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Abstract

The expression of programmed cell death 1 ligand 1 (PD-L1) and interferon-y (IFN-y) is of great interest for the develop-
ment of chemoradiotherapy and immune checkpoint inhibitor treatments. Patients with nodal metastasis (pN+) tend to have
a poor prognosis, even after neoadjuvant chemoradiotherapy (neoCRT) and surgical treatment. In this study, we examined
the roles of tumor PD-L1 and IFN-y before and after neoCRT in locally advanced rectal cancer (LARC) patients. Our results
demonstrate that patients with high PD-L1 expression in post-neoCRT tissues exhibit improved 5-year disease-free survival
(DFS) and overall survival (OS) compared with those with low PD-L1 expression (p <0.001). Furthermore, in the pN+ popu-
lation, patients with high PD-L1 expression in post-neoCRT tissues exhibit improved 5-year DFS and OS. PD-L1 and IFN-y
upregulation increased in tumor tissues after neoCRT, and patients with high PD-L1 and high IFN-y exhibit improved 5-year
DFS and OS (p=0.04 and p=0.001, respectively). To the best of our knowledge, this study is the first to demonstrate that
PD-L1 upregulation in a pN+ cohort correlates with improved prognosis, which is similar to that in patients without nodal
metastasis. Moreover, this study verified that PD-L.1 and IFN-y were upregulated by neoCRT treatment in LARC patients
and demonstrated that neoCRT may be useful not only for immune checkpoint inhibitor treatment but also for reinvigorat-
ing preexisting anti-cancer immunity.
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Introduction

Colorectal cancer (CRC) is one of the most common
malignancies worldwide [1] and rectal cancer cases com-
prise 27% up to 58%of CRCs [2]. However, these two
distinct diseases require different treatment strategies.
Preoperative (neoadjuvant) chemoradiotherapy (neoCRT)
has been considered the most effective strategy for down-
staging and improving local control in patients with locally
advanced rectal cancer [3, 4]. Approximately 40-60% of
LARC patients treated with neoCRT achieved some degree
of pathological response. But only 15-20% of LARC
patients achieve a complete response after neoCRT treat-
ment [5].

NeoCRT causes both direct damage to tumor cells and
immunogenic cell death (ICD) via the release of danger-
associated molecular patterns (DAMPs) from damaged
tumor cells that boost immune response. This process
triggers the dispersion of numerous cytokines—especially
interferon-y (IFN-y)—released from tumor and immune
cells to create an inflammatory and immunogenic microen-
vironment where immune cells can recognize, activate and
eliminate tumor cells [6, 7]. Yet IFN-y is a multifunctional
cytokine which not only has a pivotal role in anti-tumor
immunity via immunomodulation of inflammation of the
innate and acquired immune responses, but participates in
pro-tumor activity by suppressing cell-mediated adaptive
immunity [8].

Programmed cell death 1 ligand 1 (PD-L1) is a 40-kDa
immune checkpoint protein that negatively regulates T
lymphocytes to cause lymphocyte “exhaustion” through
the PD-1 receptor [9]. The upregulation of PD-L1 in tumor
cells leads to adaptive immune resistance by suppressing
cytotoxic T lymphocyte activity [10, 11]. Immune check-
point blockade (ICB) therapy such as PD-1/PD-L1 has
been proposed as an option to activate the host immune
system to eradicate tumors. Numerous studies showed
that blockade of PD-1/PD-L1 signaling pathway demon-
strated impressive therapeutic responses in patients with
melanoma, non-small cell lung cancer (NSCLC), renal cell
carcinoma (RCC), and bladder cancer [12]. Hence, tumor
PD-L1 expression status is considered to be a predictive
marker for the success of anti-PD-1/PD-L1 immunother-
apy [13].

Recent studies have demonstrated that IFN-y may drive
the upregulation of PD-L1 in tumor cells to mediate the
immune adaptive resistance mechanism [14, 15], and the
combination of local radiotherapy and PD-1/PD-L1 block-
ade improved both local and systemic tumor control in
animal models [16—18]. However, the prognostic value
of PD-L1 and IFN-y expression in CRC remains contro-
versial; specifically, prolonged IFN-y activation leads to
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increased resistance to ICB and radiation treatment in
melanoma mouse models [19-21]. Therefore, the role of
IFN-y and PD-L1 expression in LARC patients receiving
neoCRT remains unclear. In this study, we aim to evalu-
ate tumor PD-L1 and IFN-y expression levels prior to and
after neoCRT treatment, and to determine independent
prognostic factors for LARC patients.

Materials and methods
Patients

In total, 104 patients [33 male, 71 female; mean age
59.3 +12.5 years (age range 31-90 years)] with locally
advanced rectal cancer were enrolled in the study from 2006
to 2013 at China Medical University Hospital. The study
cohorts were composed of patients with biopsy-proven,
locally advanced (cT3-4 or cN+) rectal cancer and treated
with preoperative chemoradiotherapy followed by radical
resection at China Medical University Hospital.

All Patients were treated with neoCRT with a median
radiotherapy dose of 50.4 Gy in 30 fraction and concur-
rent fluoropyrimidine-based chemotherapy (mainly single-
agent infusional capecitabine, 500 mg/m?*/day). Patients
were assessed for their clinical response 6—-8 weeks after
the completion of neoCRT according to rigorous criteria
of clinical, endoscopic, and radiologic findings. The three
criteria for complete clinical response (cCR) were (a) the
absence of a residual ulceration, mass, or mucosal irregu-
larity upon clinical/endoscopic assessment; (b) whitening
of the mucosa and the presence of neovasculature; and (c)
radiologic imaging, such as CT, RUS, or MRI, without the
evidence of extrarectal residual disease.

After the chemoradiotherapy regime was completed, sur-
gery was performed 6—8 weeks later. Low anterior resec-
tion, proctectomy with coloanal reconstruction, abdomin-
operineal resection, or multivisceral rectal resection were
included according to total mesorectal excision (TME) prin-
ciples. Resected specimen pathologic staging was performed
after resection in accordance with the guidelines of the Col-
lege of American Pathologists. Adjuvant chemotherapy was
recommended for patients with metastatic lymph node(s) in
surgical specimens and consisted of fluorouracil infusion or
capecitabine for a period of 4—6 months.

Clinical staging and pathological evaluation

Clinical and pathological stages were assessed as previously
described [22], and was performed by gastrointestinal can-
cer pathologists in accordance with the guidelines of the
College of American Pathologists. Pathologic complete
response (pCR) was defined as previously described [22].
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Tumor regression grade (TRG) was scored as follows: TRG
0, no regression; TRG 1, dominant tumor mass with obvious
fibrosis in <25% tumor mass; TRG 2, dominant tumor mass
with obvious fibrosis in 26—-50%; TRG 3, dominant fibrosis
outgrowing the tumor mass (greater than 50% tumor mass
regression); TRG 4, no visible tumor cells, only fibrotic
mass (is defined “NA” group in post-neoCRT tissue).

Construction of tissue microarrays (TMAs)
and immunohistochemistry

Tissue microarrays were constructed from 104 pair-matched
pre-neoCRT biopsies and post-neoCRT surgical tissue from
rectal cancer patients as previously described [22]. Immu-
nohistochemistry (IHC) was performed using 3-um thick
histological TMA sections as previously described [22].
The following antibodies were used in this study: anti-PD-
L1 (1:100, ab205921, Abcam, Cambridge, UK), anti-IFN-y
(1:500, ab205921, Abcam, Cambridge, UK), anti-TGF-f
(1:500, ab205921, Abcam, Cambridge, UK), anti-MSH?2
(1:100, ab92372, Abcam, Cambridge, UK), anti-MLH1
(1:100, ab92312, Abcam, Cambridge, UK), anti-MSH6
(1:100, ab92471, Abcam, Cambridge, UK), and anti-PMS2
(1:100, ab110638, Abcam, Cambridge, UK). The stained
tissue sections were scored separately by two pathologists
blinded to the clinicopathological parameters.

IFN-y and TGF-f levels in tumor cells were scored on
the intensity of the staining as follows: 0, absent; 1+, weak;
2+, moderate; 3+, strong. Tumor PD-L1 immunostaining
was scored in accordance with the intensity and extent of
the staining on a semiquantitative scale (0-3+) as follows:
0, absent; 1+, weak; 2+, moderate; 3+, strong. The percent-
age of membranous PD-L1 on tumor cells was recorded as
follows: a score of 0 was assigned when no staining was
evident or < 5% of the tumor cells were positive, and a score
of 1 was assigned when membranous staining was present in
> 5% of the positive cell proportion. If membranous stain-
ing was present, distinct membrane staining above the cyto-
plasmic staining level was observed. The 5% threshold was
based on a previous phase I trial of anti-PD-1 agents and
studies of other malignancies [10, 23].

Cell culture, treatment, western blot analysis, flow
cytometry and enzyme-linked immunosorbent
assay (ELISA)

Cells were cultured and maintained in RPMI1640 medium
supplemented with 10% fetal bovine serum (Life Technol-
ogies, Grand Island, New York, USA), 2 mM glutamine,
100 U/ml penicillin, 100 mg/ml streptomycin, and 1 mM
pyruvate at 37 °C in a humidified, 5% CO, atmosphere.
SW480 cells were seeded onto a 6-cm dish at ~80%
confluence in RPMI1640 supplemented with 10% FBS the

day before radiation treatment. After exposure to radiation,
cells were harvested for western blot analysis at indicated
times. SW480 cells were treated with oxaliplatin (10 uM)
and CPT-11 (5 uM) for 24 h. The cell lysates and medium
were then analyzed by immunoblotting, and the results were
quantified. Cells were incubated with medium containing
different recombinant proteins (IFN-y, TGF-f, TNF-a and
LPS, ProSpec-Tany TechnoGene Ltd, Rehovot, Israel) for
the indicated times. Total lysates (30 ug) were separated
using sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE; 6-12% resolving gel) and were elec-
trophoretically transferred onto a PVDF membrane (GE,
Amersham, UK). The membranes were blocked with 5%
non-fat milk and probed with specific antibodies overnight at
4 °C. Then, horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (1:10,000, GE Healthcare, Amersham,
UK) were applied to the membranes followed by detection
using the Immobilon Western Chemiluminescent HRP Sub-
strate (Millipore, MA, USA). The densitometric analysis of
western blots was performed using the Alphalmager2200
digital imaging system (Digital Imaging System, CA, USA).
Digital images were processed with Adobe Photoshop 7.0
(Adobe Systems, CA, USA). Each blot was stripped using
Restore Western Blot Stripping Buffer (Pierce, 10, USA)
and incubated with the other antibodies. The results were
assessed using ImageJ software (NIH, MD, USA) [24, 25].
To detect IFN-vy release, the conditioned medium was
collected 24 h after irradiation and analyzed by LEGEND
MAX™ Human IFN-y ELISA Kit (Biolegend, San Diego,
CA, USA) according to the manufacturer’s manual. Surface
PD-L1 expression on the tumor cells was analyzed by flow
cytometry. Cells were harvested and washed with PBS. The
samples were washed with incubation buffer (PBS contain-
ing 2% bovine serum albumin) twice and incubated with
APC conjugated anti-PD-L1 IgG (1:100, Biolegend, San
Diego, CA, USA) for 1 h at room temperature. The samples
were finally washed and resuspended in PBS for analysis
by flow cytometry (BD FACSCanto, San Jose, CA, USA).

Statistical analysis

Statistical analysis was performed using the SAS statistical
software, version PC 9.4 (SAS Institute, Cary, NC, USA),
as previously described. Influential factors affecting rectal
cancer patient survival rates were assessed using Cox mod-
els; these factors included age (< 65 versus > 65 years), TRG
(344 vs. 1+2), clinical response (CR+ PR vs. SD + PD),
cN stage (positive vs. negative), and pN stage (positive vs.
negative). The Kaplan—Meier estimation method was used to
assess the 5-year overall survival and disease-free survival.
The survival time was defined as the time from surgery to
death.
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Results

Clinical characteristics and tumor IFN-y and PD-L1
expression in LARC patients

Pre- and post-neoCRT tissue specimens were retrospec-
tively collected from 104 LARC patients and constructed
into tissue microarrays (TMAs) [26, 27]. All the patients
underwent total or tumor-specific mesorectal excisions
depending on the extent and location of the tumor. Most
patients were male (68%), and most tumors were stage
IT (46%) or III (50%). The median radiation dose was
50.4 Gy in 28 fractions. The concurrent chemotherapy was
capecitabine (Xeloda) in 48% of patients and fluorouracil
in 37% of patients. After neoCRT treatment, 15 patients
exhibited a complete response (pathological tumor regres-
sion grade 4, TRG 4, “NA” group in post-neoCRT tissues),
and 15 patients also exhibited a clinical complete response
(cCR). Thirty patients (29%) presented with lymph node
metastases after surgery, and 20 patients (19%) presented
with distant metastasis within 5 years (Table 1). Only two
patients (2%) were MSI-deficient (Table 1).

Tumor PD-L1 expression was examined in the cancer
tissues and adjacent normal mucosae. PD-L1 was detect-
able in epithelial cells from normal colonic mucosae and
cancer cells (Fig. 1a—d). The correlation between PD-L1
expression and the clinicopathologic characteristics of
patients with pre-neoCRT biopsies and post-neoCRT tis-
sues is presented in Table 1. No correlation was observed
between PD-L1 expression and age, sex, pN stage, nodal
metastasis or MSI status. Tumor PD-L1 expression was
correlated with TNM stage, chemotherapy, TRG, and clin-
ical response. PD-L1 levels were increased by neoCRT
[Table 1; pre-neoCRT: 53/104 (51%) vs. post-neoCRT:
57/89 (64%)]. Moreover, patients with high tumor PD-L1
expression in pre-neoCRT biopsies exhibited a reduced
incidence of distant metastasis [6/53 (11%)] compared
with those with low tumor PD-L1 [14/51 (27%), p <0.05].
However, patients with high tumor PD-L1 did not exhib-
ited any noticeable changes in local recurrence rate com-
pared with those with low tumor PD-L1.

High tumor PD-L1 expression is associated
with improved 5-year DFS and 5-year OS

We found that 26 LARC patients (25%) died within the
5-year follow-up period (median follow-up time was
3.8 year). The estimated 5-year disease-free survival
(DFS) and overall survival (OS) rates were 69% and 75%,
respectively (Table 2). In the 5-year DFS analysis, patients
with negative pN stage, good clinical response, and high
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tumor PD-L1 expression in pre-neoCRT biopsies and
post-neoCRT tissues exhibited significantly better DFS
compared with the other subgroups (76 vs. 53%, 81 vs.
58%, 84 vs. 56%, and 81 vs. 48%). Furthermore, patients
with high tumor PD-L1 expression in post-neoCRT tissues
exhibited significantly better OS (91 vs. 51%; Table 2).
Kaplan—Meier survival analysis revealed that low PD-L1
expression in both pre-neoCRT biopsies and post-neoCRT
tissues was associated with a worsened DFS (Log rank
p=0.0005, Fig. 2a) and OS (Log rank p=0.0001, Fig. 2b)
compared with other subgroups. These results suggest that
neoCRT-induced upregulation of tumor PD-L1 is indica-
tive of improved prognosis in LARC patients.

Tumor PD-L1 expression is associated with clinical
outcomes of nodal metastasis LARC patients

We found that high tumor PD-L1 expression in the pre-
neoCRT biopsies was associated with a lower incidence of
distant metastasis and a longer DFS and OS in post-neoCRT
tissues. However, patients with lymph node metastasis
exhibited a high incidence of distant metastasis. We then
stratified the patients by lymph node metastasis into pN+
(positive nodal metastasis; stage 1a+ 1b+2) and pN- (nega-
tive nodal metastasis; stage 0+ X) subgroups to examine the
role of tumor PD-L1 expression. In pN+ and pN— patients,
the estimated 5-year DFS was 58% and 76%, respectively,
and the estimated OS was 69% and 78%, respectively. These
results suggest that patients with lymph node metastasis
following neoCRT treatment typically exhibit poorer out-
comes (Table 2). However, high PD-L1 expression in the
post-neoCRT tissue was strongly correlated with improved
5-year DFS and OS in lymph node metastasis patients (69%
vs. 31%, p=0.02; 85% vs. 45%, p=0.02, respectively;
Table 2). Even in pN— patients, we found that high PD-L1
expression in the post-neoCRT tissues was associated with
improved 5-year OS (93% vs. 52%, p=0.03; Table 2). Taken
together, these results indicate that PD-L1 expression has
prognostic value for patients with nodal metastasis and that
upregulation of PD-L1 is correlated with improved survival
after neoCRT treatment in LARC patients.

Univariate and multivariate analysis of PD-L1
expression

As shown in Table 3, we used univariate and multivariate
analyses to assess 5-year DFS and 5-year OS risk factors
in LARC patients. Univariate analysis demonstrated that
pN stage, clinical response, and PD-L1 expression were
significantly associated with 5-year DFS in both the pre-
neoCRT biopsies and post-neoCRT tissues (Table 3). pN
stage [hazard ratio (HR)2.55, 95% confidence interval (CI)
1.03-6.32] and low tumor PD-L1 expression (HR2.55,
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Table 1 Clinicopathologic characteristics and PD-L1 expression status of enrolled patients (n=104)

Clinicopathological characteristics Total cases, n (%) Tumor PD-L1 (pre-neoCRT) Tumor PD-L1 (post-neoCRT)

High, n (%) Low,n (%) pvalue High,n(%) Low,n (%) pvalue NA,n (%)

104 (100%) 53 (51%) 51 (49%) 57 (64%) 32 (36%) 15 (100%)

Age 0.88 0.3

<65 66 (63%) 34 (64%) 32 (63%) 40 (70%) 19 (59%) 7 (47%)

>65 38 (37%) 19 (36%) 19 (37%) 17 (30%) 13 (41%) 8 (53%)
Sex 0.24 0.97

Female 33 (32%) 14 (26%) 19 (37%) 18 (32%) 10 (31%) 5 (33%)

Male 71 (68%) 39 (74%) 32 (63%) 39 (68%) 22 (69%) 10 (67%)
cN stage 0.56 0.42

Negative 52 (50%) 28 (53%) 24 (47%) 30 (53%) 14 (44%) 8 (53%)

Positive 52 (50%) 25 (47%) 27 (53%) 27 (47%) 18 (56%) 7 (47%)
Clinical TNM stage (7th AJCC) 0.04* 0.04%*

1 4 (4%) 3 (6%) 1 2%) 2 (4%) 2 (6%) 0 (0%)

I 48 (46%) 25 (47%) 23 (45%) 28 (49%) 12 (38%) 8 (53%)

I 52 (50%) 25 (47%) 27 (53%) 27 (47%) 18 (56%) 7 (47%)
pN stage 0.32 0.57

Negative 74 (711%) 40 (75%) 34 (67%) 39 (68%) 20 (63%) 15 (100%)

Positive 30 (29%) 13 (25%) 17 (33%) 18 (32%) 12 (38%) 0 (0%)
TRG 0.004* 0.4

4 15 (14%) 6 (11%) 9 (18%) 0 (0%) 0 (0%) 15 (100%)

3 57 (55%) 32 (60%) 25 (49%) 37 (65%) 20 (63%) 0 (0%)

2 23 (22%) 12 (23%) 11 (22%) 16 (28%) 7 (22%) 0 (0%)

1 9 (9%) 3 (6%) 6 (12%) 4 (7%) 5 (16%) 0 (0%)
Clinical response 0.002* 0.04*

CR 15 (14%) 5 (9%) 10 (20%) 1 2%) 0 (0%) 14 (93%)

PR 39 (38%) 22 (42%) 17 (33%) 24 (42%) 14 (44%) 1 (7%)

SD 45 (43%) 22 (42%) 23 (45%) 29 (51%) 16 (50%) 0 (0%)

PD 5 (5%) 4 (8%) 1 2%) 3 (5%) 2 (6%) 0 (0%)
Chemotherapy 0.002* 0.02%*

Capecitabine 50 (48%) 30 (57%) 20 (39%) 29 (51%) 15 (47%) 6 (40%)

UFT 38 (37%) 15 (28%) 23 (45%) 20 (35%) 12 (38%) 6 (40%)

5-FU 11 (11%) 6 (11%) 5 (10%) 6 (11%) 4 (13%) 1 (7%)

Others 5 (5%) 2 (4%) 3 (6%) 2 (4%) 1 (3%) 2 (13%)
Local recurrence 0.1 0.13

Negative 93 (89%) 50 (94%) 43 (84%) 53 (93%) 27 (84%) 13 (87%)

Positive 11 (11%) 3 (6%) 8 (16%) 4 (7%) 5 (16%) 2 (13%)
Distant metastasis 0.04* 0.62

Negative 84 (81%) 47 (89%) 37 (73%) 47 (82%) 25 (78%) 12 (80%)

Positive 20 (19%) 6 (11%) 14 (27%) 10 (18%) 7 (22%) 3 (20%)
Tumor IFN-y (pre-neoCRT) 0.0001%*

High 44 (42%) 32 (60%) 12 (24%) - - -

Low 60 (58%) 21 (40%) 39 (76%) - - -
Tumor IFN-y (post-neoCRT) 0.26

High - - - 50 (88%) 28 (88%) 0 (0%)

Low - - - 7 (12%) 4 (13%) 0 (0%)

NA - - - 15 (100%)
Tumor TGF-p (pre-neoCRT) 0.3

High 62 (70%) 35 (74%) 27 (62%) - - -

Low 27 (30%) 12 (26%) 15 (36%) - - -
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Table 1 (continued)

Clinicopathological characteristics Total cases, n (%)

Tumor PD-L1 (pre-neoCRT)

Tumor PD-L1 (post-neoCRT)

High, n (%) Low,n (%) pvalue High,n(%) Low,n (%) pvalue NA,n (%)
Tumor TGF-f (post-neoCRT) 0.1
High - - - 52 (91%) 26 (81%) 0 (0%)
Low - - - 5 (9%) 6 (19%) 0 (0%)
NA - - - 15 (100%)
Microsatellite instability (MSI) status 1.0 1.0
Proficient 102 (98%) 52 (98%) 50 (98%) 56 (98%) 31 (97%) 15 (100%)
Deficient 2 (2%) 1 (2%) 1 (2%) 1 (2%) 1 (3%) 0 (0%)

Chi-squared test was used. Fisher’s exact test was used when >25% of the cells had expected counts <5

The contrast test did not include the “NA” group
*p < 0.05

cN stage positive (stage 1+2) vs. negative (stage 0), pN stage positive (stage la+1b+2) vs. negative (stage 0+ X), CR complete response,
PR partial response, SD stable disease, PD progressive disease, tumor PD-LI high (grade 2+3) vs. low (grade 0+ 1), tumor IFN-y high (grade
2+3) vs. low (grade 0+ 1), tumor TGF-f high (grade 2+ 3) vs. low (grade 0+ 1), NA surgical specimen is TRG4 with no residue tumor tissue

after neoCRT treatment

95% CI1.05-6.20) were identified as independent risk fac-
tors for 5-year DFS in pre-neoCRT biopsies using multi-
variate analysis. pN stage (HR 4.35, 95% CI1.69-11.22),
TRG (HR2.68, 95% CI1.07-6.72), and low tumor PD-L1
expression (HR4.27,95% CI1.62-11.26) were identified as
independent risk factors for 5-year DFS in the post-neoCRT
tissues by multivariate analysis.

Furthermore, univariate analysis demonstrated that low
tumor PD-L1 expression in the post-neoCRT tissues was the
only factor significantly associated with 5-year OS (Table 3).
pN stage (HR3.96, 95% CI 1.17-13.42), TRG (HR 3.20,
95% CI 1.01-10.12), and low tumor PD-L1 expression
(HR 10.71, 95% CI 2.61-43.87) were identified as independ-
ent risk factors for 5-year OS in the post-neoCRT tissues by
multivariate analysis.

Radiation upregulates IFN-y and PD-L1 expression
in CRC cells

To determine whether upregulation of tumor PD-L1 in the
post-neoCRT tissues was induced by neoCRT, we treated
CRC cell lines with radiation or chemotherapeutic agents.
As shown in Fig. 3a, b, immunoblotting results demonstrated
that PD-L1 expression was significantly upregulated by
radiation in a time- and concentration-dependent manner.
Treatment with the anti-neoplastic chemotherapeutic agents
oxaliplatin (OXP), irinotecan (CPT-11) and 5-fluorouracil
(5-Fu) clearly triggered the upregulation and membranous
expression of PD-L1 (Fig. 3¢, d). Moreover, combinational
treatment of 5-Fu and irradiation synergic increased PD-L1
expression (Fig. 3e). These results indicate that tumor
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PD-L1 is upregulated by both radiation and chemothera-
peutic agents.

In addition to radiation and chemotherapeutic agents,
the inflammatory milieu and inflammatory cytokines, such
as IFN-y and tumor necrosis factor-a (TNF-a), can also
upregulate PD-L1 expression [28]. Hence, we incubated
CRC cells with lipopolysaccharides (LPS), TNF-a, trans-
forming growth factor-p (TGF-), and IFN-y and observed
PD-L1 expression. As shown in Fig. 3f, we found that these
cytokines induced PD-L1 expression in the CRC cells after
48 h of incubation, and the highest expression was observed
in cells exposed to IFN-y. Therefore, we collected the post-
irradiation conditioned medium after 24 h for cytokine
detection and added this medium to cancer cells. The immu-
noblotting results demonstrated that conditioned media from
irradiated CRC cells stimulated PD-L1 expression. We also
found that IFN-y was released from irradiated cancer cells
based on ELISA analysis (Fig. 3g, h). These results indicate
that radiation can trigger IFN-y release to induce PD-L1
expression.

neoCRT upregulates tumor IFN-y and PD-L1 in LARC

Next, we analyzed IFN-y and TGF-p expression by immu-
nohistochemistry (IHC) in tumor tissues from LARC
TMAs (Fig. le—h). The number of patients with high IFN-y
expression increased following neoCRT treatment [44/104
(42%) vs. 78/89 (88%)], and the number of patients with
high IFN-y expression and high PD-L1 expression [32/104
(31%) vs. 50/89 (56%)] also increased (Table 1). These
data strongly suggest that tumor PD-L1 upregulation is
correlated with IFN-y expression and that neoCRT indeed
induced tumor PD-L1 and IFN-y upregulation. However,
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Low tumor PD-L1

High tumor PD-L1
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Fig. 1 Representative PD-L1, IFN-y and TGF-p immunohistochemi-
cal images from TMA patients with LARC. a PD-L1 expression in
normal mucosa. b—d Low and high tumor PD-L1 expression in pre-

IFN-y expression alone did not significantly affect the
5-year DFS and OS (Table 2). Kaplan—Meier survival
analysis demonstrated that low PD-L1 and IFN-y expres-
sion in the post-neoCRT tissues was associated with a
worsened DFS (Log rank p=0.0497, Fig. 2¢) and OS
(Log rank p=0.0002, Fig. 2d) compared with the other
subgroups. Moreover, univariate and multivariate anal-
yses revealed that low PD-L1 or IFN-y expression was
not significantly associated with 5-year DFS or OS in the
pre-neoCRT biopsies. However, low PD-L1 and IFN-y
expression was identified as an independent risk factor for
5-year DFS (HR2.51, 95% CI11.02-6.19) and 5-year OS
(HR 6.61,95% CI 1.72-25.42) in the post-neoCRT tissues

neoCRT biopsies. e, f Low and high tumor IFN-y expression in post-
neoCRT tissues. g, h Low and high tumor TGF- expression in post-
neoCRT tissues

based on multivariate analysis (Table 3). However, TGF-f
expression does not correlate with PD-L1 expression.

Our clinical data also demonstrated that upregulation
of PD-L1 is associated with IFN-y overexpression and
is a positive prognostic factor for clinical outcome after
neoCRT treatment for LARC patients.

Discussion
Our study showed that tumor PD-L1 expression has prog-

nostic value for neoCRT-treated LARC patients with or
without nodal metastases. In our in vitro study, we found
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Table 2 Clinicopathologic parameters, 5-year disease-free survival,
and 5-year overall survival

Variable Total cases  5-y DFS 5-y OS
% pvalue % p value
104 69% 75%
cN stage 0.48 0.32
Negative 52 74% 82%
Positive 52 65% 70%
pN stage 0.007* 0.12
Negative 74 76% 78%
Positive 30 53% 69%
Clinical response 0.02%* 0.18
Good response 54 81% 78%
Poor response 50 58% 72%
TRG 0.12 0.15
Good response 72 74% 79%
Poor response 32 60% 68%
Pre-neoCRT 104
Tumor PD-L1 0.01%* 0.05
High 53 84% 88%
Low 51 56% 65%
Tumor IFN-y 0.26 0.41
High 44 74% 80%
Low 60 67% 71%
Post-neoCRT 89
Tumor PD-L1 0.008* 0.0002°*
High 57 81% 91%
Low 32 48% 51%
NA 15 70% 67%
Tumor IFN-y 0.47 0.36
High 78 67% 75%
Low 11 82% 89%
NA 15 70% 67%
pN stage: positive 30
Tumor PD-L1 (post- 0.02* 0.02*
neoCRT)
High 18 69% 85%
Low 12 31% 45%
pN stage: negative 74
Tumor PD-L1 (post- 0.13 0.006*
neoCRT)
High 39 87% 94%
Low 20 57% 53%
NA 15 70% 67%

Kaplan—Meier method was used for survival analysis. The contrast
test did not include the “NA” group. p value was obtained from log-
rank test

*p < 0.05

cN stage positive (stage 1+2) vs. negative (stage 0), pN stage posi-
tive (stage la+ 1b+2) vs. negative (stage 0+ X), clinical response
good response (complete response and partial response) vs. poor
response (stable disease and progressive disease), TRG good response
(TRG 3-4) vs. poor response (TRG 1-2), tumor PD-LI high (grade
2+43) vs. low (grade 0+ 1), tumor IFN-y high (grade 24 3) vs. low
(grade 0+ 1), SE standard error

@ Springer

that radiation and chemotherapeutic drugs could trigger
tumor cells to produce IFN-y and induce PD-L1 upregula-
tion. Our clinical data also demonstrated that upregulation
of PD-L1 is associated with IFN-y overexpression and is a
positive prognostic factor for clinical outcome after neoCRT
treatment for LARC patients. The controversy potentially
stemmed from the observation that in a naive tumor envi-
ronment, PD-L1 expression may lead to tumor growth by
escaping immune surveillance; however, surgical removal of
the tumor after neoCRT treatment removes this confounding
element. Instead, we found that tumors, even in the event of
nodal spread, expressing PD-L1 via upregulation of IFN-y
exhibited viable adaptive immune response capabilities and,
therefore, do better. They likely reinvigorate the anti-tumor
immune response after neoCRT against those tumor cells
metastasized to other organs. Finally, even in nodal meta-
static LARC patients, PD-L1 upregulation in post-neoCRT
tissues was a positive prognostic factor for DFS and OS.
Our data confirmed that this group of patients did as good
as those without nodal metastasis.

The PD-1/PD-L1 axis, an immune checkpoint, is typically
upregulated to create an immunosuppressive microenviron-
ment and to help cancer cells escape immune-mediated cell
death [13]. PD-1/PD-L1 checkpoint blockade is considered
an effective immunotherapy to reinvigorate the host immune
system to attract tumor cell and cause tumor destruction.
Tumor PD-L1 expression is considered favorable for PD-1/
PD-L1 blockade treatment, but the clinical outcome of
PD-L1 upregulation remains controversial. Many studies
have revealed that PD-L1 expression is associated with a
poor prognosis in a variety of human cancers, such as malig-
nant melanoma [29], lung cancer [30], RCC [31], gastric
cancer [32, 33], breast cancer [34], and CRC [35, 36]. These
data suggest that PD-L1 expression by tumor cells can con-
tribute to impaired tumor-infiltrating lymphocyte (TIL) func-
tion, thus impeding antitumor immunity. In contrast, recent
reports have demonstrated that PD-L1 expression in tumor
cells was strongly associated with improved outcomes in
breast cancer [37-39], NSCLC [40], malignant melanomas
[41], and CRC [21]. These studies found that PD-L1 expres-
sion is the result of a feedback mechanism caused by induc-
tion of IFN-y, which is secreted from tumor cells and TILs
[21]. Hence, our data demonstrate that PD-L1 is upregulated
by the host immune response and causes adaptive immune
resistance to promote primary tumor growth. However, sub-
sequent surgical operations and treatment could reinvigor-
ate the preexisting anti-tumor immune response, leading to
better responses.

Consistent with our findings, Dovedi et al. indicated that
radiotherapy-mediated gradually increases in tumor PD-L1
expression after 72 h and vanish after 7 days following frac-
tionated radiotherapy [17]. Hecht et al. also demonstrated
that neoCRT induced long-lasting PD-L1 overexpression at
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Fig.2 Association of DFS and OS with tumor PD-L1 and IFN-y
expression in LARC patients. Kaplan—-Meier curves presenting a DFS
and b OS in pre- and post-neoCRT samples based on tumor PD-L1

least 7 weeks before surgery, which was associated with a
favorable prognosis in rectal adenocarcinoma patients [42].
Interestingly, neoCRT seems to induce long term overex-
pression of PD-L1, which may persist for a therapy-free
period of at least 68 weeks following the last radiotherapy
treatment and prior to surgery.

Our results demonstrate several potential benefits for
immune checkpoint inhibitor treatment. First, we observed a
significant increase in the proportion of PD-L1-positive cells
(51-64%) in 104 pre-neoCRT biopsies and 89 correspond-
ing post-neoCRT surgical specimens from LARC patients.
Multivariate analysis also revealed that PD-L1 expression
in post-neoCRT surgical specimens was a significant inde-
pendent prognostic factor for DFS and OS. In vitro data
demonstrated that PD-L1 expression was induced by radia-
tion and chemotherapy. These results imply that radiation
not only affects the tumor itself but also causes upregula-
tion of PD-L1 in tumor cells. Furthermore, we observed
that the proportion of tumor cells co-expressing PD-L1 and
IFN-y significantly increased (from 31 to 56%) in pre- and
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expression status. Kaplan—Meier curves are also presented for ¢ DFS
and d OS based on tumor PD-L1 and IFN-y expression status

post-neoCRT LARC patients and resulted in improved
5-year DFS and OS. In vitro data also demonstrated that
IFN-vy induced PD-L1 expression in tumor cells after radia-
tion treatment. Hence, radiation could induce IFN-y produc-
tion, leading to increased PD-L1 expression in tumor cells.

In addition, it is worth mentioning that approximately
one-third of patients exhibited low PD-L1 expression despite
high IFN-y expression and did worse (Fig. 3g). From our
study, we caught sight of two faces of IFN-y: one with intact
neoCRT-induced PD-L.1 machinery and another impaired
immune functions. Patients who expressed PD-L1 after
neoCRT (with the majority via upregulation of IFN-y) were
candidates for ICB. On the other hand, if neoCRT failed to
increase PD-L1 expression, this cohort may not be suitable
for ICB after neoCRT and should consider other adjuvant
therapy (Fig. 3g).

A combination of PD-1/PD-L1 pathway blockade and
ionizing radiation synergistically inhibits tumor growth in
animal models of various tumor types and also improves
tumor control in contralateral non-irradiated secondary

@ Springer
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Fig. 3 Radiation-triggered IFN-y release upregulates PD-L1 expres-
sion. a, b SW480 cells were exposed to radiation and then harvested.
Cell lysates were analyzed via immunoblotting, and the quantifica-
tion is presented (n=3). ¢ SW480 cells were treated with oxaliplatin
(10 uM), CPT-11 (5 uM) or 5-Fu (10 mg/kg) for 24 h. Cell lysates
were analyzed via immunoblotting, and the quantification is pre-
sented (n=3). d SW480 cells were treated with oxaliplatin (10 uM),
CPT-11 (5 uM) or 5-Fu (10 mg/kg) for 24 h. Surface PD-L1 expres-
sion on tumor cells was analyzed via flow cytometry (n=3). e
SW480 cells were exposed to radiation and then treated with 5-Fu
(10 mg/kg) for 24 h. Cell lysates were analyzed via immunoblot-
ting, and the quantification is presented (n=3). f SW480 cells were

Immune tolerance

intrinsic factors/ q

other suppressors

Poor outcome

Suitable for other
therapy

treated with cytokines and LPS for 24 h. Cell lysates were analyzed
via immunoblotting, and the quantification is shown presented. g
SW480 cells were exposed to radiation, and conditioned medium
was harvested. Thereafter, a mixture of conditioned medium and
fresh medium (1:1) was used to culture SW480 cells for 24 h. Cell
lysates were analyzed via immunoblotting, and the quantification is
presented (n=3). h The conditioned medium from SW480 cells after
24 h of radiation was analyzed via an enzyme-linked immunosorb-
ant assay, and the IFN-y concentration is presented (n=3). i Changes
in PD-L1 and IFN-y expression ratios correlate with 5-y DFS and
neoCRT treatment outcomes in patients with locally advanced rectal
cancer. **p <0.01 and ***p <0.001
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tumors in mice [16, 17, 43]. Several retrospective clinical
outcome analyses in esophageal cancer, bladder cancer, and
rectal cancer also support the synergistic effects of neoCRT
and PD-1/PD-L1 immunotherapy [42, 44-47]. Hence,
neoCRT treatment may be an effective strategy to stimulate
adaptive immune resistance to improve tumor control for
immune checkpoint inhibitor treatment. Understanding the
mechanisms responsible for inducing the upregulation of
PD-L1 along with determining when to observe this effect
are pivotal for the development of immune checkpoint inhib-
itor treatments. Taken together, this study demonstrated that
increased PD-L1 expression in both pre- and post-neoCRT
tissues correlated with improved prognosis for patients with
or without nodal metastasis. PD-L1 expression may be a
useful biomarker to predict outcomes in patients receiving
neoCRT treatment for LARC.
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