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Background: Immune checkpoint blockers (ICBs) are now widely used in oncology. Most patients, however, do not
derive benefit from these agents. Therefore, there is a crucial need to identify novel and reliable biomarkers of
resistance to such treatments in order to prescribe potentially toxic and costly treatments only to patients with
expected therapeutic benefits. In the wake of genomics, the study of proteins is now emerging as the new frontier
for understanding real-time human biology.
Patients and methods: We analyzed the proteome of plasma samples, collected before treatment onset, from two
independent prospective cohorts of cancer patients treated with ICB (discovery cohort n ¼ 95, validation cohort
n ¼ 292). We then investigated the correlation between protein plasma levels, clinical benefit rate, progression-free
survival and overall survival by Cox proportional hazards models.
Results: By using an unbiased proteomics approach, we show that, in both discovery and validation cohorts, elevated
baseline serum level of leukemia inhibitory factor (LIF) is associated with a poor clinical outcome in cancer patients
treated with ICB, independently of other prognostic factors. We also demonstrated that the circulating level of LIF is
inversely correlated with the presence of tertiary lymphoid structures in the tumor microenvironment.
Conclusion: This novel clinical dataset brings strong evidence for the role of LIF as a potential suppressor of antitumor
immunity and suggests that targeting LIF or its pathway may represent a promising approach to improve efficacy of
cancer immunotherapy in combination with ICB.
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INTRODUCTION

The discovery of immune inhibitory checkpoints has revo-
lutionized the systemic approach of the treatment of cancer.
Blocking the interaction between the programmed cell
death 1 (PD-1) receptor and its primary ligand programmed
death-ligand 1 (PD-L1) has demonstrated remarkable anti-
cancer activity and has led to the recent approval of anti-
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PD-1/PD-L1 drugs in several solid tumors.1 Most patients
receiving anti-PD-1/PD-L1 monoclonal antibodies (MAbs)
however, do not derive clinical benefit. Therefore, there is a
crucial need to identify reliable predictive biomarkers of
response to anti-PD-1/PD-L1 agents, both to develop pre-
cision medicine in cancer immunotherapy and to better
understand mechanisms of sensitivity and resistance.

PD-L1 expression status as assessed by immunohisto-
chemistry, tumor mutational burden and microsatellite
instability status are so far the sole companion diagnostic
markers approved to guide anti-PD-L1 therapy.2-4 All of
them, and particularly PD-L1 expression however, are
imperfect predictors of response to immune-checkpoint
inhibition as demonstrated by the discordant results re-
ported by multiple studies.2
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While tumor tissue profiling is important for biomarker
discovery, this approach has several limitations including
limited accessibility and temporal and spatial heterogeneity.
Hence, identification of biomarkers that can be readily
evaluable through peripheral blood sampling is crucial to
allow the easiest implementation in routine clinical practice.
To the best of our knowledge, we report here the first large
analysis, including discovery and validation cohorts, of
plasma proteome from cancer patients treated with im-
mune checkpoint blockers (ICBs).

METHODS

Patients

This study was based on the analysis of two prospective
cohorts of advanced cancer patients treated with ICB at
Gustave Roussy (Villejuif, France) (Discovery: MATCH-R,5

NCT02517892; validation cohort: PREMIS, NCT03984318)
(Figure 1). The inclusion criteria were age �18 years, his-
tologically proven malignant tumor, unresectable and/or
metastatic disease, at least one tumor evaluation by im-
aging after immunotherapy onset, and, for the MATCH-R
study, availability of paraffin-embedded tumor material
obtained before immunotherapy onset. Patients treated
with combinations of ICB and chemotherapy were excluded
from the analysis. Institutional ethics review board approval
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Figure 1. Flow chart depicting the identification strategy of a biomarker associated
assessment in an additional validation cohort.
Pre-treatment (Pre-Tx) plasma samples and matched tumor biopsies were collected b
for patient details). Plasma samples (n ¼ 95 patients) were processed for a compreh
Tumor biopsies were exploited for (i) RNA-sequencing for tumor immune gene express
tumor PD-L1 expression (TPS score), CD8 T-cells density and the presence of tertiary l
association with clinical data including clinical outcome. Durable clinical benefit (DCB) w
disease with a progression free survival (PFS) >12 months. Non-durable benefit (NDB)
PFS �12 months. The best selected biomarker was investigated in an independent valid
blockade antibodies.
PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; TLS, ter

1382 https://doi.org/10.1016/j.annonc.2021.08.1748
and patient informed consents were obtained for both
studies.

Treatments and evaluation

All patients were treated either with anti-PD-L1 mono-
therapies or anti-PD-L1 based combination therapies. Pa-
tients were treated by immunotherapy either within clinical
trials, or in the context of European Medicines Agency-
approved indications, or within early access programs. The
best response to treatment was evaluated according to
Response Evaluation Criteria in Solid Tumors (RECIST)6 or
iRECIST depending on the protocol in which patients were
treated. Routine follow-up and treatment beyond progres-
sion therapeutic options were similar within the two co-
horts. Durable clinical benefit (DCB) was defined as the
proportion of patients achieving objective response or sta-
ble disease lasting �12 months. Progression-free survival
(PFS) was defined as the time from the start of treatment
until disease progression, death, or last patient contact.
Overall survival (OS) was defined as the time from the start
of treatment until death or last patient contact.

Plasma proteome analysis

Proteome analysis has been carried out as previously
described7 thanks to the Olink Proximity Extension Assay
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to resistance to anti-PD-L1 immunotherapy within a discovery cohort and its

efore anti-PD-1/PD-L1 antibodies-based treatment in cancer patients (see Table 1
ensive proteomic analysis allowing the simultaneous detection of 1463 proteins.
ion profile (n ¼ 52 patients) and for (ii) immunohistochemistry in order to assess
ymphoid structures (n ¼ 59 patients). Computed data were then tested for their
as considered for patients deriving complete or partial response but also a stable
was considered for patients with a progressive disease or a stable disease with a
ation cohort of 292 patients (see Table 1 for patients’ details) receiving PD1/PDL1

tiary lymphoid structures; TPS, tumor proportion score.
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(PEA) (Olink Proteomics AB, Uppsala, Sweden). In brief,
pairs of oligonucleotide-labeled antibody probes bind to
their targeted protein, and if the two probes are brought in
proximity the oligonucleotides will hybridize in a pair-wise
manner. The addition of a DNA polymerase leads to a
proximity-dependent DNA polymerization event, generating
a unique target sequence analyzed through either Next
Generation Sequencing or Real-Time PCR.

Analysis of baseline samples from the discovery cohort has
been carried out using the Olink® Explore 1536 library con-
sisting of 1472 proteins and 48 controls assays divided into
four 384-plex panels focused on inflammation, oncology,
cardiometabolic and neurology proteins. Sequencing was
carried out on a NovaSeq 6000 system using two S1 flow
cells with 2 � 50 base read lengths. Counts of known se-
quences are thereafter translated into normalized protein
expression (NPX) units through a quality control and
normalization process developed and provided by Olink.

Plasma samples from the validation cohort were assessed
using the Olink® Target 96 Inflammation panel (Olink Prote-
omics AB, Uppsala, Sweden) according to the manufacturer’s
instructions.8 In that case, the resulting DNA sequence was
subsequently detected and quantified using a microfluidic
real-time PCR instrument (Biomark HD, Fluidigm).

Data were quality controlled and normalized using an
internal extension control and an inter-plate control, to
adjust for intra- and inter-run variation. The final assay read-
out is presented in NPX values, which is an arbitrary unit on
a log2-scale where a high value corresponds to a higher
protein expression. All assay validation data (detection
limits, intra- and inter-assay precision data, etc.) are avail-
able on manufacturer’s website (www.olink.com).

Immunohistochemistry stainings

All staining were carried out on 3.5 mm paraffin slides using
a Ventana Discovery Ultra platform (Ventana, Roche Di-
agnostics, Meylan, France). Double immunohistochemistry
was carried out on all cases with (i) CD3 (2GV6, Ventana)
combined with CD20 (L26, Ventana) and (ii) CD8 (C8/144B,
Dako) combined to PD-L1 (QR1, Diagomics). Stainings were
carried out with the protocol RUO discovery universal ac-
cording to the manufacturer’s recommendations with the
detection kits OmniMap anti-Rb HRP (760-4311, Ventana)
and OmniMap anti-Ms HRP (760-4310, Ventana).

Tumor TLS assessment

All cases were reviewed blindly by a pathologist for the
presence of tertiary lymphocyte structures (TLS) according to
the hematoxylin eosin saffron (HES) and the multiplexed
immunohistochemistry on serial sections as previously
described.9 TLS were defined as lymphoid aggregates of B
lymphocytes (admixed with a variable proportion of plasma
cells and T lymphocytes in most cases). Only TLS made up of
>50 cells and located either among the tumor cells or at the
invasive margin (defined as fibrous tissue distant of <1 mm
from tumor cells) were considered. When the TLS status was
assessed on lymphoid organs (namely lymph nodes, spleen,
Volume 32 - Issue 11 - 2021
tonsils), TLS were only taken into account when admixed to
tumor cells and if distant from the residual parenchyma, to
exclude pre-existing lymphoid follicles.
Tumor PD-L1 scoring

For all tumors, the PD-L1 status was determined with tumor
proportion score (TPS) following guidelines. Only viable
tumor cells displaying partial or complete staining for PD-L1
membrane expression were considered relative to the total
number of tumor cells. Positive immune cells and neoplastic
cells showing only cytoplasmic staining were excluded.10

Semi-automated and quantitative analysis of T-cell
infiltrate

Density of CD8þ T cells within the tumor lesion was ob-
tained by image analysis after digitization of slides on a
multispectral slide-imaging platform (Vectra Polaris, Akoya
Bioscience). Using Inform software (Akoya Bioscience,
version 2.4.1), tissue segmentation and cell phenotyping
were carried out and allowed for CD8þ T cells detection
within the tumor lesion previously annotated by an expert
pathologist. Combining CD8þ T cell detection and calcula-
tion of the tumor lesion surface, density of CD8þ lym-
phocytes was obtained for each sample.
RNAseq analysis

RNA sequencing was carried out as previously described.11

Reads were aligned to the hg38 human genome assembly
using Rsubread (version 2.2.6) without prior trimming.12

Counts were then summarized at the gene level using Fea-
tureCounts and normalized using Deseq2. Relative abundance
of immune cell types was estimated using the Con-
censusTME13 on the CIBERSORT14 and Bindea15 gene sets.

Statistical analysis

The cut-off date for statistical analysis of baseline de-
mographic data and clinical outcome was 30 November
2020. Descriptive statistics were used to describe the dis-
tribution of variables in the population. Survival rates were
estimated using the KaplaneMeier method. Differences
between groups were evaluated by chi-square test or
Fisher’s exact test for categorical variables and Student’s t-
test for continuous variables. Receiver operating charac-
teristic (ROC) curve analysis was carried out using the ROCit
R package. Prognostic factors were planned to be identified
by univariate and multivariate analyses using a Cox
regression model. Variables tested in univariate analysis
included age, sex, tumor type, number of metastatic sites,
presence of liver metastasis, performance status (PS),
number of previous lines of treatment, and LIF plasma
levels. Variables associated with PFS and OS with a P-value
<0.05 in the univariate analysis were planned to be
included in the multivariate analysis. Analyses were carried
out using SPSS 20.0 statistical software (IPSS Inc., Chicago,
IL). All statistical tests were two-sided, and P < 0.05 indi-
cated statistical significance.
https://doi.org/10.1016/j.annonc.2021.08.1748 1383
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Table 1. Patient characteristics

Discovery cohort (n [ 95)

Age, years, median (range) 63 (34-91)
Sex n %
Male 61 64.2
Female 34 35.8

Tumor type
Non-small-cell lung cancer 71 74.7
Bladder cancer 13 13.7
Othersa 11 11.6

Performance status
�1 78 82.1
>1 17 17.9

Stage IV cancer 95 100
Treatment
Anti-PD-1 66 69.5
Anti-PD-L1 22 23.1
PD-1 or anti-PD-L1 þ another
immune checkpoint

7 7.4

Validation cohort (n [ 292)

Age, years, median (range) 61 (25-97)
Sex n %
Male 173 59.2
Female 119 40.8

Tumor type
Non-small-cell lung cancer 107 36.6
Melanoma 24 8.2
Soft-tissue sarcoma 22 7.5
Kidney 19 6.5
Bladder 15 5.1
Othersb 105 36.0

Performance status
�1 244 83.6
>1 48 16.4

Previous lines of treatment
�1 100 34.2
>1 192 65.8

Treatment
Anti-PD-1 160 54.8
Anti-PD-L1 101 34.6
Combination of immune checkpoint 31 10.6

PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1.
a Prostate carcinoma, biliary tract cancer, thyroid cancer, prostate carcinoma,
uterine carcinoma.
b cervix carcinoma, colorectal cancer, gastric cancer, head and neck cancer, renal
cancer, soft-tissue sarcoma, triple negative breast carcinoma.
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RESULTS

Unbiased proteomic analysis identifies baseline serum
level of LIF is associated with poor clinical outcome in
cancer patients treated with immune-checkpoint blockers

To detect potential peripheral biomarkers of efficacy of ICB,
we implemented a proteomics analysis based on the PEA
technology and the use of Olink® Explore 1536 panel7 (1472
proteins and 48 controls) on plasma samples, collected
before anti-PD(L)1-based immunotherapy onset, from 95
patients enrolled prospectively in the MATCH-R study
(NCT02517892, discovery cohort) - patient’s characteristics
are described in Table 1. Proteomic analysis allowed for the
detection and quantification of 1463 unique proteins in all
plasma samples. We then explored the correlation for each
marker eclassified as high and low according to their
respective median value e with PFS. Among several cyto-
kines (Supplementary Figure S1, available at https://doi.
org/10.1016/j.annonc.2021.08.1748) already known to be
associated with clinical outcome in cancer patients treated
with immunotherapy such as IL6, CXCL8 (IL8) or CXCL1
(Supplementary Figure S1, available at https://doi.org/10.
1016/j.annonc.2021.08.1748),16,17 LIF was the most signifi-
cantly associated with outcome (Figure 2A). The median
follow-up was 26.4 months. The median PFS of LIFlow pa-
tients was 7.4 months (95% CI 2.9‒11.9 months) versus 1.7
months (95% CI 1.3‒2.1 months) in the LIFhigh group, P <
0.0001 (Figure 2B). The 6-month, 1-year, and 2-year PFS rates
were 55.9%, 41.5%, and 16.2% in LIFlow group and 17%, 6.4%
and 0% in the LIFhigh group, respectively. At the time of
analysis, 69 patients (72.6%) had died and 26 (27.4%) were
still alive. The median overall survival (OS) was 21.7 months
(95% CI 12‒31.4 months) in the LIFlow group versus 4.3
months (95% CI 3.4‒5.1 months) in the LIFhigh group, P <
0.0001 (Figure 2B). The 6-month, 1-year, and 2-year OS rates
were 81.1%, 67.8%, and 47.2% in the LIFlow group and 40.4%,
29%, and 10.6% in the LIFhigh group, respectively. Overall, LIF
plasma levels were significantly lower in patients with DCB in
comparison with other patients (Figure 2C). Indeed, in pa-
tients classified as plasma LIFhigh, the DCB rate was 6.4%
versus 41.7% in LIFlow patients (NPX value below the me-
dian), P < 0.0001 (Figure 2D). Also, to analyze the perfor-
mance of baseline LIF level to predict the clinical benefit, we
carried out a univariate time-dependent receiver operating
characteristics (ROC) curve analysis and found an area under
curve (AUC) at 0.735 thus confirming its strong predictive
value (Supplementary Figure S2, available at https://doi.
org/10.1016/j.annonc.2021.08.1748).
LIF predicts outcome in cancer patients treated with
immune-checkpoint blockers independently of PD-L1
expression status

We then carried out an exploratory analysis investigating
association of LIF level with clinical outcome according to
PD-L1 expression score (Figure 3A) and CD8þ T-cell infil-
tration density (Figure 3D) - as assessed by multiplexed
immunohistochemistry - in a sub-cohort of 59 patients with
1384 https://doi.org/10.1016/j.annonc.2021.08.1748
available matched-tumor tissue. The PD-L1 TPS was �1% in
20 patients (33.9%) and <1% in 39 patients (66.1%). Pe-
ripheral level of LIF was similar in patients with PD-L1-
positive and negative tumors (Figure 3B). The proportion
of PD-L1-positive tumors was similar among tumors with a
high level (46.1%) and a low level of circulating LIF (55%)
(data not shown). Regardless of the PD-L1 expression sta-
tus, and despite the limited size of the sub-cohort, we
observed that patients with tumors characterized by a low
level of circulating LIF had better outcome. Indeed, among
patients with a PD-L1 TPS <1%, the median PFS was 7
months (95% CI 2.8‒11.1 months) in the LIFlow group versus
1.5 months (95% CI 0.9‒2 months) in the LIFhigh group;
overall logerank test P ¼ 0.001 (PFS). Among patients with
a PD-L1 TPS �1%, the median PFS was 6.3 months (95% CI
0‒13.5) in the LIFlow group versus 2.2 months (95% CI 0.6‒
3.7) in the LIFhigh group, overall logerank test P ¼ 0.106
(PFS) (Figure 3C).
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https://doi.org/10.1016/j.annonc.2021.08.1748
https://doi.org/10.1016/j.annonc.2021.08.1748
https://doi.org/10.1016/j.annonc.2021.08.1748
https://doi.org/10.1016/j.annonc.2021.08.1748
https://doi.org/10.1016/j.annonc.2021.08.1748
https://doi.org/10.1016/j.annonc.2021.08.1748
https://doi.org/10.1016/j.annonc.2021.08.1748
https://doi.org/10.1016/j.annonc.2021.08.1748
https://doi.org/10.1016/j.annonc.2021.08.1748
https://doi.org/10.1016/j.annonc.2021.08.1748
https://doi.org/10.1016/j.annonc.2021.08.1748
https://doi.org/10.1016/j.annonc.2021.08.1748
https://doi.org/10.1016/j.annonc.2021.08.1748
https://doi.org/10.1016/j.annonc.2021.08.1748
https://doi.org/10.1016/j.annonc.2021.08.1748


–8 –6 –4 –2 0 2 4 6 8
101

100

10–1

10–2

10–3

10–4

10–5

10–6

10–7A B

C D

Delta median PFS between
high and low (months)

P
F

S
 lo

g 
ra

nk
 P

 v
al

ue

LIF

NDB DCB
–4

–2

0

2

4

6

8

LI
F

 p
la

sm
a 

le
ve

l (
N

P
X

)

P = 0.0006

0

20

40

60

80

100

P
at

ie
nt

s 
(%

)

DCB
NDB

P < 0.0001

P value ≤ 0.001

Hazard ratio 0.36 (95% CI 0.22-0.6)

0

25

50

75

100

0 10 20 30 40 50

O
ve

ra
ll 

su
rv

iv
al

 (
%

)

P
F

S
 (

%
)

LIFhigh

LIFlow

47 (0) 4 (43) 0 (47) 0 (47) 0 (47) 0 (47)

48 (0) 18 (26) 6 (35) 1 (37) 1 (37) 1 (37)

Time (months)

0 10 20 30 40 50

Time (months)

P value ≤ 0.001

Hazard ratio 0.31 (95% CI 0.19-0.5)

LIFhigh

LIFlow

0

25

50

75

100

0 10 20 30 40 50

Time (months)

47 (0) 12 (33) 5 (39) 3 (40) 0 (40) 0 (40)

48 (0) 32 (13) 19 (21) 5 (26) 1 (29) 1 (29)

Time (months)

0 10 20 30 40 50

LI
F

lo
w

LI
F

hi
gh

Figure 2. Baseline plasmatic LIF level predicts response to PD-1/PD-L1 axis blockade.
(A) Display of the logrank P-values for progression-free survival (PFS) (y axis) and of the delta median PFS (x axis) associated with each plasmatic marker. Median value of
each plasmatic marker was used to categorize patients with high or low status. Each dot represents one marker. (B) Kaplan-Meier curves of PFS (left) and overall survival
(right) according to baseline plasmatic LIF levels. (C) Quantification of baseline plasmatic LIF in NDB (n ¼ 72) and DCB (n ¼ 23) patients. P value was calculated using
Wilcoxon Rank sum test. (D) Proportion of patients who experienced DCB or NCB according to their baseline plasmatic level of LIF classified as high (above median value)
and low (below median value).
DCB, durable clinical benefit; LIF, leukemia inhibitory factor; NDB, non-durable benefit; NPX, normalized protein expression; PD-1, programmed cell death protein 1; PD-
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We then quantified the density of CD8þ T cells within
the tumor lesion and considered highly infiltrated tumor
when density was above the threshold value of 262.7/mm2

(corresponding to the 75th percentile). Interestingly, CD8-
infiltrated tumors were characterized by a lower level of
peripheral LIF (Figure 3E, P ¼ 0.02). Also, whatever the CD8
infiltration density of the tumor, circulating LIF level was
significantly associated with an improved PFS in the low
CD8þ T-cell density group (P ¼ 0.016), and a trend was
observed in the high CD8þ T-cell density subgroup (P ¼
0.062) (Figure 3F). The lack of statistical significance in the
high CD8þ T-cell density subgroup may be related to the
low sample size.
LIF serum levels are associated with specific tumor
microenvironment features and the presence of TLS

We then investigated whether circulating LIF level was
correlated with the intratumor immune landscape through
RNAseq expression data deconvolution with Bindea
(Figure 4A) or CIBERSORT (Supplementary Figure S3, avail-
able at https://doi.org/10.1016/j.annonc.2021.08.1748) al-
gorithms. A significant inverse correlation between LIF and
Volume 32 - Issue 11 - 2021
B cells (Figure 4A and B) as well as with follicular helper T
cells (Figure 4A) was observed. These two cell types are
major components of the so called TLSs,17 and we therefore
decided to assess the presence of TLS in tumor samples by
using multiplexed-immunohistochemistry (Figure 4C) as
previously described.9 We observed the presence of TLS in
22 cases (37.3%). The proportion of TLS positive cases was
significantly higher in the LIFlow group than in the LIFhigh

group; 50% versus 24.1%, P ¼ 0.04 (Figure 4D).
Baseline serum levels of LIF predict outcome independently
of other prognostic factors in a validation cohort of cancer
patients treated with immune-checkpoint blockers

To confirm the robustness of the predictive value of
peripheral LIF level, plasma samples collected from 292
patients enrolled in the PREMIS study (NCT03984318) e
serving as a validation cohort e cytokines, including LIF,
were measured using the Olink Target 96 inflammation
panel. This assay relies on a qPCR readout which was found
to be highly similar and correlated with the Olink® Explore
1536 panel.18 We found improved objective response rate
(32.2% versus 16.4%, P ¼ 0.002), DCB rate (34.2% versus
https://doi.org/10.1016/j.annonc.2021.08.1748 1385
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Figure 3. LIF is a predictive biomarker independently from PD-L1 expression status and tumoral CD8 infiltration level.
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17.8%, P ¼ 0.001) (Figure 5C), PFS (5.1 versus 2.6 months,
P < 0.0001) (Figure 5A), and OS (not reached versus 8.5
months, P < 0.001) (Figure 5B), in the LIFlow group
compared with the LIFhigh group. AUC of the ROC curve
analysis was evaluated at 0.622 (Supplementary Figure S4,
available at https://doi.org/10.1016/j.annonc.2021.08.1748)
thus confirming the predictive value of LIF in an indepen-
dent validation cohort. On multivariate analysis, LIF plasma
levels remained independently associated with both PFS
and OS (Table 2).

To confirm that our results were representative of all
cancer types, we carried out one additional analysis by
stratifying patients included in the PREMIS study according
to tumor type: non-small-cell lung cancer (NSCLC) or non-
NSCLC cases. We observed in each stratum significantly
higher objective response rate, DCB rate, PFS and OS indi-
cating that the predictive value of circulating LIF level was
not solely driven by the NSCLC histology (Supplementary
Figure S5A and B, available at https://doi.org/10.1016/j.
annonc.2021.08.1748)
1386 https://doi.org/10.1016/j.annonc.2021.08.1748
DISCUSSION

In the wake of genomics, the study of proteins is now
emerging as the new frontier for understanding real-time
human biology. Protein biomarker discovery enables iden-
tification of signatures with pathophysiological importance,
bridging the gap between genomes and phenotypes. This
type of data may have a deep impact on improving future
healthcare, particularly with regard to precision medicine,
but progress has been hampered by the lack of technologies
that can provide reliable specificity, high throughput, good
precision, and high sensitivity. Here, we used a PEA tech-
nology, a unique method where each biomarker is
addressed by a matched pair of antibodies, coupled to
unique, partially complementary oligonucleotides, and
measured by next generation sequencing.7 This enables a
high level of multiplexing while maintaining high-level data
quality. To the best of our knowledge, we report here the
largest study implementing a comprehensive analysis of the
plasma proteome to identify predictive biomarker of
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efficacy in cancer patients treated with ICB. In comparison
with traditional biomarkers such as PD-L1 expression status,
circulating biomarkers offer a promising alternative to
address the pitfalls associated with analysis of tumor tissue
such as temporal and spatial tumor heterogeneity.

Thanks to a robust methodology, we were able to iden-
tify, starting from a discovery cohort, LIF as a predictive
factor of objective response rate, PFS and OS in cancer
patients treated with ICB. To strengthen this finding, these
results have been validated using samples from an inde-
pendent and large validation cohort. In addition, analysis of
the lung adenocarcinoma cohort of The Cancer Genome
Atlas database (Broad GDAC 28 January 2016) demon-
strated that LIF was not associated with prognosis of lung
Volume 32 - Issue 11 - 2021
cancer patients thus highlighting its specific predictive
value for patients treated with anti-PD-L1-based ICB (data
not shown).

LIF is a pleiotropic cytokine involved in many physiological
and pathological processes (reviewed in19) and is highly
expressed in a subset of tumors across multiple tumor types
where it has been shown to be associated with poor prog-
nosis. As recently shown by single-cell studies, LIF is mainly
expressed by tumor cells.20 The mechanisms involving this
cytokine in cancer progression, however, are not well un-
derstood. One of the first demonstrations of the role of LIF in
immunity was reported by Gao et al. showing that LIF pro-
motes self-tolerance by stimulating the Treg differentiation
and inhibiting T helper type 17 cell differentiation.21
https://doi.org/10.1016/j.annonc.2021.08.1748 1387
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Moreover, LIF favors the acquisition of an M2 phenotype by
macrophages and the recruitment of myeloid-derived sup-
pressor cells into the tumor microenvironment,22,23 all these
mechanisms participating in the anti-tumor immune evasion.
LIF has also been shown to regulate the maturation of
dendritic cells (DCs), leading to the development of tolero-
genic DCs, which contribute to an immunosuppressive
microenvironment.24 Interestingly, LIF neutralization was
associated with strong inhibition of tumor growth in several
Table 2. Multivariate analysis for progression-free survival and overall
survival

Progression-free survival

Independent variables Hazard ratio (95% CI) P value

ECOG code �1 0.43 (0.29-0.65) <0.001
�2 1

Liver metastasis Yes 1 0.042
No 0.67 (0.46-0.98)

Previous lines of treatment, n �1 0.61 (0.44-0.86) 0.004
�2 1

LIF plasma levels High 1.51 (1.1-2.1) 0.013
Low 1

Overall survival

Independent variables Hazard ratio (95% CI) P value

ECOG code �1 0.21 (0.13-0.35) <0.001
�2 1

Liver metastasis Yes 1 0.008
No 0.54 (0.34-0.85)

Previous lines of treatment, n �1 0.61 (0.40-0.94) 0.027
�2 1

LIF plasma levels High 1.78 (1.14-2.77) 0.01
Low 1

CI, confidence interval; ECOG, Eastern Cooperative Oncology Group; LIF, leukemia
inhibitory factor.

1388 https://doi.org/10.1016/j.annonc.2021.08.1748
preclinical models.25,26 A recent study has also shown that
LIF blockade is associated with an increased production of
CXCL9 by macrophages and a concomitant decrease in
CD206, CD163 and CCL2.26 In our study, while baseline
plasma LIF was associated with an intratumoral expression of
LIF, no correlation was found for either CCL2, CD206 or
CXCL9 (Supplementary Figure S6, available at https://doi.
org/10.1016/j.annonc.2021.08.1748) e the same results
were observed by analyzing LIF gene expression in tumor
samples (data not shown). In addition, we highlighted that
plasma LIF was positively associated with circulating IL6 and
CCL2 (Supplementary Figure S7, available at https://doi.
org/10.1016/j.annonc.2021.08.1748).

We therefore assessed whether the peripheral level of
LIF was associated with specific tumor microenvironment
features. By using both transcriptomic and multiplexed-IHC
analysis, we found that low levels of LIF were strongly
associated with the presence of follicular helper T (Tfh) and
B cells in the context of TLS. TLS can be likened to micro-
secondary lymphoid organs. TLS have been identified in
several solid tumor types and are associated with better
survival when present in the tumor microenvironment.18,27-29

Higher densities of TLS were associated with an increased
density of tumor-infiltrating CD8þ T lymphocytes30,31 and
with an activated and cytotoxic immune signature.29 We
have recently reported that the presence of TLS is highly
predictive of improved outcomes in cancer patients treated
with immune checkpoint inhibitors.11 Preclinical data have
suggested that LIF blockade promotes CD8þ T cell infiltration
in several tumors models.26 In our study, we bring, for the
first time, evidence suggesting that low level of LIF is asso-
ciated with the presence of TLS, which could in turn favor
Volume 32 - Issue 11 - 2021
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antitumor T-cell immunity induction. The combination of anti-
LIF and anti-PD-1 antibodies has also been shown to be
synergistic in preclinical tumor models.26

Recently, the results of a phase I study investigating the
safety and efficacy of MSC-1, a first-in-class humanized IgG1
MAb that potently and selectively inhibits LIF, have been
reported.32 Eligible patients had advanced relapsed/re-
fractory solid tumors and received treatment with MSC-1
intravenously (75 mg-1500mg) once every 3 weeks as a
single agent until disease progression. Single agent MSC-1
was well tolerated with no dose limiting toxicities
observed during the first cycle of treatment. Preliminary
signs of activity were observed with disease stabilization in
9 patients out of 41. Interestingly, analysis of paired bi-
opsies (before treatment onset and on treatment) showed
increased CD8 T-cell infiltration in a subset of samples.

Our results indicate that LIF could represent a key factor
in resistance to cancer immunotherapy and thus suggest
that targeting LIF axis may represent a promising approach
to improve efficacy of ICB in cancer patients, and particu-
larly in patients characterized by a high plasma level of LIF.
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