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Abstract

Background Exosomal PD-L1 (exoPD-L1) could induce immunosuppression functionally, thus impairing patients’ survival
in melanoma, NSCLC, and gastric cancer. However, no evidence demonstrates the feasibility of circulating exoPD-L1 and
soluble PD-L1 (sPD-L1) as biomarkers for prognosis and early recurrence in colorectal liver metastasis (CRLM) patients
following hepatectomy or their association with T cell infiltration at liver metastases.

Methods In cohort 1, exoPD-L1 and sPD-L1 were preoperatively tested using ELISA. CD3, CD8, granzyme B (GB) and
PD1 expressed at liver metastases were evaluated using immunohistochemistry. In cohort 2, exoPD-L1 and sPD-L1 were
detected at baseline, before hepatectomy, after hepatectomy, and after disease progression.

Results In cohort 1, higher preoperative exoPD-L1 or sPD-L1 significantly impaired RFS (exoPD-L1, P = 0.0043; sPD-L1,
P =0.0041) and OS (exoPD-L1, P = 0.0034; sPD-L1, P = 0.0061). Furthermore, preoperative exoPD-L1 was negatively
correlated with CD3 + T-lymphocytes infiltrated at tumor center (CT), and GB and PD1 were expressed at tumor invasive
margin (IM). Preoperative sPD-L1 was negatively correlated with CD3 + and CDS8 + T-lymphocytes’ infiltration at IM and
CT, GB and PD1 expression at IM. In cohort 2, exoPD-L1 and sPD-L1 levels decreased following hepatectomy but increased
when tumor progressed. Moreover, higher postoperative exoPD-L1 and sPD-L1 or a small reduction in exoPD-L1 and sPD-
L1 levels after hepatectomy suggested higher early recurrence rate.

Conclusions Both preoperative exoPD-L.1 and sPD-L1 had promising prognostic values and were associated with T cell
infiltration at liver metastases in CRLM patients following hepatectomy. Dynamically tracking exoPD-L1 and sPD-L1 levels
could monitor disease status and detect early recurrence.
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Introduction strategy of acquiring long-term survival for colorectal can-

cer patients with only liver metastases (CRLM), with overall

Colorectal cancer is the third most common malignancy
and the second leading cause of cancer-related death in the
world [1]. Approximately 50% of CRC patients will develop
liver metastases during the course of their disease [2]. Liver
metastasectomy remains the most important treatment
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survival rates of 40% and 25% at 5 and 10 years, respectively
[3]. Nevertheless, not all patients could benefit from hepatic
metastasectomy with as much as 60% of patients suffering
from recurrence, of which half are early relapses that sub-
sequently greatly impair the overall survival rates [4]. Vari-
ous scoring systems utilizing clinical variables have been
proposed to predict the postoperative prognosis of CRLM
patients, among which Fong et al.’s clinical risk score (CRS)
system is the most commonly used [5]. However, the sur-
vival rate may differ even among patients with the same
CRS score, which warrants finding more precise predictive
biomarkers able to detect early recurrence and assist in clini-
cal decision making.
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The immune microenvironment plays an important role in
the occurrence and progression of CRLM. Previously, both
Mlecnik et al.’s and our team’s results have demonstrated
that the immune score system, which is based on the densi-
ties of CD3 +and CD8 + immune cells in the center tumor
(CT) and invasive margin (IM) regions in liver metastasis
sites, can predict the prognosis after surgical resection [6, 7].
CRLM patients with a high immune score have prolonged
overall survival than those with a low immune score [6].
Nonetheless, the immune score evaluation of liver metasta-
ses is only known after immunohistochemistry examination
of a liver resection specimen, thus limiting the possibili-
ties of pre-surgical decision. Moreover, the mechanisms of
immune changes in patients with CRLM remain unclear.

Programmed death 1 ligand 1 (PD-L1) is widely
expressed on various cell types, mainly in tumor cells,
monocytes, macrophages, natural killer cells, dendritic cells,
and activated T cells [8]. PD-L1 can interact with its recep-
tor programmed cell death protein 1 (PD-1), transmitting
a negative signal to control a series of processes of T cell-
mediated cellular immune responses [9, 10]. Studies have
reported that both tumor cells and immunocytes can release
extracellular or soluble PD-L1 (sPD-L1) to peripheral cir-
culation [11]. In human blood, there are three main forms of
sPD-L1, including exosomal PD-L1 (exoPD-L1), microvesi-
cles, and freely soluble forms of PD-L1, which include
secreted variants or cleaved forms [9, 12, 13]. Exosomes
are 30-150 nm biologically active lipid-bilayer nanovesicles
secreted by various cell types composed of nucleic acids,
lipids as well as proteins [14]. Microvesicles are larger vesi-
cles (about 100-1000 nm), which are formed by budding
directly from the plasma membrane [9]. Recently, emerging
evidence has shown that the exosomes can carry PD-L1 in
the same membrane topology as the cell surface and can
contribute to suppress the anti-tumor immune response
[15]. It has been proven that exosomes play a critical role
in the formation of the tumor immune microenvironment
[16]. Previous studies found that exoPD-L1 could be used
as a prognostic biomarker in melanoma, non-small cell lung
cancer (NSCLC), and gastric cancer [17-19]. However, the
relationship between exoPD-L1 and T cell infiltration in
liver metastasis and patients’ prognosis in CRLM has not
been reported yet.

Our study aims to elucidate whether exoPD-L1 and sPD-
L1 correlate with T lymphocyte infiltration in liver metas-
tases as well as to bring forward their use as not only potent
prognosis biomarkers but also as follow-up biomarkers for
monitoring disease status and predicting early recurrence in
CRLM patients.
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Method
Patient selection and follow-up

Patients pathologically diagnosed with CRLM at Sun Yat-
sen University Cancer Center from January 1, 2005, to
August 30, 2019, were enrolled in this study. The eligibil-
ity criteria were as follows: 1. pathologically confirmed
CRLM; 2. underwent resection of the primary tumor
and liver metastases; 3. no extra-hepatic metastases; 4.
without other types of cancer. Treatment plans of CRLM
patients were decided by the oncologists in our institution.
In general, for CRLM patients who were initially resect-
able and with a low risk of recurrence (CRS 0-2), surgery
of metastasis and/or primary sites was recommended; for
CRLM patients who were initially unresectable or techni-
cally resectable but with over five metastasis lesions or a
high risk of recurrence (CRS 3-5), preoperative chemo-
therapy would be considered. During the chemotherapy,
the multidisciplinary team (MDT) would discuss the
necessity and feasibility of surgery. After surgery, postop-
erative chemotherapy was recommended routinely. After
3-4 weeks of hepatectomy, patients would start postopera-
tive surveillance every three months in the first 2 years and
then every 6—12 months for up to a total of 5 years. After
5 years, the patients were followed up once a year. Cohort
1 consisted of patients who underwent curative hepatic
resection, blood samples were collected within a month
prior to hepatectomy, and post-surgery liver specimens
were accessible. Cohort 2 consisted of blood samples col-
lected at the beginning of treatment or within a month
prior to hepatectomy or following hepatectomy or after
disease progression. We followed the patients up to April
30, 2020, by contacting the patients or informed relatives.

Exosomes and microvesicles extraction

A total of 200 pl plasma samples were collected from each
CRLM patient for exosomes isolation using ExoQuick™
Exosome Precipitation Solution (SBI, USA) according to the
manufacturer’s instructions. Briefly, plasma samples were
centrifuged at 2,000 X g for 30 min to remove cells and
debris. Then, plasma samples were thawed, and thrombin
was added at room temperature for 5 min following centri-
fuging at 10,000 rpm for 5 min to collect clear plasma. The
supernatant was then centrifuged at 16,500 X g for 30 min
to obtain microvesicles [20]. 50.4 pl exosome precipitation
solution reagent was then added, and the mixture was incu-
bated at 4 °C for 30 min and further centrifuged at 1500 X g
for 30 min to obtain the exosomes. Afterward, the superna-
tant was collected to detect free-form sPD-L1 expression.
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Exosome and microvesicle identification

We used Western blotting to test the expression of exosomal
markers [CD9 (1: 1000, Proteintech, USA), CD63 (1: 1000,
Proteintech, USA), TSG101 (1: 1000, Proteintech, USA)]
and microvesicular markers [CD63 (1: 1000, Proteintech,
USA), TSG101 (1: 1000, Proteintech, USA), Actinin-4
(1:1000, Proteintech, USA) and Annexin A1l (1:1000, Pro-
teintech, USA)] of isolated exosomes and microvesicles.
Actinin-4 and Annexin A1 markers were used to distinguish
isolated microvesicles from exosomes. We used JEM-1400
transmission electron microscope (TEM, JEOL, Japan) to
photograph isolated exosomes and microvesicles to assess
their size and shape. We used NS300 Instrument (NanoSight,
UK) with Nanoparticle Tracking Analysis (NTA) software
to determine the size and concentration of exosomes and
microvesicles.

Determination of PD-L1 concentration in plasma
and circulating exosomes

SPD-L1, exoPD-L1, microvesicular PD-L1 and free-form
sPD-L1 concentration were measured using Human PD-L1/
B7-H1 Valukine™ ELISA kit (R&D, USA) according to
manufacturer’s instructions. sPD-L1 was detected using
plasma without centrifugation. Samples and standards were
measured in duplicate.

Immunohistochemistry

Immunohistochemistry was performed using the standard-
ized streptavidin-peroxidase method. The 4-pm thickness
paraffin-embedded human tissue microarray sections were
deparaffinized and rehydrated, followed by heat-induced
antigen retrieval. Then, the slides were incubated with anti-
bodies specific for CD3 (1:100, ZSGS-BIO, China), CD8
(1:100, ZSGS-BIO, China), granzyme B (1:50, GB, ZSGS-
BIO, China), PD1 (1:50, ZSGS-BIO, China) overnight at
4 °C. The slides were incubated with biotinylated goat anti-
rabbit IgG for 1 h at 37 °C, followed by incubation with per-
oxidase-conjugated streptavidin for 30 min at room tempera-
ture for detection. The visualization was performed using
3,3’-diaminobenzidine (DAB, Dako, Denmark) according
to the manufacturer’s instructions. Immunostaining of each
marker on tissue samples was assessed by a pathologist.
The densities of CD3 4+ and CD8 + T cells in both the tumor
center (CT) and invasive margin (IM) regions were obtained
as previously described [6]. PD1 and GB expression were
determined as a percentage of PD1- or GB-positive cells
over total mononuclear cells and counted in 5 high-power
fields (HPF, x 200) in the IM.

Endpoints

Relapse-free survival (RFS) was defined as the time from
liver resection to the evidence of relapse or metastasis to
other organs or death, whichever occurred first. Overall sur-
vival (OS) was defined as the time from liver resection to
death from any cause. Postoperative response was defined
as response after the postoperative treatment period assessed
using response evaluation criteria in solid tumors (RECIST
1.1). Resection status was defined as no evidence of disease
(NED) or not (non-NED) after therapy. Those with evidence
of tumor by imaging combined with serum CEA level exam-
ination were considered to be in a non-NED state, otherwise
were defined as NED. Early recurrence was defined as the
presence of metastases in the liver or other organs after liver
metastasectomy within 6 months.

Statistical analysis

Statistical analysis was performed using GraphPad prism
software (version 5.01), IBM SPSS Statistics software (ver-
sion 22.0), and R studio software (Version 1.2.1335). Error
bars shown in graphical data represent medians and inter-
quartile range (IQR). Spearman correlation coefficients were
calculated to identify the relationship of continuous data
between groups. The correlation of sPD-L1 or exoPD-L1
with clinicopathological characteristics was examined using
Kendall’s tau-b correlation test. The cutoffs for the sPD-
L1 or exoPD-L1 were determined using maximally selected
rank statistics in R [21]. Survival data were analyzed using
Kaplan—Meier survival curve (tested by log-rank test) and
Cox proportional hazards model. Cox proportional hazards
models’ results were presented as hazard ratios (HRs) with
95% confidence interval (95% CI). A two-tailed value of
p <0.05 was determined as statistically significant.

Results
Patients

To analyze whether circulating PD-L1 could act as poten-
tial biomarkers and its correlation with immune infiltration
of tumors, we ultimately enrolled 177 patients in cohort 1,
including 120 men and 57 women with a median age of 57
(range 20-83) years. Eighty-nine (50.28%) patients received
preoperative chemotherapy, while 88 (49.72%) did not. The
clinicopathologic characteristics of patients enrolled in
cohort 1 are summarized in Table 1.

Cohort 2 was designed to monitor how the level of pre-
operative circulating PD-L1 associates with the disease
status of CRLM patients and to analyze how postopera-
tive circulating PD-L1 correlates with early recurrence.

@ Springer
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Table 1 Basic

o . Variables Total patients
clinicopathological
characteristics of patients in No. of patients (%) P values” P values”
cohort 1 (exoPD-L1) (sPD-L1)
Age
> =65 39 (22.03) 0.873 0.544
<65 138 (77.97)
Gender
Male 120 (67.80) 0.254 0.596
Female 57 (32.20)
Pathological grade
Gl1-2 137 (77.40) 0.112 0.003
G3 40 (22.60)
Histological subtype
Non-mucinous 172 (97.18) 0.633 0.541
Mucinous 5(2.82)
Primary tumor T stage
Tis-3 117(66.10) 0.709 0.032
T4 47(26.55)
Missing 13(7.35)
Primary tumor N stage
NO 62 (35.03) 0.030 0.087
N1-2 107 (60.45)
Missing 8 (4.52)
Primary tumor site
Right-sided 35 (19.77) 0.896 0.543
Left-sided 142 (80.23)
Primary tumor size 0.873 0.708
<5cm 83 (46.89)
>5cm 25 (14.12)
Missing 69 (38.98)
Vascular invasion 0.051 0.008
No 97(54.80)
Yes 27(15.30)
Missing 53(29.94)
Nerve invasion 0.981 0.802
No 85(48.02)
Yes 39(22.03)
Missing 53(29.95)
Preoperative CEA 0.044 0.066
<200 ng/ml 167 (94.35)
> 200 ng/ml 10 (5.65)
Interval from primary tumor resection to liver metastases 0.197
<12 months 146 (82.49)
> 12 months 31 (17.51)
Number of metastases per patient 0.994 0.433
<1 76 (42.94)
>1 101 (57.06)
Size of the largest metastasis 0.009 0.013
<5cm 154 (87.01)
>5cm 23 (12.99)
Resection type of liver metastasis and primary tumor 0.994 0.125
Simultaneous resection 90 (50.8)
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Table 1 (continued) Variables

Total patients

P values” P values”
(exoPD-L1) (sPD-L1)

No. of patients (%)

Staged resection
Preoperative chemotherapy
No
Yes
Chemotherapy
Cetuximab-based
Bevacizumab-based
Postoperative chemotherapy
No
Yes
Chemotherapy
Cetuximab-based
Bevacizumab-based
Ablation
No
Yes
CRS
0-2
3-5
Missing
KRAS
Wild-type
Mutation-type
Missing

87 (40.2)
0.326 0.088
88(49.72)
89 (50.28)
60 (33.90)
17 (9.60)
12 (6.78)
0.996 0.766
46 (25.99)
131 (74.01)
109(61.58)
14 (7.91)
8 (4.52)
0.974 0.774
153(86.40)
24(13.60)
0.021 0.057
102 (57.63)
67 (47.85)
8 (4.52)
0.063 0.065
61 (34.46)
22 (12.43)

94 (53.11)

“Correlation between basic clinicopathological characteristics and exoPD-L1 or Spd-11 using Kendall’s

tau-b correlation test

Four time points were set: beginning of treatment (base-
line, 23 patients), before metastasectomy (preoperation,
49 patients), after metastasectomy (postoperation, 46
patients), and following disease progression (progres-
sion, 16 patients). Five patients whose blood samples
had been collected in all 4 time points in this cohort.
Among the 49 patients enrolled, 38 were males and 11
were females, with a median age at diagnosis of 54 (range
20-83) years with a median follow-up of 14.8 months.
Twenty-two patients (44.9%) in cohort 2 underwent resec-
tion of primary tumor and liver metastases concurrently.
Twenty-seven patients (55.1%) had primary tumor resec-
tion before liver metastasectomy, and their blood sam-
ples were collected before liver resection. The clinico-
pathologic characteristics and treatment information of
patients enrolled in cohort 2 are detailed in Supplemen-
tary Table 2. A flow chart representing patient selection
is shown in supplementary Fig. 1.

ExoPD-L1 strongly correlates with sPD-L1
expression level

In order to explore different forms of sPD-L1 expression
level, we isolated the exosomes and microvesicles, as well
as freely soluble forms of PD-L1 from the plasma of 10
CRLM patients. We used TEM and NTA and western blot
analysis to verify the morphology, size, and purity of iso-
lated exosomes (Fig. 1A—C) and microvesicles (supple-
mentary Fig. 2A—C). The median level of sPD-L1 was
567.00 pg/mL (n=10). The level of exoPD-L1 (n=10,
median 222.67 pg/mL) was significantly higher compared
to microvesicular PD-L1 (n =10, median 135.49 pg/mL)
and free-form sPD-L1 (=10, median 129.21 pg/mL) in
the plasma (Fig. 1D). ExoPD-L1 showed a strong corre-
lation with sPD-L1, while microvesicle and other freely
soluble forms of PD-L1 did not, which would suggest that
exoPD-L1 is the most dominant component of sPD-L1
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Fig. 1 Isolated exosome characterization and the correlation between
exoPD-L1 and sPD-L1. A A representative TEM image of purified
exosomes from patients’ plasma. Scale bar, 200 nm. B Characteri-
zation of purified exosomes using nanoparticle tracking. C Repre-
sentative immunoblots showing expression of CD9, TSG101 and
CD63 in plasma exosomes derived from six patients. D Different
PD-L1 expression levels of multiple forms isolated from ten patients.

(Fig. 1E-F). We then detected the expression level of
sPD-L1 and exoPD-L1 in patients of cohort 1. Overall,
the median level of sPD-L1 and exoPD-L1 was 539.99 pg/
mL (n=177) and 221.33 pg/mL (n=177), respectively
(Fig. 1H). ExoPD-L1 showed a high degree of association
with sPD-L1 with a correlation index of 0.763 (p < 0.001,
n=177), which is in accordance with the previous results
obtained from the 10 patients (Fig. 1I).
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E Strong correlation between preoperative sPD-L1 and exoPD-L1
(P=0.002, r=0.837, n=10). No correlation between preoperative
F sPD-L1 and G microvesicular PD-L1 (P=0.238, n=10) and free-
form sPD-L1 (P=0.091, n=10). H Expression levels of sPD-L1 and
exoPD-L1 isolated from 177 patients in cohort 1. I Strong correlation
between preoperative exoPD-L1 and sPD-L1 in cohort 1 (Spearman’s
correlation at P <0.001, r=0.763, n=177)

Association of preoperative circulating PD-L1
expression with clinical variables

ExoPD-L1 and sPD-L1 expression detected from patients of
cohort 1 showed that preoperative exoPD-L1 level was sig-
nificantly associated with primary tumor N stage (p =0.030),
preoperative CEA (p =0.044), size of the max metasta-
ses (p=0.009) and CRS (p=0.021), while preoperative
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sPD-L1 level was significantly associated with pathologi-
cal grade (p=0.003), primary tumor T stage (p =0.032),
vascular invasion (p =0.008), and size of the largest metas-
tases (p=0.013) (Table 1). Preoperative exoPD-L1 level
(p=0.326) and preoperative sPD-L1 level (p =0.088)
were similar between patients with or without preoperative
chemotherapy.

Prognostic role of preoperative circulating PD-L1
in CRLM

According to exoPD-L1 and sPDL1 levels in cohort 1, cut-
off values of 244.00 pg/mL and 551.82 pg/mL defined by
maximally selected rank statistics in R were used for sur-
vival analysis. In univariate analysis, either exoPD-L1 or
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Fig.2 Both preoperative exoPD-L1 and sPD-L can be used as bio-
markers of survival. Kaplan—Meier estimation of A relapse-free
survival (p=0.0043) and B overall survival (p=0.0034) in patients

sPD-L1 showed a strong negative correlation with RFS
(exoPD-L1, P=0.0043; sPD-L1, P=0. 0041) and OS
(exoPD-L1, P=0.0034; sPD-L1, P=0.0061) as shown in
Fig. 2 and Table 2. In multivariate Cox proportional haz-
ards model analysis, both exoPD-L1 and sPD-L1 high lev-
els were correlated with poor RFS (exoPD-L1: HR 1.555,
95% CI 1.033-2.342, P=0.035; sPD-L1: HR 1.555, 95%
CI 1.033-2.341, P=0.034) and OS (exoPD-L1: HR 2.120,
95%CI 1.160-3.874, P=0.015;sPD-L1: HR 2.19; 95% CI
1.197-4.112; P=0.011) independently (Table 2 and sup-
plementary Table 1).

We further investigated the prognostic value of a risk
score combining the CRS and sPD-L1 or exoPD-L1.
Prognostic value was improved as the AUC at 1-year RFS
prediction increased (combination group vs. CRS group
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according to preoperative exoPD-L1 levels; Kaplan-Meier estima-
tion of C relapse-free survival (p=0.0041) and D overall survival
(p=0.0061) in patients according to preoperative sPD-L1
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Table 2 Univariate and multivariate analysis results of clinicopathological characteristics and preoperative sPD-L1 as well as exoPD-L1

Variables

Relapse-free survival

Univariate analysis

Multivariate analysis

Overall survival

Univariate analysis

Multivariate analysis

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value
Age (> 65 vs. <65) 0.905(0.561 — 1.460) 0.682 1.582(0.857-2.918) 0.142
Gender (Female vs.  1.009(0.673 —1.514) 0.966 0.918(0.524 — 1.606) 0.763
male)
Primary tumor site  0.919(0.574 — 1.473) 0.727 0.925(0.463 — 1.844) 0.824
(Right-sided vs.
Left-sided)
Tumor grade (G3 vs. 1.805(1.180—2.762) 0.007 1.909(1.208 —3.018) 0.006 1.474(0.810—2.681) 0.204
G1-2)
Pathological type 3.094(0.965 —9.925) 0.058 0.53(0.073 —3.856) 0.531
(Mucinous vs.
Non-mucinous)
T-stage (T4 vs. Tis-3)  1.101(0.720—1.684) 0.657 1.853(1.044 —-3.291) 0.035 1.747(1.040-2.936) 0.035
N-stage (N1-2 vs. 1.898(1.227 -2.936) 0.004 1.668(1.069 —2.604) 0.024 2.291(1.211-4.335) 0.011
NO)
Preoperative 1.584(0.694 —3.616) 0.275 3.087(1.316 —7.243) 0.010
CEA (>200
vs. <200 ng/ml)
Interval from 1.208(0.742 — 1.968) 0.448 1.689(0.902 — 3.163) 0.102
primary tumor
resection to liver
metastases (<12
vs.> 12 months)
Number of metasta- ~ 1.954(1.305 —2.924) 0.001 1.262(0.730—2.183) 0.405
ses (>1vs.<1)
Size of the largest ~ 2.359(1.395 —3.989) 0.001 2.314(1.310—4.089) 0.004 4.54(2.402-8.583) <0.001 3.622(1.719-7.631) 0.001
metastasis
(>5cm
vs. <5 cm)
Preoperative 2.146(1.435-3.208) <0.001 2.449(1.596 —3.758) <0.001 1.400(0.804 —2.438) 0.234
chemotherapy
(Yes vs. no)
Postoperative 0.846(0.551 — 1.298) 0.444 0.449(0.257-0.784) 0.005
chemotherapy
(Yes vs. no)
Ablation (Yes vs.no)  1.723(1.003-2.961) 0.049 1.461(0.617 —3.46) 0.388
Exosomal PD-L1 1.747(1.184 -2.576) 0.005 1.555(1.033-2.342) 0.035 2.197(1.280-3.772) 0.004 2.120(1.160—3.874) 0.015
(High vs. low)
Soluble PD-L1 (High 1.823(1.242-2.676) 0.002 2.133(1.225-3.714) 0.007

vs. low)

vs. exoPD-L1 group: 0.713 vs. 0.664 vs. 0.625; combina-
tion group vs. CRS group vs. sPD-L1 group: 0.691 vs.
0.664 vs. 0.591) and at 3-year OS prediction increased
(combination group vs. CRS group vs. exoPD-L1 group:
0.698 vs. 0.642 vs. 0.617; combination group vs. CRS
group vs. sPD-L1 group: 0.691 vs. 0.642 vs. 0.585), as
presented in Supplementary Fig. 3A-D. Next, we evalu-
ated the prognostic value of the exoPD-L1 and sPD-L1
among patients with the same CRS. Among the 177
CRLM patients, 102 (57.63%) had a low CRS (0-2), 67
(47.85%) had a high CRS (3-5), whereas 8 (4.52%) were
missing. In the low CRS group, patients with low exoPD-
L1 obtained a higher median RFS (40.5 vs. 15.2 months;
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P =0.044; Supplementary Fig. 3E) but failed to have a
higher median OS (103 vs. not reached months; P =0.37;
Supplementary Fig. 3F) than those with high exoPD-
L1. Patients with low sPD-L1 had both a higher median
RFS (55.8 vs. 19.8 months; P=0.038; Supplemen-
tary Fig. 3G) and a higher median OS (not reached vs.
69.4 months; P=0.0084; Supplementary Fig. 3H) than
those with high sPD-L1. In the high CRS group, patients
with low exoPD-L1 obtained a higher median OS (not
reached vs. 22.7 months; P=0.0037; Supplementary
Fig. 3J) and tended to have a higher median RFS (11.76
vs. 6.47 months; P=0.092; Supplementary Fig. 3I) than
those with high exoPD-L1. SPD-L1 failed to distinguish
RFS and OS in the high CRS group.
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Circulating PD-L1 correlates with T lymphocytes
infiltration and activation as well as PD1 expression
at liver metastasis sites

We then used IHC to detect the expression levels of T lym-
phocyte infiltration markers (CD3, CD8) and activation
marker (GB) coupled with PD1 in liver metastasis with the
aim of analyzing their association with circulating PD-L1
level (Supplementary Fig. 3). As shown in Fig. 3A-F,
higher level exoPD-L1 showed a significant negative cor-
relation to CD3 + T lymphocytes infiltrated at CT (Spear-
man’s correlation at P=0.027, r=—0.172), GB (P<0.001,
r=— 0.331) and PD1 (P=0.008, r=— 0.212) expressed
at IM. Interestingly, sPD-L1 was significantly negatively
related to CD3 + T lymphocytes infiltrated at both tumor CT
(P=0.003, r=—0.228), and IM (P <0.001, r=— 0.270),
and CD8 + T lymphocytes infiltrated at CT (P =0.046,
r=— 0.155), and IM (P=0.001, r=—- 0.256), sPD-L1
also showed a notable negative relation to GB (P =0.002,
r=—0.261) and PD1 (P=0.003, r=— 0.236) expression at
IM (Fig. 3G-L).

To this date, there have been no studies on the prognos-
tic value of GB and PD1 expressed at liver metastasis of
CRLM patients. We thus proceeded by classifying patients
with a GB expression above 8% or a PD1 expression above
40% into GB high expression group and PD1 high expres-
sion group, respectively. We found that patients in the
high GB expression group had better RFS [median (95%
CI): 31.9 months (18.4-45.5) vs. 12.3 months (6.3-18.2),
p=0.023) and OS [median (95% CI): 102.6 months (69.4-
not reached) vs. 37.5 months (14.5-60.6), p =0.026] than
those in low group (Supplementary Fig. SA—B). Patients
in high PD1 expression group are presented with longer OS
[median (95% CI): not reached vs. 54.6 months (40.6—68.6),
p=0.024] than those with low expression (Supplementary
Fig. 5D). However, RFS of patients showed no statistical
difference between high and low PD1 expression groups
[median (95% CI): 18.9 months (0-39.4) vs. 17.1 months
(10.9-23.2), p=0.68, Supplementary Fig. 5C].

Dynamic changes in circulating PD-L1 level
associates with CRLM disease status and early
recurrence

Results obtained from patients in cohort 2 showed that
exoPD-L1 level decreased significantly after both preop-
erative chemotherapy (p <0.05) and liver metastasectomy
(» <0.001) but notably increased when tumor progressed
(p<0.05) (Fig. 4A). As for sPD-L1, it distinctly decreased
after liver surgery (p <0.001) but increased when tumor
progression occurred (p <0.05) (Fig. 4B). Furthermore,
sPD-L1 and exoPD-L1 levels of patients with postoperative
NED status were significantly lower than patients who were

not (p <0.001) (Fig. 4C-D). Cutoff values of 109.03 pg/mL,
183.62 pg/mL, 60.08 pg/mL, and 338.71 pg/mL defined by
maximally selected rank statistics in R were used for RFS
analysis regarding postoperative exoPD-L1, postoperative
sPD-L1, changes of exoPD-L1 and sPD-L1 before and after
hepatectomy, respectively. Patients demonstrated higher
early recurrence rate with higher-level postoperative exoPD-
L1 (69.2% vs 12.1%, p <0.001) and higher-level sPD-L1
(52.9% vs 13.8%, p=0.007) (Fig. 4E). Patients who had
higher decrease of exoPD-L1 (22.0% vs 80.0%, p=0.018)
and sPD-L1 (14.8% vs 50.0%, p=0.011) before and after
hepatectomy exhibited lower early recurrence rate (Fig. 4E).
The AUCS to predict early recurrence were 0.720 (95% CI:
0.515-0.925, P=0.022) of postoperative exoPD-L1, 0.791
(95% CI: 0.629-0.962, P=0.002) of postoperative sPD-L1
and 0.692 (95% CI: 0.531-0.892, P=0.028) of changes of
sPD-L1 before and after hepatectomy (Fig. 4F). However,
the AUCs for changes of exoPD-L1 before and after hepa-
tectomy (0.615, 95% CI: 0.413-0.808), postoperative CEA
(0.609, 95% CI: 0.419-0.746) and changes of CEA before
and after hepatectomy (0.507, 95% CI: 0.293-0.670) were
not significant (Fig. 4F). Furthermore, higher postopera-
tive level of exoPD-L1 [median (95% CI): 4.34 (1.15-not
reached) vs. 15.18 (11.37-not reached), p=0.0041] and
sPD-L1 [median (95% CI): 5.87 (4.04-not reached) vs.
15.54 (11.37-not reached), p =0.0041] suggested poorer
RFS, while the higher decrease of exoPD-L1 [median (95%
CI):14.85 (9.26-not reached) vs. 1.15 (1.05-not reached),
p=0.0075] and sPD-L1 [median (95% CI): 15.18 (10.38-not
reached) vs. 5.87 (3.32-not reached), p =0.052] after liver
surgery exhibited better RFS (Fig. 4G-J).

We have five patients whose blood samples had been col-
lected in all 4 time points in cohort 2, and we analyzed the
dynamic changes of circulating PD-L1 level through paired
samples. The first three patients experienced no early recur-
rence while the last two experienced. In general, our results
showed that exoPD-L1 and sPD-L1 decreased as tumor
response detected in the scan after preoperative chemother-
apy and further decreased after curative hepatic resection
and increased as tumor relapse or progress detected in the
scan (Supplementary Fig. 6A-E).

Discussion

Our results show a strong correlation between exoPD-L1
and sPD-L1 levels in CRLM patients. In cohort 1, we dem-
onstrated that both preoperative exoPD-L1 and sPD-L1 had
effective prognostic values in CRLM patients undergoing
liver metastasectomy, even in patients with similar CRS
score. Furthermore, we are first to report that high lev-
els of exoPD-L1 and sPD-L1 negatively correlate with T
lymphocyte infiltration and activation in liver metastasis.
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Fig.3 Preoperative exoPD-L1 and sPD-L1 showed strong degree
of correlation with activate immune status in colorectal liver metas-
tasis sites. Preoperative exoPD-L1 showed high correlation with A
CD3+T cell infiltration at the tumor center (CT) (Spearman’s cor-
relation at P=0.027, r=— 0.170), E GB expression at the invasive
margin (IM) (P<0.001, r=— 0.331), and F PD1 expression at CT
(P=0.008, r= 0.212), but no correlation with B CD3+T cell infil-
tration in invasive at CT (P=0.134, r= 0.117) and C CD8+T
cell infiltration at CT (P=0.266, r=-0.087) and D CD8+T cell
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infiltration at IM (P=0.240, r=— 0.092); preoperative sPD-L1
showed high degree of correlation with G CD3+T cell infiltra-
tion at the tumor center (CT) (Spearman’s correlation at P=0.003,
r=— 0.228), H CD3+T cell infiltration at the invasive margin
(IM) (P<0.001, r=— 0.270), I CD8+T cell infiltration at CT
(P=0.046, r=— 0.155), J CD8+T cell infiltration at IM (P=0.001,
r=— 0.256), and K GB expression at IM (P=0.002, r=— 0.261),
and (L) PD1 expression at IM (P=0.003, r=— 0.236)
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Additionally, results from cohort 2 showed that dynamic
tracking of both exoPD-L1 and sPD-L1 might be useful to
monitor disease status and serve as predictive biomarkers for
early recurrence in CRLM patients following hepatectomy.

Recently, several publications have shown that exoPD-
L1 can be used to predict poor clinical outcomes in can-
cer patients [18, 19], which is in agreement with its use
in CRLM. However, how exoPD-L1 affects the survival
of patients with CRLM remains to be clarified. Emerging
evidence has proved that exosomes play a critical role in
the formation of the tumor immune microenvironment [16].
ExoPD-L1 is well positioned to mediate PD-1 interaction
and immunosuppression because these exosomes co-express
PD-L1 on its surface and peptide-MHC molecules critical
for T cell signaling conduction [9]. Lung cancer cell-derived
ExoPD-L1 can inhibit Jurkat T cells producing interferon-y
in vitro [22]. Theodoraki et al. found PD-L1M2" but not
PD-L1'°" exosomes could downregulate T cell activation
marker CD69 expression on activated CD8 + T cells [18].
Chen et al. indicated exoPD-L1 can suppress the prolifera-
tion and cytotoxicity of CD8 +T cells and facilitate tumor
growth [20]. Poggio et al. suggested that exoPD-L1 contrib-
utes to immunosuppression and promotes tumor progres-
sion in prostate and colorectal cancer mouse model [23]. All
these results suggest that exoPD-L1 can suppress CD8+T
activation mechanistically. Previous studies have found that
CRLM patients with higher densities of CD3 +and CD8 +T
cell infiltration in liver metastases had longer OS and PFS
after hepatectomy [6, 7, 24, 25]. Higher CD3 +and CD8+T
cell infiltration in liver metastases correlated with longer OS
and PFS after hepatectomy [6, 7]. In our results, patients
with higher GB expression (an activation marker of T cells)
in liver metastases also had better RFS (p =0.023) and OS
(»p=0.0260) (Supplementary Fig. 5A-B). Furthermore,
exoPD-L1 was significantly and negatively correlated to
CD3 +T lymphocytes infiltration and GB expression in liver
metastases. Therefore, we speculate that the suppression of
CD8+T cell activation in liver metastasis may be partly
related to the exoPD-L1 secretion.

Several studies also showed that high sPD-L1 level was
associated with poor prognosis in different types of cancer
[26-31]. Functional experiments show that sPD-L1 in sera
can inhibit T cell function in vitro [32]. However, these stud-
ies do not distinguish which form of sPDL1 mediates such
immunosuppressive and prognostic effects. In human blood,
there are three main forms of sPD-L1, including exosomal
PD-L1 (exoPD-L1), microvesicles and freely soluble forms
of PD-L1 which include secreted variants or cleaved forms
[9, 12, 13]. A review published at Nature reviews Immunol-
ogy proposed that exoPD-L.1 may be a more potent immuno-
suppressant and biomarker than other forms of extracellular
PD-L1 [9]. Cell-free sPD-L1 has also been associated with
inhibiting lymphocytes in vitro and in vivo, but a relatively

high concentration is needed [31, 33]. However, the activity
of free-form sPDL1 has not been directly compared with
that of exoPD-L1. As for microvesicular PD-L1, there is no
evidence proving its role in T lymphocyte inhibition. Our
results show that exoPD-L1 is the most abundant form of
sPD-L1 in the plasma (Fig. 1D), and a similar trend was
also found in melanoma patients [20]. Moreover, we found
that exoPD-L1 strongly correlates with sPD-L1 expres-
sion (Fig. 1E-G), while other forms did not. Therefore, we
inferred that exoPD-L1 might significantly contribute to the
prognostic ability and immunosuppressive role of sPD-L1.

PD-L1 is widely expressed in a variety of cell types.
Therefore, tumor cells and immune cells can release
exosomes containing PD-L1 [8, 23, 34, 35]. One study
reported that a single cancer cell could release thousands
of exosomes leading to an abundance of circulating exoPD-
L1 [36]. Another study reported that the levels of human
exoPD-L1 were positively correlated with tumor size in a
human-derived tumor xenograft model [23]. In our cohort
1, higher expression of sPD-L1 and exoPD-L1 was related
to more significant liver metastasis lesions. In cohort 2,
sPD-L1 and exoPD-L1 expression decreased after liver
metastasectomy or chemotherapy and increased when dis-
ease progressed [23]. sPD-L1 and exoPD-L1 expressions
were higher in patients with postoperative non-NED status
in cohort 2. These findings suggest that sPD-L.1 and exoPD-
L1 levels after the resection of CRLM liver metastases can
reflect tumor burden and minimal residual lesions. There-
fore, failure to resolving sPD-L1 and exoPD-L1 levels fol-
lowing resection could indicate the presence of micrometa-
static disease elsewhere.

The receptor of PD-L1, PD-1, is similarly used as an
exhausted T cell marker and is expressed on activated T
cell surface. However, we found that both exoPD-L1 and
sPD-L1 correlated negatively with PD-1 expression. Sev-
eral studies show that the predictive role of PD-1 expression
is different across various types of cancer [37-43]. As for
colorectal cancer, one study containing 356 cases from the
Cancer Genome Atlas (TCGA) database as primary cohort
and 276 patients from their own institution as training cohort
both demonstrated that higher expressions of PD-1 corre-
lates with better prognosis [44], which is agreement with our
result. Moreover, a significant positive correlation between
PD-1 expression and GB expression in liver metastasis sites
(r=0.390, p<0.001) was observed.

There were some limitations to our study. Firstly, a
subset of patients lacking blood and tissue samples was
excluded, resulting in a limited sample size in both cohort
1 and cohort 2. Secondly, the medical information of
patients was collected retrospectively. Thirdly, preopera-
tive chemotherapy might have impacted the PD-L1 levels
and survival outcomes, affecting the preoperative PD-L1
levels and prognostic values. Lastly, we adopted a single T

@ Springer



672 Cancer Immunology, Immunotherapy (2022) 71:661-674
A B C D
5007 % —— 800+
. n.s. Hekk 250- *kk 400- ok
—_— m
—_ ° — [ ] a —_ -
£ 4001 = 6004 =" - E 200 2 300-
EL ol E = . > T E .
£ 300 aee N * 2 s v £ 1504 ,, 2
:‘ A/ = 4004 A _E_ :. 100- ., = 200-
A 200 N v : " a4 ﬁ . 5 -
T L o e o Q 100
2 200 J o .
5 o L s 2  iw :
0 0 0'_I_I_ 0'_I_I_
T T T T T ¥ T T 0 o Q/o o
@
& ;&\o“ é\o“ N é\o‘\ Qo‘\ é\o‘\ g\Q’ '\;@ X QX\“’
A A & & S & o
& N < & < < & 8 < N
L X0 © L xO' O
<€ ) ] Q¢ ) Q
R ]
Postoperative F
Postoperative X AsPD-L1
exoPD-L1 SPD-L1 AExoPD-L1
100- = 1004 = 100+ 1004 = .
o |
> o
3 - —
2 = 'ExoPD-L10.72
33 Sy
° J 3 J — AExoPD-L1 0.
= 50 = 50- = 50- = 504 ® . AsPD-L10.715
— CEA 0.609
S — ACEA 0507
T T T T
00 02 04 06 08 10
o o4 i 0- 1-Specificity
Low High Low High Low High Low High
B No early Recurrence [ Early Recurrence
G m Postoperative exoPD-L1 —+ High =+ Low H ™ Postoperative sPD-L1 = High =+ Low
g Cutoff vallue: 109.03 pg/mL g Cutoff vallue: 183.62 pg/mL
S 100 @ 1001
$ 1.00 [}
o o
\950.75' §0.75-
© ©
$ 0501 § 0507 =--==--1 oo m oo
2 i i
© 0251 ® 025 : :
2 2 . !
< 0001 P =0.0041 ‘ : : S 0001 P =0.0041 — :
£ 0 6 12 18 2 £ 0 6 2 18 2
o Relapse-free survival (months) ) Relapse-free survival (months)
Number at risk Number at risk
High | 13 4 3 2 0 High [ 17 7 3 0 0
Low |33 28 16 1 0 Low | 29 25 16 3 0
| ) A exoPD-L1 —— High == Low J + ASPD-L1 = High = Low
g Cutoff vallue: 60.08 pg/mL & Cutoff vallue: 338.71 pg/mL
& 100 S 1,001
o o
Bo7s 80751
[ ©
0507 =ofmmnerenn sl 2 0507 ~eeeee :
a ; 2 :
g0 | : 2 0221 : :
So0{ p=00075 1 . 5 o0l p=0.052 :
E 6 12 18 24 E 0 6 12 18 24
o Relapse-free survival (months) o Relapse-free survival (months)
Number at risk Number at risk
High | 41 31 18 2 0 High | 27 23 16 3 0
Low | 5 1 1 1 0 Low |18 8 3 0 0

@ Springer




Cancer Immunology, Immunotherapy (2022) 71:661-674

673

«Fig.4 Association between dynamic changes in circulating PD-L1
level and CRLM disease status as well as early recurrence. A Differ-
ent sPD-L1 expression levels according to patients’ disease status:
sPD-L1 level is significantly higher at baseline and preoperatively
and decreases postoperatively and increases when disease pro-
gressed; B different exoPD-L1 levels according to patients’ disease
status: exoPD-L1 level is highest at baseline and decreases preop-
eratively, there is a further reduction after surgery and an increment
when disease progressed; C SPD-L1 is significantly higher in patients
with non-NED status compared to NED status; D ExoPD-L1 is sig-
nificantly higher at non-NED status compared with NED status; E
early recurrence rate according to the different expression levels of
postoperative exoPD-L1, postoperative sPD-L1 and expression level
change of exoPD-L1 and sPD-L1 before and after hepatectomy; F
ROC curves of postoperative exoPD-L1, sPD-L1, CEA or changes of
exoPD-L1, sPD-L1 and CEA before and after hepatectomy to predict
early recurrence; Kaplan—Meier estimation of relapse-free survival in
patients according to G postoperative exoPD-L1 (p=0.0041); H post-
operative sPD-L1 (p=0.0041); I changes of exoPD-L1 (p=0.0075)
and J sPD-L1 (p=0.052) before and after hepatectomy. n.s., no sig-
nificance; *, P <0.05; ** P<0.01; *** P<0.001

lymphocyte activation marker (GB) in this study. Although
this marker is mainly expressed on activated T cells, other
lymphocytes such as natural killer cells and B cells [7]
also express GB. Similarly, PD1 is also expressed on B
cells, monocytes and MDSCs [40]. The use of flow cytom-
etry, magnetic bead or multiple THC to sort T lymphocytes
and detect GB and PD1 expression could offer more preci-
sion and specificity in future studies.

In conclusion, both preoperative exoPD-L1 and sPD-L1
had promising prognostic values and correlated to T cell
infiltration at liver metastases in CRLM patients following
hepatectomy. Dynamically tracking exoPD-L1 and sPD-
L1 levels could monitor disease status and detect early
recurrence.
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