PD-1°CD8" Tggm was
the subset exhibiting rapid expansion after
nivolumab treatment with a significant increase in
Ki67 expression, which constituted the larger
fraction of cycling PD-1°CD8" T cells following
multiple cycles of nivolumab immunotherapy.

PD-1 expression is induced by TCR signalling
upon antigenic stimulation and is mainly
upregulated on antigen-experienced T cells.?® In
our analysis of the peripheral compartment of
NSCLC patients, we also noticed that PD-1
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Figure 6. The Tggy fraction of cycling PD-17Ki67°CD8" T cells is associated with better prognosis (Discovery Cohort). (a) Percentages of Tggy cells in
PD-1'Ki67"CD8" T at week 4 (up) and week 8 (low) of responders (blue dots) (n = 14 at week 4 and n = 20 at week 8) and progressors (red dots)
(n =7 at week 4 and n = 11 at week 8). (b) ROC analysis of PD-17Ki67"CD8" Tgg\ fraction at week 4 (up) and week 8 (low). () Kaplan—Meier PFS
curves of PD-17Ki67°CD8" Tggy fraction at week 4 (up) and week 8 (low) after nivolumab treatment. (d) Proportions of NSCLC patients (discovery
cohort) showing DCB responses at 6 months stratified based on the cutoff values of the proportions of Ki67PD-1"CD8" Tegy cells at week 4 or
week 8. Data were analysed using the Mann-Whitney test (d). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

expression was more frequent on CD8" T cells
displaying memory phenotypes including Ty,
Trm: Teem and Ty subsets than on Ty, T, Tpez and
Tees effector subsets in the peripheral
compartment of NSCLC patients (Figure 3b). A
recent study conducted in patients with epithelial
cancers demonstrated that peripheral PD-1"CD8" T
cells exhibited solely a memory phenotype.
Unique and shared tumor neoantigen-specific TCR
sequences detected in those patients were
restricted to the peripheral memory T-cell pool.?’
Accordingly, our observation suggests that in the
periphery, the memory repertoire might be more
enriched with tumor-specific cells as compared
with effector cells.

To elucidate the clinical significance of PD-1
expression on peripheral CD8" T-cell subsets, we
compared the baseline frequencies of PD-1" cells
among different subsets between responders and
progressors. Interestingly, we found a statistical
trend towards higher PD-1 expression on CDS8"
Teem cells in patients who responded to the
therapy as compared with those who did not. In
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contrast, the percentages of PD-1" Tg were
significantly lower in responders.

On the one hand, CD8" Tgm cells are
transitional memory cells with an intermediate
differentiation state between CD8" Tcy and CD8"
Tem. > 1% CD28 expression distinguishes them
from CD8" Tgy and render them a potential
target population for PD-1 blockade-induced
activation that is contingent on CD28 expression
and engagement.”® On the contrary, effector
CD8" T cells with low PD-1 incidence were found
to be associated with clinical benefit to nivolumab
therapy and prolonged PFS in a cohort of NSCLC
patients, suggesting that presence of lower
percentages of intra-tumoral PD-1" Tg cells is in
favor of more proficient antitumor immunity.?®
This is consistent with our observation in the
peripheral blood where PD-1" Tg cells were found
mostly in progressors to nivolumab therapy as
compared with responders. Furthermore, the
divergence in the differentiation status from
early-like differentiated (ELD) for Tgem to highly
differentiated (HD) for Tg infers more significance

© 2022 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of
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in considering integrating these two subsets into
one novel parameter which is the baseline ratio
PD-1"CD8" Tgem/PD-1"CD8" T, By doing so, we
were more able to better identify the NSCLC
patients who were most likely to derive clinical
benefit form PD-1 blockade (Figure 3). Therefore,
PD-1"CD8" Teem/PD-17CD8" T ratio, which reflects
the differentiation state in the periphery, might
display the status of systemic immune system at
baseline for susceptibility to anti PD-1 therapy. In
this model with more PD-1"CD8" Tgem and less
PD-1"CD8" T in the peripheral blood at baseline,
NSCLC patients could mount proficient anti-tumor
immunity upon inhibition of PD-1 pathway. This
model is supported by the high sensitivity and
specificity of the ratio (Figure 3e and i) to
distinguish responders from progressors before
the start of the immunotherapeutic approach.
These findings thus demonstrate the relevance of
the baseline T-cell differentiation status in
determining responses to PD-1-targeted
immunotherapies and provide a novel predictor
of benefit to PD-1 blockade in NSCLC. It is
noteworthy that the identified ratio constitutes a
promising indicator of response to ICB in NSCLC
for implementation in clinical routine use.®® It is
associated with a high negative predictive value,
with a specificity reaching up to 69.57% in the
discovery cohort and 91.67% in the validation
cohort for a cut-off value of 5.7. The PD-1"CD8"
Teem/PD-17CD8" T¢ ratio is pre-treatment indicator
that is non-invasive and blood accessible allowing
early identification of patients who might
respond PD-1 blockade.

Our proposed model is further supported by the
findings that PD-1"CD8" Tgem cells constitute the
main subset of peripheral CD8" T cells responding
to PD-1 blockade as early as 2 weeks of the
treatment (Figure 4). More interestingly, the
major fraction of Ki67'PD-1"CD8" T cells that
undergoes active replication upon nivolumab
treatment is of Tgnm phenotype and shows
significant associations with longer PFS at weeks 4
and 8. These data suggest that peripheral
PD-1"CD8" Tgem cells are activated and expand
upon nivolumab therapy. They can be detected
cycling in the bloodstream of patients up until
8 weeks of treatment, and then most probably
migrate to the tumor tissues as the percentages
start to decline significantly from week 10
(Supplementary figure 7). This is in line with the
concept of clonal replacement theory where T-cell
responses to checkpoint blockade are shown to

© 2022 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of
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derive from a distinct repertoire of T-cell clones
that may enter the tumor upon PD-1 blockade.'?
Moreover, it is noteworthy that despite the
proliferative potential of peripheral CD8" Tegym
observed upon PD-1 blockade, these cells did not
exhibit a superior cytolytic ability as compared
with other effector CD8" T subsets neither at
baseline (Figure 2e and Supplementary figure 8)
nor at different time points of therapy
(Supplementary figure 8). These observations
suggest that Tggy cells might instead serve as
progenitors or precursors of effector CD8" T cells
that are essential to mount antitumor immune
responses. Consequently, this peripheral CD8" T-
cell subpopulation shares essential features with
the TCF1* stem-like T cells that has been observed
in several studies, which is reported to be
associated with proliferation burst observed upon
PD-1 blockade.®" The presence of precursor
effector CD8" T «cells in the peripheral
bloodstream highlights the roles of systemic
immunity in the efficacy of ICBs approaches.
Taken together, our study identified the
baseline PD-1"CD8" Tggw/PD-1"CD8" Tg ratio as a
novel non-invasive pre-treatment indicator of
response to PD-1 blockade in NSCLC patients and
describes a model in which the differentiation
state of peripheral CD8" T cells before PD-1
therapy in part orients the arm of antitumor
immunity through regulating the expansion of

Teem  fractions and  therefore conditioning
responses to PD-1-targeted immunotherapy in
NSCLC.

METHODS

Patients

A total of 77 advanced NSCLC patients (61 men and 16
women) with a median age of 62.25 years were recruited at
Shanghai Chest Hospital affiliated to Shanghai Jiao Tong
University, China. All of them had measurable disease
severity assessed by computed tomography or magnetic
resonance imaging using Response Evaluation Criteria in
Solid Tumours version 1.1 (RECIST 1.1). Forty-seven patients
were part of the clinical trial CheckMate 870 [NCT03195491]
and were designated as a discovery cohort. They received
3 mg kg~ of anti-PD-1 antibody nivolumab intravenously
every 2 weeks until disease progression or intolerable
toxicity. Thirty patients did not enrol to any clinical trial
and served as a validation cohort, also received anti-PD-1
therapy. They were treated with nivolumab (180 mg
every 2 weeks), pembrolizumab (200 mg every 3 weeks),
tislelizumab (200 mg every 3 weeks), sintilimab (200 mg
every 3 weeks) and toripalimab (240 mg every 4 weeks),
respectively. Responses to immunotherapy were evaluated
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every 4 cycles of the therapy according to RECIST 1.1
evaluation. Patients were stratified into responders (with
partial response or stable disease) or progressors (with
progression disease at the time point of first clinical
evaluation) according to the RECIST 1.1 evaluation. Durable
clinical benefit (DCB) was defined as a response (partial
response or stable disease) lasting longer than 6 months
from the initiation of the therapy (Figure 1, Table 1,
Supplementary table 1).

Study approval

The study was approved by the Ethics Committee of
Shanghai Chest Hospital (Number KS1732). All enrolled
patients agreed to participate in this study by providing
informed consent forms. This study was conducted in
accordance with the Declaration of Helsinki.

Flow cytometric analysis

Isolation of peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMCs) were isolated
from the whole blood by density gradient centrifugation
using Ficoll Lymphoprep™ reagent (STEMCELL Technologies)
according to the manufacturer’s instructions. Two million
PBMCs were resuspended in 200 uL FACS buffer [PBS
containing 2% foetal bovine serum (FBS)] for subsequent
multi-colour flow cytometry tests.

Surface staining

Cells were first incubated with the mixtures of
fluorochrome-conjugated monoclonal antibodies including
BV510-conjugated anti-human CD3, PECY7-conjugated anti-
human CD8, FITC-conjugated anti-human CD45RO, APC-H7-
conjugated anti-human CD27, BV605-conjugated anti-
human CD28 and BV711-conjugated anti-human PD-1
antibodies from BD Biosciences (San Jose, CA, USA) for
40 min at 4°C. Cells were then washed with 1 mL FACS
buffer. Anti-human 1gG4 Fc (HP6025) from Southern Biotech
was used together with anti-PD-1 antibody staining to
define PD-1" cells for subset monitoring study.

Intracellular staining

After surface staining, PBMCs were suspended by adding
1 mL of Fix/Perm working solution (Transcription Factor
Buffer Set; BD Biosciences), and incubated at 4°C for 40 min
in the dark. Subsequently, the fixed and permeabilised cells
were washed with 1 mL Perm/wash buffer, and then
incubated with fluorescent antibodies specific for
intracellular proteins [including PE-conjugated anti-human
Granzyme B, AF700-conjugated anti-human Ki67, AF674-
conjugated anti-human T-bet, PE-CF594-conjugated anti-
human FOXP3, BV650-conjugated anti-human RORyt and
BV421-conjugated anti-human BCL-6 (BD Biosciences)] at
4°C for 40 min. Cells were then washed with 1 mL Perm/
wash buffer and resuspended in 200 uL FACS buffer for
acquisition by Fortessa X20 Flow cytometer (BD Biosciences).
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Data analysis was performed with FlowJo version 10
software (Tree Star Inc., Ashland, OR, USA).

Statistical analyses

Data are presented as median with interquartile ranges.
Unpaired samples were analysed with the Mann-Whitney test.
A paired t-test was used for paired samples that showed
Gaussian distribution while the Wilcoxon matched-pairs
signed-rank test was used for paired samples without Gaussian
distribution. Clustering analysis was conducted using FlowSOM
algorithm implemented in FlowlJo software (FlowJo, LLC).
Survival curves for the PFS were estimated using the Kaplan—
Meier method (log-rank test). Receiver-operating characteristic
(ROQ) analysis was conducted to assess the sensitivity and
specificity for signatures associated with the response.

The statistical analysis approach for this study was
exploratory with no pre-specified statistical plan, and no
correction of P-values for multiple testing included. All P-values
were two-sided, and P <0.05 was considered statistically
significant. Statistical tests were performed with GraphPad
Prism 8 (GraphPad Software Inc., San Diego, CA, USA).
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In this study, we examined the association between PD-1 blockade and the differentiation status of systemic
CD8 T-cell immunity in non-small cell lung cancer. We found that early-like differentiation status of PD-1"CD8
T cells is associated with favorable outcome to PD-1-targeted immunotherapy. We further identified a baseline
indicator of response to immune checkpoint blockade for implementation in clinical practice.
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