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Soluble immune checkpoint factors reflect exhaustion
of antitumor immunity and response to PD-1 blockade
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BACKGROUND. Precise stratification of patients with non-small cell lung cancer (NSCLC) is needed for appropriate application
of PD-1/PD-L1 blockade therapy.

METHODS. We measured soluble forms of the immune-checkpoint molecules PD-L1, PD-1, and CTLA-4 in plasma of
patients with advanced NSCLC before PD-1/PD-L1 blockade. A prospective biomarker-finding trial (cohort A) included

50 previously treated patients who received nivolumab. A retrospective observational study was performed for patients
treated with any PD-1/PD-L1 blockade therapy (cohorts B and C), cytotoxic chemotherapy (cohort D), or targeted therapy
(cohort E). Plasma samples from all patients were assayed for soluble immune-checkpoint molecules with a highly sensitive
chemiluminescence-based assay.

RESULTS. Nonresponsiveness to PD-1/PD-L1 blockade therapy was associated with higher concentrations of these soluble
immune factors among patients with immune-reactive (hot) tumors. Such an association was not apparent for patients
treated with cytotoxic chemotherapy or targeted therapy. Integrative analysis of tumor size, PD-L1 expression in tumor
tissue (tPD-L1), and gene expression in tumor tissue and peripheral CD8* T cells revealed that high concentrations of the

3 soluble immune factors were associated with hyper or terminal exhaustion of antitumor immunity. The combination

of soluble PD-L1 (sPD-L1) and sCTLA-4 efficiently discriminated responsiveness to PD-1/PD-L1 blockade among patients
with immune-reactive tumors.

CONCLUSION. Combinations of soluble immune factors might be able to identify patients unlikely to respond to PD-1/PD-L1
blockade as a result of terminal exhaustion of antitumor immunity. Our data suggest that such a combination better predicts,
along with tPD-L1, for the response of patients with NSCLC.
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individuals with advanced solid tumors, including non-small cell
lung cancer (NSCLC) (1). Currently approved immune-check-
point inhibitors (ICIs) include monoclonal antibodies that tar-
get cytotoxic T lymphocyte-associated protein-4 (CTLA-4) or
programmed cell death-1 (PD-1) pathways (2-5). Expression of
the PD-1 ligand PD-L1 in tumor tissue (tPD-L1) is the most well-
established biomarker for treatment with antibodies to PD-1 or to
PD-L1 in patients with advanced NSCLC. However, the identifi-
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cation of additional biomarkers is necessary because of the insuf-
ficient prediction value of tPD-L1, which is attributed, in part, to
heterogeneity of tPD-L1 expression (6).

Soluble PD-1 (sPD-1), sCTLA-4, and sPD-L1 have been
explored as potential biomarkers for ICI therapy. sPD-1 is
released into circulation mainly in the form of a splice variant
that lacks the transmembrane domain encoded by exon 3 of
the PD-1 gene, although the possibility of proteolytic cleavage
of PD-1 in the cell membrane cannot be excluded (7, 8). sPD-1
activates antitumor immunity by interrupting the interaction of
PD-1with PD-L1 in animal models (8, 9). However, a high serum
concentration of sPD-1 before treatment has been associated
with a low efficacy of PD-1 blockade therapy in patients with
melanoma or NSCLC (10, 11).

sPD-L1 is generated predominantly by proteolytic cleavage
of PD-L1 in the cell membrane, although splice variant-derived
sPD-L1 has also been identified (12-14). Given that PD-L1is aber-
rantly expressed on various cell types, including macrophage-
lineage cells and tumor cells in cancer patients, the source of
sPD-L1 in such individuals likely reflects this expression pattern
(15). Whereas the function of sPD-L1 in immunity remains unclear
(14), a high concentration of sPD-L1 in blood has consistently been
found to indicate unresponsiveness to PD-1 or PD-L1-blockade
therapy in clinical studies (10, 16-18). The combination of sPD-1
and sPD-L] was shown to be more predictive for PD-1 blockade
therapy than was either marker alone (10, 11).

sCTLA-4 is thought to be derived from a splice variant that
lacks the transmembrane domain encoded by exon 3 of the
CTLA-4 gene (19, 20). It is potentially produced by T cells, B cells,
and macrophages, and has been shown to inhibit immune reac-
tions (19-21). Although few studies have investigated whether
SCTLA-4 is able to serve as a biomarker for PD-1/PD-L1 block-
ade therapy, a high circulating concentration of sCTLA-4 has
been associated with a positive response to therapy with the anti-
CTLA-4 antibody ipilimumab (22, 23).

PD-1 and CTLA-4 are hallmarks of T cell exhaustion or over-
activation. The extent of T cell exhaustion has been examined as
a potential biomarker for PD-1 blockade therapy (24-27). Recent
evidence has indicated that, rather than fully exhausted CD8* T
cells, preexhausted (progenitor exhausted) CD8" T cells with pro-
liferative capacity, such as CD8* T cells positive for PD-1 and T cell
factor 1 (TCF1), are the major effector cells attacking cancer cells
during PD-1 blockade therapy (25, 28-33). Cancer patients with a
high frequency of terminally exhausted T cells and a low frequen-
cy of progenitor exhausted T cells at tumor sites would therefore be
expected to be nonresponsive to such treatment (26, 27, 29, 34, 35).
However, systemic measurement of the extent of exhaustion in T
cells has remained a challenge.

Among sPD-1, sPD-L1, and sCTLA-4, most previous inves-
tigations have focused on the link between sPD-L1 and clinical
outcome. This focus on sPD-L1 has likely been due to the diffi-
culty of precise measurement of low concentrations of sPD-1 and
sCTLA-4 in pretreatment blood samples by commercially avail-
able ELISA kits. To address this difficulty, we developed a fully
automated assay for sPD-1, sPD-L1, and sCTLA-4 that is based on
chemiluminescent magnetic technology (HISCL system) and that
is highly sensitive, reproducible, and precise (36).
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We have now applied this HISCL system to measure sPD-1,
sPD-L1, and sCTLA-4 in pretreatment plasma of patients with
advanced NSCLC treated with PD-1/PD-L1 blockade therapy.
Integrative analysis revealed that the combination of high sPD-L1
and high sCTLA-4 levels was indicative of poor progression-free
survival (PFS) in patients with immune-reactive (hot) tumors.
Further combinatorial analysis of protein and gene expression in
tumor tissue and peripheral CD8" T cells revealed that the plas-
ma concentrations of sPD-1, sPD-L1, and sCTLA-4 reflected the
extent of exhaustion or overactivation of antitumor immunity in
patients with advanced NSCLC. We believe that our study pro-
vides new insight into the role of soluble immune factors with
regard to the relationship between immune exhaustion and clin-
ical outcome for PD-1/PD-L1 blockade therapy.

Results

Characteristics of a prospective clinical trial cohort. To investigate
the potential of sPD-L1, sPD-1, and sCTLA-4 as biomarkers for
ICI therapy, we examined 2 cohorts for discovery (Nivolution
trial, cohort A) and validation (cohort B) (Figure 1, A and B). For
the purpose of flow cytometric analysis, we examined cohort C,
another retrospective validation cohort, in addition to cohort B
(Figure 1C). In the prospective Nivolution trial, 50 patients with
advanced NSCLC were enrolled and treated with nivolumab at
a dose of 3 mg/kg biweekly (Figure 1A). For examination of the
prediction of nivolumab efficacy by sPD-L1, sPD-1, and sCTLA-4
concentrations, plasma samples were collected from all 50
enrolled patients. The characteristics of the patients are shown in
Table 1. At a median follow-up time of 13.2 months (range, 2.1-19.5
months), the median PFS and median overall survival were 3.6
months (95% CI, 2.2-9.1 months) and 15.2 months (95% CI, 13.2
months-not reached), respectively (Supplemental Figure 1, A and
B; supplemental material available online with this article; https://
doi.org/10.1172/JCI168318DS1). The overall response [complete
response (CR) + partial response (PR)] rate and disease control
[CR + PR + stable disease (SD)] rate were 24.0% (95% CI, 12.2-
35.8%) and 58.0% (95% CI, 44.3-71.7%), respectively. The patient
background and efficacy of nivolumab were consistent with the
findings of previous trials (37, 38).

Pathological determination of tPD-L1 expression was per-
formed for all 50 patients, with most of the tumor samples being
obtained within 1 year of enrollment. Thirteen patients with
high tPD-L1 expression [tumor proportion score (TPS) of >50%]
showed superior nivolumab efficacy in terms of PFS compared
with the remaining 37 patients with low tPD-L1 expression (TPS
of <50%) (Supplemental Figure 1C). In contrast, with a tPD-L1
of 1% as the cutoff, there was no clear difference in PFS for
nivolumab between patients with a value of < 1% or = 1% (Sup-
plemental Figure 1D).

Relation between sPD-L1, sPD-1, and sCTLA-4 levels in plasma
before treatment and innate resistance to nivolumab. Given that the
concentrations of sPD-L1, sPD-1, or sCTLA-4 in 2 samples col-
lected at 2 different time points from the same patients before
treatment (P1 and P2 time points in Figure 1A) were consistent
and showed minimal variability (Supplemental Figure 2, A-C),
the plasma samples obtained at the time point closest to initia-
tion of nivolumab treatment (P2) were subjected to further anal-
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Nivolution trial (cohort A).
Clinical phase 2 trial to explore biomarker candidates for nivolumab. Previously treated patients were
enrolled (n = 50).

——p Pretreatment blood (n = 50) ===———p——= Soluble immune factors (n = 50)

— RNA-seq of whole blood (n = 49)

—p Cytokine analysis (n = 50)

L Tumor tissue (n = 50) —p PD-L1IHC (n = 50)

— Pathological evaluation of TILs (n = 47)

—Pp RNA-seq (n=31)

y .
e
" ¢ | I —
P1 P2 Biweekly nivolumab (3 mg/kg) administration
From 2 weeks to 72 h Within 24 h before

before initiation of initiation of study
study treatment treatment

Validation cohort from Kyoto University, Kindai University, and Izumi City General Hospital (cohort B).
Retrospective analysis of patients treated with any PD-1 or PD-L1 antibody as monotherapy (n = 149).

— Pretreatment blood (n = 149)

— Soluble immune factors (n = 149)

— Flow cytometry analysis (n = 56)

— Microarray analysis of CD8* T lymphocytes (n = 40)
= PD-L1 IHC for tumor tissue (n = 121)

FCM cohort from Kyoto University (cohort C).
Retrospective analysis of patients treated with any PD-1 or PD-L1 antibody as monotherapy (n = 28).

—P Pretreatment blood (n = 28)

— Soluble immune factors (n = 28)

— Flow cytometry analysis (n = 28)

Non-ICI cohort from Kyoto University and Kindai University (cohort D).
Retrospective analysis of patients treated with any cytotoxic chemotherapy as a first-line therapy (n =
42).

—P Pretreatment blood (n = 42) === Soluble immune factors (n = 42)

Non-ICI cohort from Kyoto University and Kindai University (cohort E).
Retrospective analysis of patients treated with any targeted therapy as a first-line therapy (n = 43).

——p Pretreatment blood (1 = 43) =P Soluble immune factors (n = 43)
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Figure 1. Overview of patient cohorts and analyses included in the study.
(A) In a prospective trial to identify biomarker candidates for nivolumab
treatment (Nivolution trial), a total 50 patients with advanced or recurrent
NSCLC previously treated with any systemic therapy (cohort A) was ana-
lyzed. (B) Retrospective analysis of 149 patients with advanced or recurrent
NSCLC who received monotherapy with any PD-1 or PD-L1 inhibitor in the
first- or later-line setting (cohort B). Flow cytometry (FCM) and microar-
ray analysis of gene expression were performed for peripheral CD8* T

cells from 56 and 40 patients, respectively, enrolled at Kyoto University
Hospital, which was previously reported (27) (C) Retrospective analysis of
patients who underwent more than 1line of systemic therapy before ICI
treatment at Kyoto University Hospital (cohort C) (27) (D and E) Retrospec-
tive analysis of 42 and 43 patients with advanced or recurrent NSCLC who
received cytotoxic chemotherapy (cohort D) or targeted therapy (cohort E)
in the first-line setting, respectively.

ysis. Triplicate assay of sPD-L1, sPD-1, and sCTLA-4 concentra-
tions with the HISCL system was performed for all 50 patients,
yielding median values of 217, 137, and 1.70 pg/mL, respectively
(Supplemental Figure 3A). There were no significant differences
in the levels of the 3 soluble factors with regard to sex, smoking
history (never versus former or current), histology (nonsqua-
mous versus squamous), EGFR or ALK gene alterations (WT
versus altered in nonsquamous lung carcinoma), and number
of prior chemotherapy lines (1 versus = 2), with the exception of
sPD-L1 concentration and sex (Supplemental Figure 3, B-F). The
concentration of sSCTLA-4 was moderately correlated with that
of sPD-1, whereas those of sPD-L1 and sPD-1 were not correlated
(Supplemental Figure 4, A-C).

The pretreatment plasma concentrations of sPD-L1, sPD-1,
and sCTLA-4 tended to be lower in patients with a durable clini-
cal benefit (DCB: CR, PR, or SD lasting > 6 months) than in those
with no clinical benefit (NCB) of nivolumab treatment (Figure 2,
A-C). Each single soluble factor was moderately predictive for
the 6-month PFS rate, with an area under the receiver operator
characteristic (ROC) curve of 0.64, 0.60, and 0.63 for sPD-L1,
sPD-1, and sCTLA-4, respectively (Supplemental Figure 5, A-C).
We determined the cutoff values for such prediction as 205, 135,
and 1.85 pg/mL for sPD-L1, sPD-1, and sCTLA-4, respectively, by
combining high sensitivity and best specificity in the ROC curves
for 6-month PFS rate with the use of a proportional hazards model
(Supplemental Methods). A Venn diagram for patients with high
levels of the soluble immune factors is shown in Supplemental Fig-
ure 6A. Patients with values below these cutoff points showed a
longer PFS than did those with values above them, although the
difference was minor for sPD-1 (Figure 2, D-F). Overall, the effica-
cy of nivolumab tended to be poor in patients with a high concen-
tration of sSPD-L1, sPD-1, or sCTLA-4.

We further investigated whether a combination of these soluble
immune factors mightimprove their predictive ability relative to each
marker alone for PD-1/PD-L1 blockade therapy Given that sPD-L1
and sCTLA-4 showed a higher sensitivity than did sPD-1 (Figure 2,
D-F), we combined these 2 factors for the analysis. We defined the
presence of sPD-L1 or sCTLA-4 at a concentration below the cutoff
value as a favorable factor. The 6-month PFS rate and median PFS
of the group with 2 favorable factors were 61.1% and 14.1 months,
respectively, whereas those for the group with a single favorable fac-
tor were 35.7% and 4.5 months and those for the group with no favor-
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able factors were 22.2% and 1.5 months (Figure 2G). These findings
suggested that the combination of soluble immune factors improved
prediction of the therapeutic efficacy of nivolumab.

Soluble immune factors complement patient stratification by
tPD-L1. Given that tPD-L1 expression is the most well-established
biomarker for PD-1 blockade cancer immunotherapy in patients
with advanced NSCLC (Supplemental Figure 1, C and D) (39), we
next investigated the relationship between tPD-L1 and the 3 solu-
ble immune markers.

None of the soluble markers showed a clear correlation with
tPD-L1 (Figure 3, A-C). For patients with a low tPD-L1 expres-
sion (TPS of < 50%), the pretreatment level of sPD-L1, sPD-1, or
sCTLA-4 was significantly higher in patients with NCB than in
those with a DCB (Figure 3, D-F). Furthermore, the cutoff values
determined above for each soluble immune factor appeared to
be more discriminative in patients with a low tPD-L1 level (Fig-
ure 3, G-I) than in all patients (Figure 2, D-F). For patients with
high tPD-L1 expression (TPS of = 50%), those with high sPD-L1
or sCTLA-4 concentrations were also more resistant to nivolumab
treatment than were those with low concentrations, although the
difference was statistically significant only for sSPD-L1, possibly as
a result of the small number of cases (Figure 3, J-L). The baseline
levels of sPD-L1, sPD-1, and sCTLA-4 for these patients according
to treatment response are shown in Supplemental Figure 7.

We then conducted an integrative analysis for sPD-L1 and
SCTLA-4 levels according to tPD-L1 status. A greater predictive
ability was apparent in the low tPD-L1 group (Figure 3M) than in all
patients (Figure 2G). Despite the limited number of patients, a similar
predictive tendency was observed in the high tPD-L1 group (Figure
3N). For the cohorts defined by a tPD-L1 cutoff of 1%, sPD-L1 and
SCTLA-4 levels stratified the patients with a similar trend (Supple-
mental Figure 8, A and B). Together, these results suggested that the
combination of sPD-L1 and sCTLA-4 levels showed improved pre-
diction of nivolumab efficacy, even for patients stratified by tPD-L1
expression, thus complementing the predictive ability of tPD-L1.

The combination of sPD-L1 and sCTLA-4 predicts nivolumab
efficacy in patients with high tPD-L1 expression. To validate the pre-
dictive value of soluble immune factors revealed by our analysis
of discovery cohort A, we performed a retrospective analysis of
another cohort (cohort B) of ICI-treated patients with advanced
NSCLC (Figure 1B). This cohort included 149 patients with
NSCLC who had been treated with any antibody to PD-1 or to
PD-L1 at Kyoto University, Kindai University, or Izumi City Gen-
eral Hospital (Table 1). Soluble immune factors were measured in
plasma samples of all 149 patients, and data for PD-L1 expression
on tumor cells were available for 121 patients. For this cohort, the
soluble factor concentrations were weakly or not correlated with
tPD-L1 expression (Figure 4, A-C). A Venn diagram for patients
with high levels of the soluble immune factors in cohort B is
shown in Supplemental Figure 6B. Whereas there was no signif-
icant difference in PFS between patients with high or low levels
of sPD-L1, sPD-1, or sCTLA-4 (according to the predefined cutoff
values) in the group with low tPD-L1 expression (TPS of < 50%)
(Supplemental Figure 9, A-F), patients with high concentrations of
sPD-L1, sPD-1, or sCTLA-4 were more resistant to ICI treatment
than were those with low concentrations in the group with high
tPD-L1 expression (TPS of = 50%) (Figure 4, D-F). Similar to the
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Table 1. Patient characteristics for cohorts A, B, and C

CohortA(n=50)  CohortB (n=149)

No. % No. %
Age, years
Median (range) 68 (33-82) 71(31-89)
Sex
Male 28 56.0 2 75.2
Female 22 44.0 37 24.8
Smoking history
Current or former 27 54.0 14 76.5
Never 23 46.0 34 22.8
Unknown 0 0 1 0.7
ECOG performance status
0 18 36.0 43 289
1 32 64.0 85 570
2 0 0 21 141
Histology
Adenocarcinoma 36 72.0 107 7.8
Squamous cell carcinoma 12 24.0 36 24.2
Other 2 4.0 6° 4.0
Mutation status
Positive for EGFR mutation 12 24.0 21 14.1
Positive for EML4-ALK rearrangement 4.0 4 2.7
Positive for ROST rearrangement 0 0 1 0.7
Metastatic sites
Brain 7 14.0 32 215
Liver 10 20.0 24 161
Number of previous chemotherapies
0 0 0 36 242
1 25 50.0 66 443
2 10 200 23 154
23 15 300 24 16.1
tPD-L1 expression (TPS)
0% 16 320 39 26.2
1t0 49% 17 34.0 46 309
>50% 17 34.0 36 242
Unknown 0 0 28 18.8
Type of ICI
Anti-PD-1 antibody 50 100.0 133 89.3
Anti-PD-L1 antibody 0 0 16 10.7

ECOG, Eastern Cooperative Oncology Group. AAdenosquamous, n = 1; large cell carcinoma,
n =1. 8Not otherwise specified, n = 4; adenosquamous, n = 2. “Not otherwise specified,
n =2; mix with adenocarcinoma and large cell neuroendocrine carcinoma, n=1.

Cohort C (n=28)

or tyrosine kinase inhibitors (TKIs) (cohort E) (Figure
1, D and E, and Supplemental Table 1). There was no
significant difference in PFS between high and low
levels of sPD-L1, sPD-1, or sCTLA-4, or according to

No. * the combination of sPD-L1 and sCTLA-4 at concen-

72 (41-84) trations below the cutoff values, for patients treated

with chemotherapy (Supplemental Figure 10). Simi-

) 7856 lar results were obtained for the patients treated with

6 214 TKIs (Supplemental Figure 11). These findings thus

supported the specific predictive ability of the com-

23 821 bination of sPD-L1 and sCTLA-4 levels for the effec-
5 179 tiveness of PD-1/PD-L1 blockade therapy.

0 Low concentrations of soluble immune factors bet-

ter predict responders among patients with immune-

10 357 reactive tumors. T cell-mediated antitumor immune

16 511 responses are important for the effective destruction

2 71 of malignant cells during ICI therapy. Tumors with

a high frequency of CD8" T cell infiltration are more

19 67.9 likely to be immune-reactive, or “hot” (40-42). To

6 24 examine whether sPD-L1, sPD-1, and sCTLA-4 lev-

¥ 108 els might be dependent on T cell-mediated immune

reactions to cancer, we explored their relation to the

; 1%'7 number of CDS8*' tumor-infiltrating lymphocytes

0 0 (TILs) in cohort A.

Consistent with previous findings (41-43), patho-

g 179 logical examination revealed that patients with a

) 71 high frequency of CD8" T cells in tumor tissue (hot

tumors: = 12.0/field) showed a better PFS during

7 250 nivolumab treatment compared with those with a

1% 50.0 low frequency (cold tumors: < 12.0/field) (Supple-

3 10.7 mental Figure 12A). The CD8* TIL density was not

4 143 correlated with baseline concentrations of the sol-

uble immune factors among the patients (n = 47)

8 286 subjected to the pathological analysis (Supplemental

9 321 Figure 12, B-D). However, for the hot tumor group,

5 179 the concentrations of these soluble factors were sig-

b 24 nificantly higher in patients with NCB than in those

with a DCB (Figure 5A), whereas no such significant

208 108'0 difference was apparent for the cold tumor group

(Figure 5B). Combination of the cutoff values for the
soluble factors and the hot and cold tumor classifica-
tion revealed that patients with a low concentration
of sPD-L1, sPD-1, or sCTLA-4 and a hot tumor had

discovery cohort, combination analysis of sPD-L1 and sCTLA-4
revealed that patients with low sPD-L1 and sCTLA-4 levels
showed a longer PFS in the high tPD-L1 group (Figure 4G). How-
ever, there was no such significant difference apparent for the low
tPD-L1 group (Figure 4H). The findings from both cohorts A and
B together revealed that the combination of sPD-L1 and sCTLA-4
is potentially effective as a biomarker for PD-1/PD-L1 blockade
therapy, especially for patients with high tPD-L1 expression.

To confirm that the predictive efficacy of soluble immune fac-
tors is specific to ICIs, we conducted a separate analysis of addi-
tional cohorts to investigate the relation between soluble immune
factors and the effectiveness of cytotoxic chemotherapy (cohort D)

J Clin Invest. 2024;134(7):e168318 https://doi.org/10.1172/JC1168318

the best PFS compared with the other combined

groups (Figure 5, C-E). Although high tPD-L1 expres-
sion has been thought to result from an immune reaction mediat-
ed by IFN-y released from CD8* T cells, we found that CD8* TIL
density did not show a clear association with tPD-L1 expression
(Supplemental Figure 12E). Given that the combination of sPD-L1
and sCTLA-4 effectively discriminated responsiveness in patients
with high tPD-L1 expression (TPS of 250 %) (Figure 3N and Figure
4G), we next examined whether this combination might also be
discriminative for hot tumors. The combination of low sPD-L1 and
low sCTLA-4 was associated with a better PFS for hot tumors, but
not for cold tumors (Figure 5, F and G). Together, our results sug-
gested that lower plasma concentrations of the soluble immune
factors were more likely to distinguish responders from nonre-

:



;

CLINICAL MEDICINE

A NS B NS C
400 _— 400 —
L3 —_
T . T ’ i
_EI 3009 46 o —El 300 c
8_‘) ° [ [e)) . : g
= o ~
Z200] 3 il 2 200 itie o 5
s hd e A . % 5
£ 100 o 100 . . =
7] @» ° O
w
DCB NCB DCB NCB
D —— sPD-L1low E —— sPD-1low F
—— sPD-L1 high —— sPD-1 high
100 __100 1
S g g
=y 2 2
3 3 =
g 50 E 50 g
S S S
o o o
P P P
Qo a o o
0 6 12 18 0 6 12 18
Time (months) Time (months)
G
_ 100 —_ 0
S 1
> —_— 2
2 s
Q
<
o
»
[T
o

0 18

6 12
Time (months)

sponders among patients with hot tumors than among those with
cold tumors, indicating that these soluble factors are more mean-
ingful in patients with immune-reactive tumors.

Soluble immune factors show a better correlation with tumor
burden in patients with hot tumors. Recent single-cell analysis
technology has revealed that PD-1 blockade therapy results in
replacement of CD8* T cell clones at tumor sites through deple-
tion of terminally exhausted T cells and expansion of progenitor
exhausted T cells in responsive patients (34, 35). This finding sug-
gests that progenitor exhausted tumor-reactive T cells are import-
ant for a response, and that antitumor immunity that has already
been excessively activated cannot be rejuvenated further by PD-1
blockade (25, 28, 33). Markers reflecting an exhausted (overacti-
vated) state of T cells might therefore serve as negative indicators
for the efficacy of PD-1 blockade therapy (26, 27). On the basis of
our results showing that sPD-L1, sPD-1, and sCTLA-4 are most
relevant for patients with tumors that show a high level of PD-L1
expression and those with immune-reactive tumors characterized
by high CD8" TIL infiltration and that patients with high levels of
the soluble immune factors tend to be unresponsive, we hypothe-
sized that these soluble factors might reflect the systemic level of
overactivated or exhausted T cells.

To test this hypothesis, we compared exhaustion status and
soluble immune factors in several ways. We and others previous-
ly showed that a large tumor size is often associated with a poor

00

50
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Figure 2. Combination of circulating solu-

ble immune factors allows stratification

of patients with advanced NSCLC in the
Nivolution trial according to responsiveness
to nivolumab. (A-C) Comparison of pretreat-
ment plasma concentrations of sPD-L1(A),
sPD-1(B), and sCTLA-4 (C) between patients
with a DCB (n = 20) or NCB (n = 30). Mean + SD
values are indicated; Mann-Whitney U test.
(D-F) Kaplan-Meier curves for PFS of patients
with high or low concentrations of each soluble
immune factor based on the determined cutoff
values. For D, the sPD-L1 cutoff was 205 pg/
mL (high, n = 29; low, n = 21), and the median
PFS was 9.1 versus 2.2 months for low and high
sPD-L1, respectively (log-rank P = 0.002), with
an HR of 0.35 (95% Cl, 0.18-0.68). For E, the
sPD-1 cutoff was 135 pg/mL (high, n = 26; low,
n = 24), and the median PFS was 5.2 versus 2.8
months for low and high sPD-1, respectively
(log-rank P = 0.459), with an HR of 0.78 (35%
Cl, 0.41-1.50). For F, the sCTLA-4 cutoff was
1.85 pg/mL (high, n = 21; low, n = 29), and the
median PFS was 5.7 versus 2.7 months for low
and high sCTLA-4, respectively (log-rank P =
0.074), with an HR of 0.54 (95% Cl, 0.27-1.06).
(G) Kaplan-Meier curves for PFS among patients
according to the number of favorable immune
factors defined as sCTLA-4 or sPD-L1 levels
below the cutoff values (log-rank P = 0.015).
Median PFS was 14.1, 4.5, and 1.5 months for 2,
1, and 0 favorable factors, respectively. The HR
for1(n =14) versus 0 (n = 18) was 0.72 (95% Cl,
0.34-1.53), and that for 2 (n = 18) versus 0 was
0.31(95% Cl, 0.14-0.72).

NS

—— sCTLA-4 low
—— sCTLA-4 high
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Time (months)

18

outcome of ICI therapy in patients with advanced NSCLC (26,
44). In such patients, the number of hyperactivated or exhausted
T cells was positively correlated with tumor burden (26). Indeed,
in cohort A of the present study, PFS for nivolumab was signifi-
cantly longer in patients with smaller tumors than in those with
a larger tumor burden (Supplemental Figure 13). We therefore
investigated whether the soluble immune markers were related
to tumor burden. Whereas the plasma concentrations of sPD-L1,
sPD-1, and sCTLA-4 did not show a clear linear correlation with
baseline tumor size among patients in cohort A overall (Supple-
mental Figure 14, A-C), a relation was observed between sPD-L1
and tumor burden for patients with hot tumors but not for those
with cold tumors (Figure 5, H-]). Of note, multivariate analysis in
cohort A showed that only tPD-L1 and favorable immune factors,
not tumor burden, were predictive of nivolumab efficacy (Sup-
plemental Table 2). These data suggested that, in patients with
antitumor T cell responses within the tumor, the plasma levels of
the soluble immune factors might reflect the hyperactivation or
exhaustion of T cells.

Soluble immune factors are related to exhaustion status of anti-
tumor immunity. To further investigate whether higher concen-
trations of sPD-L1, sPD-1, and sCTLA-4 reflect the exhaustion
status of T cell-mediated antitumor immunity, we next examined
the relation between gene expression in peripheral CD8* T cells
and the concentration of each soluble immune factor with the

J Clin Invest. 2024;134(7):e168318 https://doi.org/10.1172/)CI168318



The Journal of Clinical Investigation

A

sPD-L1 (pg mL™)

PFS probability (%) sPD-L1 (pg mL™)

PFS probability (%)

PFS probability (%)

400

300

1
50 100
tPD-L1 (%)

*
——

100

50

tPD-L1 < 50%

—— sPD-L1 low
—— sPD-L1 high

| v | v |
6 12 18
Time (months)

tPD-L1 > 50%

50

—— sPD-L1 low
—— sPD-L1 high

) ' | ' |
6 12 18
Time (months)

tPD-L1 < 50%

I

I

N =~ O

O -

1 ' | ' |
6 12 18
Time (months)

sPD-1 (pg mL)

PFS probability (%)

PFS probability (%)

PFS probability (%)

400
300
L]
N L] o0
200 °%e .
° s
o o .!
100 8% 8, .
0 | | 1
0 50 100
tPD-L1 (%)
*
400 _—
L]
300
L]
LJ
200 K
hd LJ
[ d
100 :'E'ﬁ .

DCB

NCB

tPD-L1 < 50%

100
—— sPD-1 low

—— sPD-1 high

50

0 | v | v | v |
0 6 12 18
Time (months)

tPD-L1 > 50%

Time (months)

100 =
50—-
i —— sPD-1 low
b —— sPD-1 high
0 — T
0 6 12 18
Time (months)
tPD-L1 > 50%
100
—— O
1
50 —_— 2
0 I v I v I v ]
0 6 12 18

sCTLA-4 (pg mL™)

sCTLA-4 (pg mL™)

PFS probability (%)

PFS probability (%)

CLINICAL MEDICINE

4.0
3.0 ) b
® 0
2.0 '..’ K .
LA ®y o0
10 s ® .
.
0.0 Fr—r—rTrTTrrrr
0 50 100
tPD-L1 (%)
*
40 —

tPD-L1 < 50%

100 =
1 —— sCTLA-4 low
] —— SCTLA-4 high
0 —

0 6 12 18
Time (months)

tPD-L1 > 50%

100 L___|
0 _|_I_
—— sCTLA-4 low
—— sCTLA-4 high
0 —T—T
0 6 12 18

Time (months)

J Clin Invest. 2024;134(7):e168318 https://doi.org/10.1172/JC1168318




:

CLINICAL MEDICINE

Figure 3. Soluble immune factors complement the predictive ability of
tPD-L1 expression for advanced NSCLC patients treated with nivolumab
in the Nivolution trial. (A-C) Pearson correlation analysis for pretreatment
plasma concentrations of sPD-L1(A), sPD-1(B), sCTLA-4 (C), and tPD-L1
expression level (PD-L1TPS) (n = 50). (D-F) Comparison of sPD-L1 (D),
sPD-1(E), and sCTLA-4 (F) concentrations between patients with a DCB

(n =10) or NCB (n = 27) among individuals with a tPD-L1 expression level
of < 50%. *P < 0.05 (Mann-Whitney U test). (G-1) Kaplan-Meier curves for
PFS of patients with a tPD-L1 expression level of < 50% according to high
or low levels of each soluble immune factor based on the determined cut-
off values. For sPD-L1 (high, n = 21; low, n = 16), median PFS was 8.7 versus
2.7 months for low and high sPD-L1, respectively (log-rank P = 0.001), with
an HR of 0.30 (95% Cl, 0.14-0.64) (G). For sPD-1 (high, n = 20; low, n =17),
median PFS was 7.8 versus 2.4 months for low and high sPD-1, respec-
tively (log-rank P = 0.003), with an HR of 0.34 (95% Cl, 0.16-0.71) (H). For
sCTLA-4 (high, n = 14; low, n = 23), median PFS was 7.1 versus 2.4 months
for low and high sCTLA-4, respectively (log-rank P = 0.004), with an HR of
0.36 (95% Cl, 0.17-0.75) (1). (J-L) Kaplan-Meier curves for PFS of patients
with a tPD-L1 expression level of > 50% according to high or low levels of
each soluble immune factor based on the determined cutoff values. For
sPD-L1 (high, n = 8; low, n = 5), median PFS was not reached versus 11.0
months for low and high sPD-L1, respectively (log-rank P = 0.023), with an
HR of 0.01(95% Cl, 0.00-19.61) ()). For sPD-1 (high, n = 8; low, n = 5), medi-
an PFS was 5.7 months versus not reached for low and high sPD-1, respec-
tively (log-rank P = 0.49), with an HR of 1.88 (95% Cl, 0.31-11.32) (K). For
sCTLA-4 (high, n = 7; low, n = 6), median PFS was not reached versus 12.7
months for low and high sCTLA-4, respectively (log-rank P = 0.16), with an
HR of 0.23 (35% Cl, 0.03-2.14) (L). (M and N) Kaplan-Meier curves for PFS
among patients with tPD-L1 expression levels of < 50% (M) or > 50% (N)
according to the number of favorable immune factors defined as sCTLA-4
or sPD-L1 concentrations below the cutoff values (log-rank P = 0.0002 and
0.18, respectively). Median PFS was 5.1, 2.2, and 1.4 months for 2,1, and 0
favorable factors, respectively, in (M), and not reached, not reached, and
11.0 months, respectively, in (N). The HR for1(n =11 and 3) versus 0 (n = 12
and 6) was 0.28 (95% Cl, 0.10-0.76) and 0.44 (95% Cl, 0.05-3.97), and that
for 2 (n =14 and 4) versus 0 was 0.20 (95% Cl, 0.10-0.76) and 0.01(95% Cl,
0.00-45.45), in (M) and (N), respectively.

use of pretreated blood samples from 40 patients with NSCLC
from cohort B (Figure 1B) (27). We found that the expression of
a substantial number of genes was positively correlated with the
concentrations of the soluble immune factors (Figure 6A and
Supplemental Table 3). With the exception of sCTLA-4, the num-
ber of correlated genes was sufficient for pathway analysis (Fig-
ure 6B). The enriched pathways for genes whose expression was
positively correlated with sPD-L1 concentration included those
related to cell proliferation and immune activation, whereas
enriched pathways for genes correlated with sPD-1 level includ-
ed those related to immune responses, T cell activation, and T
cell anergy (signaling by Rho GTPases; Figure 6B) (45). Exam-
ination of genes characteristic of naive, progenitor exhausted,
or terminally exhausted T cells (46) revealed that the concen-
tration of each soluble immune factor was highly correlated with
the expression of genes associated with terminally exhausted T
cells, but not with that of those associated with naive or progen-
itor exhausted phenotypes (Figure 6C and Supplemental Table
4). Consistent with these findings, examination of the relation
between the plasma concentrations of 30 cytokines and those
of sPD-L1, sPD-1, and sCTLA-4 in cohort A revealed that IFN-y
and IFN-y-induced chemokines were strongly or moderately
correlated with the 3 soluble markers (Figure 6D). These data
thus supported the hypothesis that the 3 soluble factors reflect-
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ed the extent of exhaustion of antitumor immunity. Whereas the
plasma concentrations of sPD-L1, sPD-1, and sCTLA-4 were not
correlated with expression of the corresponding genes (CD274,
PDCDI, and CTLA4, respectively) in tumor specimens (Supple-
mental Figure 15, A-C), that of sSPD-L1 was moderately correlated
with the expression of CD274 in whole-blood cells (Supplemen-
tal Figure 15D), suggesting that sPD-L1 might be preferentially
derived from blood cells rather than tumor tissue, possibly as a
result of the induction of peripheral PD-L1 expression by circu-
lating IFN-y (Figure 6D). It is of note that the frequency of PD-1%
CD8* T cells, which are thought to be terminally exhausted (27),
among PBMCs of patients in cohorts B and C (rn = 84) was mod-
erately correlated with plasma sPD-1 concentration (Figure 6E),
indicating that sPD-11is derived in part from terminally exhaust-
ed CD8" T cells.

Discussion
Our results indicate that the plasma concentrations of soluble
checkpoint molecules, especially the combination of sPD-L1
and sCTLA-4, can serve as a complementary predictive factor
in patients with a high level of tPD-L1 expression. The combi-
nation of PD-1/PD-L1 inhibitors and cytotoxic chemotherapy
is currently still recognized as a standard treatment even for
patients with high tPD-L1 expression not subjected to selection
based on a clear prescription biomarker (47). Although further
study is needed to determine the relationship of soluble immune
factors to the efficacy of the combination of chemotherapy and
ICI therapy, these factors might be able to stratify even patients
considered for such treatment. Furthermore, the collection of
tumor tissue in a timely manner can be challenging and may
not accurately reflect the actual circumstances at the time of
analysis. In contrast, liquid biopsy offers a simple and mini-
mally invasive approach, providing a highly informative means
to assess the immune environment in real time. Analysis of the
soluble immune factors examined here has the potential to serve
as an alternative to analysis of tumor tissue for evaluation of the
immune landscape, and examination of the effectiveness of ICIs
in patient subgroups with a tPD-L1 of 2 50% and with low sPD-L1
and sCTLA-4 levels in a future prospective study is warranted.
Recent analysis by single-cell sequencing technology of clin-
ical samples obtained before and after PD-1 blockade has sug-
gested that such treatment boosts the proliferation of progenitor
exhausted CD8* T cells rather than rejuvenating exhausted cells
(34, 35). In other words, an immune status characterized by the
accumulation of overactivated or terminally exhausted T cells is
unfavorable for cancer immunotherapy (25, 28, 33). Markers that
reflect systemic T cell overactivation or terminal exhaustion might
therefore serve as effective biomarkers for unresponsiveness
to PD-1/PD-L1 blockade therapy. Given that PD-1 and CTLA-4
are expressed predominantly on activated or exhausted T cells
(24-27) and that PD-L1 is highly expressed on various cell types
according to immune reactions (15), it is reasonable that sPD-1,
SCTLA-4, and sPD-L1 are associated with responsiveness in
patients with immune-reactive (hot) tumors. The relationship of
these soluble immune factors to activated or exhausted immune
status is consistent with the finding that their circulating levels
are higher in patients with cancer than in people from a healthy
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Figure 4. Soluble immune factors stratify advanced NSCLC patients with a tPD-L1 expression level of > 50% according to responsiveness to PD-1/PD-L1
blockade therapy in the validation cohort (cohort B). (A-C) Pearson correlation analysis of pretreatment plasma concentrations of sPD-L1(A), sPD-1(B), or
sCTLA-4 (C) and tPD-L1 expression level (n = 121 patients). (D-F) Kaplan-Meier curves for PFS of patients with a tPD-L1expression level of > 50% according to high
or low levels of soluble immune factors based on the determined cutoff values. For sPD-L1 (high, n = 30; low, n = 6), median PFS was 16.4 versus 7.4 months for
low and high sPD-L1, respectively (log-rank P = 0.080), with an HR of 0.35 (95% CI, 0.11-1.19) (D). For sPD-1 (high, n = 25; low, n = 11), median PFS was 28.6 versus
6.0 months for low and high sPD-1, respectively (log-rank P = 0.035), with an HR of 0.38 (95% Cl, 0.15-0.97) (E). For sCTLA-4 (high, n = 25; low, n = 11), median PFS
was 28.6 versus 6.0 months for low and high sCTLA-4, respectively (log-rank P = 0.017), with an HR of 0.32 (95% Cl, 0.12-0.86) (F). (G and H) Kaplan-Meier curves
for PFS among patients with a tPD-L1expression level of > 50% (G) or < 50% (H) according to the number of favorable immune factors defined as concentrations
of sCTLA-4 or sPD-L1 below the cutoff values (log-rank P = 0.028 and 0.57, respectively). Median PFS was not reached, 11.0 months, and 5.9 months for2,1,and 0
favorable factors, respectively, in G, and 2.9, 4.7, and 2.7 months, respectively, in H. The HR for 1 (n =11 and 21) versus 0 (n = 22 and 36) was 0.61(35% Cl, 0.26-1.41)
and 0.84 (95% Cl, 0.46-1.54), and that for 2 (n = 3 and 28) versus 0 was 0.03 (35% Cl, 0.00-3.43) and 0.88 (35% Cl, 0.52-1.50), in (G) and (H), respectively.

control group (36). In patients with advanced pancreatic cancer,
the serum concentration of C-reactive protein (CRP), a marker of
systemic inflammation, was found to be positively correlated with
those of sPD-1 and sPD-L1 (48), also supporting our hypothesis.
We previously found that a high frequency of PD-1% CD8*
T cells in the periphery was able to discriminate unresponsive-
ness to PD-1 blockade therapy and that this cell population is
highly exhausted (27). Our observation that the frequency of
PD-1" CD8* T cells in the periphery was moderately correlat-
ed with the plasma concentration of sPD-1 suggests that sPD-1
might be derived in part from peripheral exhausted CD8* T
cells positive for PD-1. With regard to the origin of sPD-L1, its
plasma concentration was significantly correlated with CD274
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expression in whole blood, but was not correlated with CD274
expression in tumor tissue or with tPD-L1 expression, indicat-
ing that sPD-L1 in plasma might be derived predominantly from
blood cells. Although the plasma level of sSCTLA-4 was correlat-
ed with the expression of genes related to exhaustion in periph-
eral CD8* T cells, fewer genes in these cells were significantly
correlated with sCTLA-4 concentration than with sPD-L1 or
sPD-1 concentration. Whereas plasma sCTLA-4 appeared to be
correlated with activated immune status, it was likely derived
from CD4" T cells, including FOXP3* T cells with high CTLA-4
expression (21), rather than from CD8" T cells. Further investi-
gation is necessary to identify where and from which cell popu-
lations these soluble immune factors are derived.
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Figure 5. Soluble immune factors efficiently stratify patients with hot tumors in the Nivolution trial. (A and B) Comparison of pretreatment plasma
concentrations of sPD-L1, sPD-1, or sSCTLA-4 between patients with a DCB or NCB among individuals with hot (A) or cold (B) tumors defined by the number
of CD8* T cells infiltrated into tumor tissue (> 12.0 and < 12.0/field, respectively). DCB, n = 14 and 5; NCB, n = 10 and 18 for hot and cold tumors, respectively.
*P < 0.05; Mann-Whitney U test. (C-E) Kaplan-Meier curves for PFS according to hot or cold tumor status and high or low soluble factor levels based on the
determined cutoff values. For sPD-L1, 2-sided log-rank P = 0.0023 for comparison among the 4 groups, where n = 11 (sPD-L1low) and 13 (sPD-L1 high) among
hot tumors as well as n = 9 (low) and 14 (high) among cold tumors; and median PFS was not reached, 2.2 months, 2.8 months, and 1.9 months, respectively
(C). For sPD-1, 2-sided log-rank P = 0.055; n = 9 (sPD-1low) and 15 (sPD-1 high) among hot tumors as well as n = 12 (low) and 11 (high) among cold tumors; and
median PFS was not reached, 5.6 months, 2.7 months, and 1.5 months, respectively (D). For sSCTLA-4, 2-sided log-rank P = 0.0093; n = 12 (sCTLA-4 low) and
12 (sCTLA-4 high) among hot tumors as well as n = 14 (low) and 9 (high) among cold tumors; and median PFS was not reached, 4.9 months, 2.8 months, and
1.5 months, respectively (E). (F and G) Kaplan-Meier curves for PFS of patients with hot (F) or cold (G) tumors according to the number of favorable immune
factors defined as concentrations of sSCTLA-4 or sPD-L1 below the cutoff values (2-sided log-rank P = 0.0034 and 0.30, respectively). Median PFS was not
reached, 4.3 months, and 4.1 months for 2, 1, and 0 favorable factors, respectively, for hot tumors (F), and was 2.8, 5.7, and 1.5 months, respectively, for cold
tumors (G). The HR for1(n =7 and 5) versus 0 (n = 9 and 9) was 0.85 (95% Cl, 0.29-2.44) and 0.46 (95% Cl, 0.13-1.57), and that for 2 (n = 8 and 9) versus

0 was 0.07 (95% Cl, 0.01-0.55) and 0.58 (95% Cl, 0.21-1.56), for hot and cold tumors, respectively. (H-]) Pearson correlation analysis of tumor burden and
plasma concentrations of sPD-L1 (H), sPD-1 (1), or sSCTLA-4 (J) for hot (red) and cold (blue) tumors. Hot tumors in H show moderate linearity, with an R of 0.59
and P = 0.004. The red shaded area above and below the solid line and bounded by the dotted lines indicates the 95% Cl.
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Figure 6. Analysis of gene expression in peripheral CD8* T cells and cir-
culating cytokine levels. (A) Volcano plots of Pearson correlation (x-axis)
and significance (y-axis) for the expression of individual genes in periph-
eral CD8* T cells as determined by microarray analysis and pretreatment
plasma concentrations of sPD-L1, sPD-1, or sCTLA-4 in cohort B (valida-
tion cohort, n = 40 patients). (B) Enrichment analysis for genes whose
expression was positively correlated with sPD-L1 (447 genes) or sPD-1

(611 genes) levels as shown in A at P values of < 0.001. The plots show
the FDR (g) value (x-axis), adjusted P value (dot size), and gene counts
(color). The number of correlated genes for sCTLA-4 was not sufficient for
enrichment analysis. (C) Heat map of Pearson correlation between soluble
immune factor concentrations and the expression of gene sets character-
istic of naive, progenitor exhausted, or terminally exhausted CD8* T cells
as determined by microarray analysis as in A. (D) Correlation between the
plasma concentrations of 30 cytokines as well as those of sPD-L1, sPD-1,
and sCTLA-4 in 50 patients of cohort A (Nivolution trial). Hierarchical
clustering was performed according to the concentrations of the cytokines
and soluble immune factors. (E) Scatter plots of soluble immune factor
levels and the frequency of PD-1" CD8* T cells in peripheral blood (n = 84
from cohorts B and C). A moderate correlation between sPD-1levels and
the frequency of PD-1" CD8* T cells was apparent, with an R value of 0.51
and P < 0.0007; the gray shaded area above and below the solid line and
bounded by the dotted lines indicates the 95% Cl.

Our HISCL system allows the detection of low concentrations
of soluble immune markers with high sensitivity and reproduc-
ibility (36). The circulating concentration of sCTLA-4 in particu-
lar is relatively low and difficult to detect by conventional ELISA
kits, which has delayed studies of SCTLA-4 as a clinical marker.
Although sPD-1, sPD-L1, and sCTLA-4 have been shown to be
released from cells in a manner dependent on cell activation (7,
12, 19, 21), it remains a challenge to discriminate between the
soluble forms derived from alternative RNA splicing and those
produced by proteolytic shedding from the cell surface (8, 12,
20). The presence of sPD-L1-expressing exosomes in blood was
recently found to be highly related to the efficacy of PD-1 block-
ade therapy (49). Our HISCL system detects various sPD-L1 iso-
forms including one derived from exosomes, but discrimination
among these isoforms remains difficult.

In summary, our data suggest that sPD-1, sPD-L1, and
sCTLA-4 in plasma reflect overactivation or exhaustion status
of antitumor immunity. Although subset analysis in the cur-
rent study is underpowered, and its results should therefore be
interpreted with caution, these soluble immune factors serve as
better biomarkers for PD-1/PD-L1 blockade therapy in patients
with a high tPD-L1 expression or with immune-reactive (hot)
tumors characterized by a high level of CD8* T cell infiltra-
tion in tumor tissue. Indeed, the combination of sPD-L1 and
sCTLA-4wasable tosubstantially stratify patients with advanced
NSCLC with such tumors in our study and to complement the
stratification ability of tPD-L1 expression that is currently in
use. Our precise and reproducible system for measurement of
sPD-L1 and sCTLA-4 in plasma would support the application
of these biomarkers to stratify patients with advanced NSCLC
in clinical practice.

Methods

Sex as a biological variable. In this study, sex was not considered as a
biological variable.
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Study design and patients. The overall design of the study is out-
lined in Figure 1 and details of this section are described in Supplemen-
tal Methods. From December 2015 to September 2016, 50 previously
treated patients with advanced or recurrent NSCLC were prospective-
ly enrolled in a Phase II biomarker-finding trial, Nivolution, that was
conducted at Kindai University Hospital.

For the cohorts B and C, patients with advanced or recurrent
NSCLC receiving antibodies to PD-1 or to PD-L1 were enrolled for a
retrospective study conducted at Kindai University Hospital, Kyoto
University Hospital, and Izumi City General Hospital. Also, for the
cohorts D and E, patients with advanced or recurrent NSCLC receiv-
ing cytotoxic chemotherapy without ICB therapy or TKIs as an initial
therapy, respectively, were retrospectively enrolled at Kindai Univer-
sity Hospital and Kyoto University Hospital.

Data collection. For the Nivolution trial, clinical data were pro-
spectively extracted and evaluated per the protocol. The data cutoff
date was July 2017. For the validation cohort, medical records were
reviewed retrospectively, and data regarding clinicopathologic fea-
tures and treatment history were extracted. PFS was measured from
treatment initiation to clinical or radiographic progression or death
from any cause. Patients without documented clinical or radiograph-
ic disease progression were censored on the date of last followup.
Tumor burden was clinically estimated by calculating baseline tumor
size, which was quantified as the sum of the longest dimensions —
minor axis for lymph node lesions and major axis for non-lymph node
lesions — of all measurable target lesions, as previously described
(44). The target lesions were reviewed on computed tomography or
magnetic resonance imaging scans taken within 42 days before the
start of first-line therapy.

Analysis of soluble immune-checkpoint molecules. Plasma levels of
sPD-1, sPD-L1, and sCTLA-4 were measured with a fully automated
immunoassay system (HISCL, Sysmex Corp.). The assay was con-
ducted as previously described (36), with optimization to accommo-
date new antibodies. Antibodies used included: capture (clone M150-
5, made in-house) and detection antibody (P-Rb-8, made in-house)
for sPD-1; capture (clone 27A2, made in-house) and detection anti-
body (130021, Novus Biologicals) for sPD-L1; and capture (clone
C-Rb-15, made in-house) and detection antibody (BNI3, Tonbo Bio-
sciences) for sCTLA-4.

IHC. Protocol for IHC was conducted as previously described (3,
50). Details are described in Supplemental Methods.

Gene expression analysis by RNA-Seq. Whole-transcriptome anal-
ysis of tumor cells and whole-blood cells in the Nivolution trial was
performed with an AmpliSeq Transcriptome Human Gene Expression
Kit (Thermo Fisher Scientific). Protocols for RNA-Seq are described in
Supplemental Methods.

Flow cytometry. Flow cytometry analysis was conducted as previ-
ously described (27). Details are described in Supplemental Methods.

Microarray analysis of peripheral CD8" T cells and gene enrichment
analysis. Protocols for microarray analysis of peripheral CD8" T cells
are described in Supplemental Methods. Differentially expressed
genes were identified by the linear models for microarray analysis
(limma) package of Bioconductor software (51). Gene enrichment
analysis was performed with genes whose expression correlated with
the plasma concentrations of soluble immune factors at P< 0.001. The
analysis of the selected genes was conducted with the use of Metas-
cape (http://metascape.org/gp/index.html#/main/stepl) (52), with
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the “Express analysis” option. Feature genes representing naive, pro-
genitor exhausted, or terminally exhausted CD8* T cells were obtained
from published data (46), and the correlation of their expression with
the plasma concentrations of soluble immune factors was represented
with a heat map. The heat map was constructed with the ggplot2 pack-
age of R studio (version 2022.2.2.485 with R version 4.2.0).

Cytokine analysis. Protocols for cytokine analysis are described in
Supplemental Methods.

Statistics. Categorical and continuous variables were summa-
rized descriptively as percentage and as median or mean * SD values,
respectively. Differences in continuous variables were assessed with the
Mann-Whitney U test, and those in categorical variables with Fisher’s
exact test. Correlations were examined with the Pearson correlation
test, and the correlation coefficient |r| was evaluated. Differences in PFS
curves constructed by the Kaplan-Meier method were assessed with
the log-rank test, and the Cox proportional hazards regression model
was adopted to determine HRs. CIs are at the 95% level, and statistical
significance is defined as P < 0.05. P values for comparisons between 2
groups are 2 sided. Statistical analysis was performed with SPSS Statis-
tics version 25 (IBM) or GraphPad Prism 7.0 (GraphPad Software).

Study approval. For cohort A (Nivolution trial), the trial protocol
was approved by the IRB at each site, and the trial was performed in
accordance with the provisions of the Declaration of Helsinki and with
International Conference on Harmonization Good Clinical Practice
Guidelines (trial registration number: UMIN000019674). All patients
provided written informed consent before study entry. For the cohorts
B to E, patients at Kyoto University Hospital, Kindai University Hos-
pital, or Izumi City General Hospital were enrolled for a retrospective
study that was conducted according to the Declaration of Helsin-
ki and protocols approved by the IRB of each participating hospital.
Patients provided written informed consent where applicable, or such
informed consent was waived by IRB-approved protocols for aggre-
gate deidentified data analysis.

Data availability. All of the data and methods are presented in the
manuscript or in the Supplemental Materials. All individual values for
figures and tables are shown in the Supplemental Supporting Data Val-
ues file. Microarray data have been deposited under GEO accession
number GSE242860.
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