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Background: A comprehensive analysis of peripheral immune cell phenotypes and tumor immune-gene expression
profiles in locally advanced pancreatic cancer patients treated with neoadjuvant chemotherapy in a phase Il clinical
trial was carried out.

Methods: Patients were treated with neoadjuvant modified folinic acid, fluorouracil, irinotecan hydrochloride,
oxaliplatin (mFOLFIRINOX) followed by surgery and adjuvant gemcitabine at the Asan Medical Center. Correlations
between survival outcomes and baseline peripheral immune cells and their changes during preoperative
chemotherapy were analyzed. Patients who had surgery were divided into two groups according to achievement of
disease-free survival >10 months (achieved versus failed). Differential expression and pathway analysis of immune-
related genes were carried out using the Nanostring platform, and immune cells within the tumor
microenvironment were compared by immunohistochemistry.

Results: Forty-four patients were treated in the phase Il clinical trial. Higher baseline CD14+CD11c+HLA-DR+
monocytes (P = 0.044) and lower Foxp3+CD4+ T cells (P = 0.02) were associated with poor progression-free
survival of neoadjuvant mFOLFIRINOX. During the preoperative chemotherapy, PD-1 T cells significantly decreased
(P = 0.0110). Differential expression and pathway analysis of immune-genes from the resected tumor after
neoadjuvant treatment revealed transforming growth factor- pathway enrichment and higher expression of MARCO
(adjusted P < 0.05) associated with early recurrence. Enrichment of the Thl pathway and higher peritumoral CD8+
T cells (P = 0.0103) were associated with durable disease-free survival from surgery (>10 months) following
neoadjuvant mFOLFIRINOX.

Conclusions: Our results identify potential immune biomarkers for locally advanced pancreatic cancer and provide

insights into pancreatic cancer immunity.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a highly
aggressive malignancy. The 5 years survival rate at the time of
initial diagnosis is approximately 10% in the USA, with most
patients presenting with unresectable or metastatic dis-
ease.”” PDAC is widely known as an immunologically cold
tumor characterized by a dense desmoplastic reaction and an
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immunosuppressive tumor microenvironment (TME) with
abundant infiltration of M2-like pro-tumor macrophages and
regulatory T cells, and lacking infiltration of effector T cells.**
Several previous studies have shown an association between
immunity and clinical outcomes in PDAC patients. A higher
level of immunosuppressive macrophages and regulatory
T cells was associated with a poor prognosis, while a higher
level of effector T cells was associated with better outcomes.”
From a gene expression analysis, several immune-related
genes associated with prognosis in PDAC patients who
received surgical resection were suggested.®

Despite advances in immune biomarkers and therapeutic
agents in the field of oncology, and efforts to characterize
the immune responses in PDAC, there are no currently
approved immune biomarkers or immunotherapies for the
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treatment of PDAC. Indeed, further studies of immune
profiles in PDAC are needed to improve our understanding
of the immunologic aspects of PDAC.

For borderline resectable and locally advanced PDAC,
neoadjuvant modified FOLFIRINOX (folinic acid, fluorouracil,
irinotecan hydrochloride, oxaliplatin; mFOLFIRINOX) is one of
the standards of care with promising outcomes.” Our previ-
ous phase Il clinical trial of neoadjuvant mFOLFIRINOX
(NCT02749136) for 44 patients with borderline resectable
PDAC showed a median overall survival (OS) of 24.7 months
[95% confidence interval (Cl) 12.6-36.9 months], and 27 pa-
tients (61.4%) received surgical resection.® Currently, there
are few available data on the immune profiles of locally
advanced PDAC treated with neoadjuvant mFOLFIRINOX.

This study is a comprehensive immune analysis of pa-
tients included in our previous phase Il trial of neoadjuvant
mMFOLFIRINOX.® Using peripheral immune profiling, we
evaluated the association between peripheral immune cell
composition and survival outcomes, as well as changes in
the peripheral immune phenotype after systemic chemo-
therapy. We also carried out gene expression and immu-
nohistochemical analyses of tumor sections to evaluate the
relationship between immune cells in the TME and prog-
nosis after the surgery in patients who had received neo-
adjuvant mFOLFIRINOX.

MATERIALS AND METHODS

Patients and study design

Histologically or cytologically confirmed PDAC patients with
borderline resectable or locally advanced unresectable dis-
ease were enrolled in the prior phase Il clinical trial.® Details
of the study design and outcomes were previously published
elsewhere.® Briefly, patients were treated with eight cycles of
neoadjuvant mFOLFIRINOX (2400 mg/m? fluorouracil as a
continuous infusion for 46 h and 400 mg/m2 leucovorin, 85
mg/m? oxaliplatin, and 150 mg/m?irinotecan on day 1) every
2 weeks. Surgical resection followed by adjuvant gemcitabine
was given for patients who achieved resectability.

Patients with adequate flow cytometry data from pe-
ripheral blood mononuclear cells (PBMCs) collected at
baseline and/or after completion of neoadjuvant chemo-
therapy were included in the peripheral immune cell
profiling. Among patients who received surgery, patients in
whom the gene expression data passed quality control (QC)
were included in the tumor immune profiling. As the me-
dian disease-free survival (DFS) was 10.4 months (95% CI
9.2-11.6 months),® patients were divided into two groups
according to whether DFS for >10 months was achieved
(DFS10 achieved versus DFS10 failed). The expression of
immune-related genes and the immune cell composition of
the TME in the two groups were compared.

Peripheral immune cell profiling during preoperative
chemotherapy

Peripheral immune cell phenotypes were analyzed by two
fluorescent-activated cell sorting panels; the immune cell
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panel and T-cell checkpoint panel (Supplementary Methods
1, available at https://doi.org/10.1016/j.esmoop.2022.
100484). The peripheral immune cell profiles at baseline
were analyzed according to survival outcome. Multivariate
analyses including clinical characteristics which showed sig-
nificant association with survival outcomes in the previous
phase Il clinical trial study were carried out by Cox propor-
tional modeling with the backward selection method, with
immune cell levels showing statistically significant associa-
tion in univariate analysis.® Peripheral immune cell pheno-
types were compared in samples collected at baseline and
after completion of mFOLFIRINOX treatment to evaluate the
impact of cytotoxic chemotherapy on systemic immunity.
Non-parametric bootstrapping with 1000 samplings was used
to validate the paired comparison results.

Differential expression and pathway analysis of immune-
related genes in resected pancreatic cancer specimens

Normalized expression levels of 579 immune-related genes
were obtained from RNA samples collected from resected
surgical specimens using the Nanostring nCounter platform
Immunology Panel (Nanostring Technologies, Seattle, WA).
Differential gene expression analyses were carried out to
compare the immune-gene expression profiles of the two
recurrence groups (DFS10 achieved versus DFS10 failed).
Detailed methods of differential expression analysis are
described in Supplementary Methods 2, available at https://
doi.org/10.1016/j.esmo0op.2022.100484. Gene set analysis
was carried out by calculating the directed global signifi-
cance score, and immune cell compositions in the tumor
were estimated from the gene expression profile using the
Nanostring Technologies immune cell score annotations
(Supplementary Methods 3, available at https://doi.org/10.
1016/j.esmoop.2022.100484).°

Clinical outcomes and analysis of MARCO expression from
public dataset

To validate the differential expression of MARCO in the DFS10
failed group, MARCO gene expression was analyzed in
pancreatic cancer tissue using RNA-sequencing data from
public sources, and a correlation with survival was carried
out. MARCO expression data and clinical features, including
0S, were obtained from 174 pancreatic cancer patients
in The Cancer Genome Atlas using the Human Protein
Atlas, Pathology Atlas (https://www.proteinatlas.org/ENSG00
000019169-MARCO/pathology/pancreatic+cancer).*®

Immunohistochemistry analysis of resected pancreatic
cancer specimens

To validate the differential expression of MARCO in the
DFS10 failed group, immunohistochemistry (IHC) analysis
was conducted. Along with MARCO, analysis of immune
cells within the TME was carried out to evaluate the rela-
tionship between immune cell infiltration of the TME and
clinical outcomes (Supplementary Methods 4, available
at https://doi.org/10.1016/j.esmoop.2022.100484). Stained
slides were scanned with the 3D Histech Panoramic 250
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Figure 1. Study outline.

DFS, disease-free survival; mFOLFIRINOX, modified folinic acid, fluorouracil, irinotecan hydrochloride, oxaliplatin.

Flash Il whole slide scanner (3DHISTECH, Budapest,
Hungary) at x20 magnification. Using the open-source
software QuPath v0.2.3 (University of Edinburgh, Edin-
burgh, UK),™ immune cells within the peritumoral area
(<100 pum from tumor cells) and the total area (whole slide)
were counted from slide images and compared between
the two groups. Analysis methods using QuPath are
described in Supplementary Figure S1, available at https://
doi.org/10.1016/j.esmo0p.2022.100484.

Statistical analysis

Categorical variables were compared by Fisher’s exact tests,
and continuous variables were analyzed with Wilcoxon
signed-rank tests or Mann—Whitney U tests, as appropriate.
Progression-free survival (PFS) was defined as the time from
the initiation of neoadjuvant mMFOLFIRINOX to disease
progression or death from any cause, whichever occurred
first. OS was defined as the time from the initiation of
neoadjuvant mFOLFIRINOX to death from any cause. DFS in
patients who underwent surgical resection was defined as
the time from the surgical resection to the confirmation of
recurrence. Survival curves were estimated by the Kaplan—
Meier method and compared by log-rank testing. For
continuous variables, patients were dichotomized into two
groups with median or quartile values as cut-off. Estimation
of hazard ratios (HR) in terms of PFS and OS were
carried out by Cox proportional modeling. A two-sided
P value <0.05 was considered statistically significant. Sta-
tistical analyses and visualization were carried out with the
R ver. 4.1.2 (R Foundation for Statistical Computing, Vienna,
Austria) and GradphPad Prism v9.0 (GraphPad Software, San
Diego, CA, RRID:SCR_002798)."”
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RESULTS

Patients and study design

A total of 44 patients were enrolled in the phase Il trial from
May 2016 to March 2018 and were treated with neoadjuvant
MFOLFIRINOX (Figure 1). With a median follow-up duration of
20.6 months (95% Cl 19.7-21.6 months), the median OS was
24.7 months (95% Cl 12.6-36.9 months), and the median PFS
was 12.2 months (95% CI 8.9-15.5 months).® Clinical charac-
teristics of the patients are summarized in Supplementary
Table S1, available at https://doi.org/10.1016/j.esmoop.
2022.100484. Patients with adequate flow cytometry data
from baseline PBMC samples were included in the survival
analysis. This included 31 patients with the immune cell panel
data and 25 patients with T-cell checkpoint panel data. Patients
with suitable matched flow cytometry data at baseline and
after eight cycles of mFOLFIRINOX were included in a com-
parison of the peripheral immune phenotype before and after
chemotherapy. This included 19 patients with the immune cell
panel data and 21 patients with T-cell checkpoint panel data.

Among 44 patients treated with neoadjuvant chemo-
therapy, 27 patients underwent surgical resection, and the
median DFS was 10.4 months (95% Cl 9.2-11.6 months).
After QC of the Nanostring nCounter assay results, 18
samples with sufficient quality were included in the differ-
ential expression analysis (11 in the DFS10 achieved group
and seven in the DFS10 failed group). Additional IHC ana-
lyses were carried out on the 18 patients to evaluate im-
mune cell composition in the TME. Availability of biomarker
data of patients treated in the phase Il trial is summarized in
Supplementary Table S2, available at https://doi.org/10.
1016/j.esmoop.2022.100484.
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Figure 2. Analyses results of baseline peripheral immune cell levels with significant association with overall survival and progression-free survival in the univariate

analyses with Cox proportional hazards model.

(A) Survival curves comparing survival outcomes of patients dichotomized at the median and third quartile of each peripheral immune cell level [CD14+4-CD11c+HLA-
DR+ monocyte and progression-free survival (left, top; quartile 1-3 versus quartile 4, P = 0.1031), CD14+CD11c+HLA-DR+ monocyte and overall survival (right, top;
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Prognostic implications of the baseline peripheral immune
cell phenotype

In terms of OS, only higher CD144-CD11c+human leukocyte
antigen (HLA)-DR+ monocytes were significantly associated
with poor survival with an HR of 1.07 (95% CI 1.01-1.13;
P = 0.026, Supplementary Table S3, available at https://
doi.org/10.1016/j.esmo0op.2022.100484). Higher CD14-+CD
11c+HLA-DR+ monocytes were also significantly associated
with shorter survival (HR 1.06; 95% Cl 1.00-1.12; P = 0.044),
and higher Foxp3+CD4-+ regulatory T cells were associated
with better survival (HR, 0.8; 95% Cl 0.72-0.97; P = 0.02) in
terms of PFS. The assessment of the expression of the immune
checkpoint molecules cytotoxic T lymphocyte-associated pro-
tein 4 (CTLA-4), Lag3, programmed cell death protein 1 (PD-1),
and TIGITon CD4+ and CD8+ T cells at baseline revealed that
there were no significant associations between their expres-
sion and survival outcomes. Representative flow cytometry
plots of CD14+CD11c+HLA-DR+ monocytes and Foxp3+
CD4+ regulatory T cells are shown in Supplementary Figure S2,
available at https://doi.org/10.1016/j.esmoop.2022.100484.
Patients were dichotomized at the third quartile percentage of
CD14+4-CD11c+HLA-DR+ monocyte and compared for PFS and
OS (Figure 2A). Patients with higher monocyte levels showed
significantly shorter OS (quartile 4 versus quartile 1-3,
P = 0.0448), whereas no significant survival difference was
shown in terms of PFS. Higher Foxp3+4-CD4+ regulatory T cell
level showed significantly longer PFS when dichotomized at
median level (P = 0.0234) while no significant difference was
found in terms of OS.

Multivariate analyses were carried out, and among location
of primary tumor (head versus body and tail), best response to
mMFOLFIRINOX (complete response or partial response versus
stable disease or partial disease), RO resection (done versus
not done), and baseline CD14+4-CD11c+HLA-DR+ monocyte
levels, RO resection and baseline monocyte levels were
included in the final model in terms of OS. Location of primary
tumor, RO resection, baseline CD14-+CD11c+HLA-DR+
monocyte, and Foxp3+CD4+ regulatory T-cell levels were
analyzed for PFS, and RO resection and baseline regulatory T-
cell levels were included in the final model. Receiving RO
resection was significantly associated with both better OS (HR
0.11, 95% Cl 0.02-0.44, P = 0.003) and PFS (HR 0.26, 95% ClI
0.10-0.67, P = 0.006) (Figure 2B). Higher CD14+4-CD11c+HLA-
DR+ monocyte level was significantly associated with poor OS
(HR 1.06, 95% Cl 1.00-1.13, P = 0.043) while Foxp3-+CD4+
regulatory T-cell level showed a trend towards better PFS
(HR 0.89, 95% Cl 0.77-1.03, P = 0.123).

Changes in peripheral T-cell checkpoint expression during
mFOLFIRINOX

Changes in the peripheral immune phenotype after pre-
operative mFOLFIRINOX were analyzed to evaluate the

effect of cytotoxic chemotherapy on peripheral immune
profiles. PD-14-CD8+ T cells significantly decreased after
eight cycles of mFOLFIRINOX, with a median difference of
3.22% and a P value of 0.0136 (Figure 3). No differences
were seen in the immune cell composition using the im-
mune cell panel or in the expression of other checkpoints
(CTLA-4, Lag-3; Supplementary Figure S3, available at
https://doi.org/10.1016/j.esmoop.2022.100484). Non-
parametric bootstrapping results with 1000 repeated
samplings also showed a significant decrease of PD-
1+CD8+ T-cell level after chemotherapy [mean of boot-
strapped median difference estimates —3.273% (95%
Cl —6.132 to —0.144), P = 0.047, Supplementary Table S4,
available  at https://doi.org/10.1016/j.esmoop.2022.
100484.]. TIGITHCD4+ T cells also decreased following
preoperative mFOLFIRINOX, although not statistically sig-
nificant (median difference 0.84%, P = 0.0701).

Differential expression and pathway analysis of immune-
related genes in surgical specimens according to DFS

There were no statistically significant differences in clinical
parameters between the two groups according to achieve-
ment of DFS longer than 10 months (DFS10 achieved vs.
DFS10 failed), including the RO resection rate, major vessel
resection, or pathologic stage. Also, the proportion of pa-
tients who received adjuvant gemcitabine did not show a
statistically significant difference between the two groups
(Supplementary Table S5, available at https://doi.org/10.
1016/j.esmoop.2022.100484). Eight genes were differen-
tially expressed (absolute log,FC >1.0, adjusted P < 0.15;
Figure 4A and B) in the two groups. The eight genes and the
results of the differential expression analysis are described
in Supplementary Table S6, available at https://doi.org/10.
1016/j.esmoop.2022.100484. Gene set analysis using the
directed global significance score (Nanostring Technologies)
was carried out on the immune-related gene expression
data (Figure 4C). In the DFS10 achieved group, genes
associated with Thl differentiation were enriched, with a
directed global significance score of 1.0996, whereas genes
involved in transforming growth factor-8 (TGF-() signaling,
and immunometabolism were enriched in the DFS10 failed
group, with directed global significance scores of —1.2129
and —1.4371, respectively. The directed global significance
scores of all gene sets are described in Supplementary
Table S7, available at https://doi.org/10.1016/j.esmoop.
2022.100484.

Of note, MARCO was highly expressed in the DFS10 failed
group, with an absolute log,FC of —2.43307 and a P value
of 0.000193 (adjusted P = 0.048545). To evaluate the
prognostic implication of MARCO expression, we carried out
a survival analysis according to the MARCO expression level.
Most patients in the DFS10 achieved group had a MARCO

quartile 1-3 versus quartile 4, P = 0.0448), Foxp3+CD4+ regulatory T cell and progression-free survival (left, bottom; median, P = 0.0234) and Foxp3+CD4+ regulatory
T cell and overall survival (right, bottom; median, P = 0.1787)]. (B) Forest plot showing multivariate Cox proportional hazards modeling results with baseline peripheral
immune cell levels with significant association in the univariate analyses and clinical characteristics [top; progression-free survival, RO resection (HR 0.26, 95% CI 0.10-
0.67, P = 0.006) and Foxp3+CD4+ T cell (HR 0.89, 95% Cl 0.77-1.03, P = 0.123), bottom; overall survival, RO resection (HR 0.11, 95% C| 0.02-0.44, P = 0.003) and

CD14+4-CD11c+HLA-DR+ monocyte (HR 1.06, 95% CI 1.00-1.13, P = 0.043)].

Cl, confidence interval; HLA, human leukocyte antigen; HR, hazard ratio; OS, overall survival; PFS, progression-free survival.
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Figure 3. Changes in peripheral T-cell checkpoint expression after eight cycles of preoperative chemotherapy.
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difference = —0.84%, P = 0.0701) at baseline and after eight cycles of mFOLFIRINOX. (B) Flow cytometry dot plots comparing the proportion of checkpoint-expressing T

cells (left, PD-14-CD8+ T cells; rights, TIGIT4+CD4+ T cells). P < 0.10.

mFOLFIRINOX, modified folinic acid, fluorouracil, irinotecan hydrochloride, oxaliplatin; PD-1, programmed cell death protein 1.

expression level of less than the median, and patients with
a MARCO expression level higher than the median showed
poor DFS, although this was not statistically significant (P =
0.2822; Figure 4D).

MARCO expression is associated with poor survival
outcomes in pancreatic cancer patients from public data

We carried out further analysis of the relationship between
MARCO expression and survival of pancreatic cancer pa-
tients using publicly available data from the Human Protein
Atlas (Figure 4E).*° Patients with higher MARCO expression
showed significantly poor OS (quartile 1 versus quartile 2-4,
P = 0.02002) and patients with shorter survival had
significantly higher levels of MARCO expression when
dichotomized at median OS (P = 0.0140). The clinical
characteristics of the cohort are described in
Supplementary Table S8, available at https://doi.org/10.
1016/j.esmo0p.2022.100484.
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IHC analysis of the TME

To verify the differential expression of MARCO in protein
level, we carried out IHC analysis. There were, however, no
significant differences of MARCO-positive immune cells
between the two DFS10 groups for comparisons, peritu-
moral region (P > 0.9999), and total area (P = 0.4043)
(Supplementary Figure S4, available at https://doi.org/10.
1016/j.esmoop.2022.100484). From the IHC analysis
comparing immune cell components in the TME between
the two groups, peritumoral CD8+ cell counts per mm?
were significantly higher in the DFS10 achieved group
compared with the DFS10 failed group (P = 0.0145),
whereas CD8+ T-cell counts of the total area did not show a
statistically significant difference (P = 0.1215; Figure 5A and
B). CD68-+, CD163+, and MPO+ cells were not significantly
different between the two groups in either the peritumoral
or total area (Supplementary Figure S4, available at https://
doi.org/10.1016/j.esmo0p.2022.100484).  The  median
Nanostring immune cell scores of CD8+ cells, cytotoxic
cells, exhausted CD8+ T cells, and total T cells were higher
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Figure 4. Differential expression analysis of immune-related genes according to recurrence group (DFS10 achieved versus DFS10 failed).

(A) Heatmap of unsupervised clustering of patients according to the top eight genes with significant differential expression (log, fold change >1.0 or <—1.0 and
adjusted P < 0.15). (B) Volcano plot visualizing genes with significant differential expression (log, fold change >1.0 or <—1.0 and adjusted P < 0.15). (C) Waterfall plot
of the directed enrichment score from a gene set analysis of the Nanostring annotation. Pathways with a directed enrichment score of >1.0 (Th1 differentiation,
enriched in the DFS10 achieved group) or <—1.0 (immunometabolism, TGF-§ signaling, NF-KB signaling, TLR signaling, and apoptosis) are shown in colored bars. (D)
MARCO expression level and clinical outcomes. Swimmer’s plot visualizing the MARCO expression level (left), DFS comparison of survival curves between patients
dichotomized at the median MARCO expression level (middle, P = 0.2822), and nanostring expression level of MARCO (right; log, fold change =-—2.43307,
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in the DFS10 achieved group, but statistical significance was
not reached (Figure 5C). Other immune cell scores were not
different between the two groups (Supplementary
Figure S5, available at https://doi.org/10.1016/j.esmoop.
2022.100484).

DISCUSSION

Our study evaluated the association between the peripheral
immune profiles and clinical outcomes of locally advanced
PDAC treated with neoadjuvant mFOLFIRINOX and surgery.
Baseline peripheral CD14+4-CD11c+HLA-DR+ monocytes
and Foxp3+ regulatory T cells were significantly associated
with survival outcomes. These cell types may therefore
serve as prognostic biomarkers. Conversely, chemotherapy
affected the peripheral immune phenotype, with patients
showing decreased PD-1-expressing CD8+ T cells after eight
cycles of mFOLFIRINOX.

Higher levels of peripheral monocytes were associated
with poor survival with respect to both OS and PFS. Several
previous studies support the correlation between high pe-
ripheral monocyte levels and adverse outcomes in PDAC.****
Yet, higher peripheral monocyte levels and survival out-
comes in PDAC patients treated with neoadjuvant chemo-
therapy and surgery have not been addressed in previous
studies. Higher peripheral monocyte levels may reflect the
abundant trafficking of circulating monocytes into the tumor,
leading to differentiation into pro-tumor macrophages,
which are well known to be a poor prognostic factor in
PDAC.*"> Foxp3-+CD4+ regulatory T cells were significantly
associated with better PFS, which is contrary to a previous
study of the peripheral immune profile of unresectable PDAC
patients which showed association of higher peripheral
CD4-+CD25+CD127— regulatory T-cell population and poor
0S.'® However, a recent study with colon cancer patients
showed that a specific subpopulation of regulatory T cells
with a CD45RA Foxp3'" phenotype was associated with
better outcomes.”” Quantification of Foxp3 expression level
and deeper phenotyping of regulatory T-cell population of
patients are needed for better explanation of the role of
Foxp3™ regulatory T cells in PDAC.

During eight cycles of mFOLFIRINOX, the proportion of
PD-1+CD8+ T cells significantly decreased. Although PD-1
expression alone does not suggest exhaustion status of
CD8+ T cells, the significant decrease of PD-1+CD8+ T cells
may be associated with a decrease in exhausted CD8+ T
cells in the peripheral blood. From a previous study inves-
tigating the peripheral immune profiles of PDAC patients,
the proportion of PD-1+CD8+ T cells was unchanged
before and after surgery.'® Activation of naive CD8+ T cells
via immunogenic cell death caused by chemotherapy may
lead to proliferation of new effector CD8+ T cells which

J. Hyung et al.

could partly explain the decrease in the PD-14+CD8+ cell
population in our results.”® Peripheral immune profiling of
non-small-cell lung cancer patients treated with platinum-
based chemotherapy showed increased proliferation of
effector subsets of CD8+ T cells in the peripheral blood,
and a preclinical study in a mouse colon cancer model
showed lower levels of PD-1+CD8+ T cells in the TME after
FOLFOX treatment compared with the control group.?%%

Our study characterizes the immune profiles of resected
PDAC and evaluates the effect of preoperative chemo-
therapy, as well as their association with clinical outcomes
in locally advanced PDAC. Early recurrence of PDAC after
surgery may be due to residual tumor cells or undetected
micrometastases with rapid growth and resistance to
adjuvant chemotherapy. Indeed, the immunologic features
of the early recurrence group (DFS10 failed group),
including high MARCO expression, enriched the expression
of genes associated with TGF-§ signaling, and lower peri-
tumoral infiltration by CD8+ T cells may be associated with
aggressive tumor behavior and resistance to cytotoxic
chemotherapy. Only the patients who received surgery, who
have better prognosis compared with those who did not,
were included in the immune-related gene expression
analysis and the results may not represent the whole
population of locally advanced PDAC patients. These results,
however, may serve as potential prognostic biomarkers in
patients with locally advanced PDAC treated with neo-
adjuvant chemotherapy and who had surgical resection.

In a differential expression analysis of immune-related
genes, MARCO was preferentially expressed in patients
who recurred within 10 months of surgery. A correlation
between MARCO expression and poor clinical outcome was
also observed by analysis of RNA-sequencing data from
PDAC patients in a publicly available dataset. In the current
study, however, we could not prove the significant differ-
ential expression in the protein level by IHC analysis. This
discordant result may be explained if increased transcrip-
tion of MARCO does not lead to expanded expression of
MARCO protein in the immune cells of the TME; nonethe-
less there lacks evidence to support this idea. Lower yield of
MARCO IHC staining in this study may hinder the discovery
of differentially expressed MARCO protein.

MARCO is a scavenger receptor expressed by macro-
phages and functions as a pattern recognition receptor.”?
Several preclinical and clinical studies in other types of
cancers have demonstrated the pro-tumor role of MARCO,
with inhibition of the receptor leading to tumor regression.
In a study of human breast cancer and melanoma speci-
mens, MARCO was expressed by immunosuppressive mac-
rophages and associated with a gene signature related to
epithelial—mesenchymal transition and metastasis.”®
Moreover, in a mouse model, MARCO-expressing

P =0.000193, adjusted P = 0.048545). (E) Analysis of the MARCO expression level and clinical outcomes in a public dataset [The Cancer Genome Atlas (TCGA)] from the
Human Protein Atlas. Survival comparison of patients dichotomized at the first quartile (left; quartile 1 versus quartile 2-4, P = 0.0202) and median MARCO expression
level (middle, P = 0.0632) and comparison of the MARCO expression level according to patient group, dichotomized at the median overall survival (right, P = 0.0140).
DFS, disease-free survival; FPKM, fragments per kilobase of exon per million mapped fragments; MHC, major histocompatibility complex; NF-kB, nuclear factor kappa B;
NLR, NOD-like receptor; OS, overall survival; TGF-8, transforming growth factor-8; TLR, toll-like receptor; TNF, tumor necrosis factor.
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Figure 5. Comparison of immune cells in the tumor microenvironment according to the recurrence group (DFS10 achieved versus DFS10 failed).

(A) Comparison of CD8+ T-cell infiltration in the peritumoral region (left, P = 0.0145) and the total region (right, P = 0.1215). (B) Representative histopathologic and
immunostained slides comparing CD8+ T-cell infiltration between the two groups (left: DFS10 achieved; right: DFS10 failed). A greater number of CD8+ cells (red
staining) infiltration seen within the peritumoral region (marked with red line) in the DFS10 achieved group (left) compared with the DFS10 failed group (right). (C)
Immune cell score estimated using the Nanostring annotation. CD8+ cell score (top left, P = 0.1259), cytotoxic cell score (top right, P = 0.3283), T-cell score (bottom

left, P = 0.2109), and exhausted CD8+ T-cell score (bottom right, P = 0.2854).
DFS, disease-free survival.

macrophages in the TME had immunosuppressive features,
and inhibition of MARCO with a neutralizing antibody
reprogrammed the macrophages from a pro-tumor
phenotype to an antitumor phenotype, leading to inhibi-
tion of tumor growth and metastasis.”® In another preclin-
ical study using a mouse melanoma model, inhibition of
MARCO-expressing macrophages led to natural killer cell-
mediated tumor cell killing via the tumor necrosis factor-
related apoptosis-inducing ligand pathway.??

From the gene set analysis, the Th1l differentiation
pathway was enriched in the DFS10 achieved group. This is
biologically plausible, as Th1 CD4+ T cells are well known to
be associated with favorable outcomes in several cancers.””
However, the TGF-( signaling pathway was enriched in the
DFS10 failed group. This is also consistent with previous
data, as the TGF-0 signaling pathway is known to promote
an immunosuppressive  TME in PDAC, with stromal

Volume 7 m Issue 3 m 2022

proliferation of cancer-associated fibroblasts and produc-
tion of extracellular matrix.”>*’ The combination of a TGF-£
blocker with a PDAC vaccine altered the TME, promoted
CD8+ T-cell infiltration, and led to better survival in a
mouse model.”® Moreover, there are some attempts to
target TGF-3 pathways in treating PDAC patients including
losartan, an angiotensin receptor blocker, and halofuginone,
an antimalarial derivative.”” From a preclinical study of
SPARC-null mice which shows higher TGF-81 activity and
aggressive tumor behavior, losartan administration slowed
tumor growth and improved survival along with attenuation
of TGF-B1-induced gene expression.’® A recent phase Il
clinical trial of locally advanced PDAC patients treated with
losartan in combination with FOLFIRINOX demonstrated
promising results with an RO resection rate of 61% out of 49
patients treated, with a significant decrease of serum TGF-(
and thrombospondin-1.%*
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Higher infiltration of CD8+ T cells in the peritumoral area of
resected PDAC was associated with a DFS of >10 months.
Similar results were observed in a previous study of the PDAC
immune microenvironment.>>*” Higher CD8+ T cell counts in
the peritumor region or the total tumor area were significantly
associated with better outcomes, while the CD8+ T-cell count
in the total area was not significantly different in the two
groups. Similar results were shown in a study of PDAC speci-
mens from patients who underwent curative resection, in
which the proximity of cytotoxic T cells to the tumor was
associated with better survival outcomes.*” Favorable clinical
outcomes of tumors with higher CD8+ T cell infiltration of the
peritumoral region after neoadjuvant chemotherapy, howev-
er, were not well evaluated in the previous studies. As CD8+ T
cells are a major effector cell in antitumor immunity, it is
presumed that higher infiltration of the peritumoral region by
CD8+ T cells leads to better outcomes.

A strength of this study is that the clinical data and pa-
tient samples were obtained from a well-defined cohort
from a prospective phase Il clinical trial and included a
comprehensive analysis of the immunologic features of the
peripheral blood and resected tumor samples. There are,
however, several limitations to this study, including the
small number of cases and the absence of an external
validation cohort. We carried out additional investigations
including multivariate analyses, bootstrapping, and public
data set analyses to compensate the small sample size of
the study. The IHC analysis failed to validate the differential
expression of MARCO. Neoadjuvant chemotherapy may
induce desmoplastic reaction and matrix remodeling along
with tumor cell death leading to alteration of the TME.**
This may explain the relatively lower yields of Nanostring
results and immune cell IHC studies noticed in this study.

Conclusion

Our comprehensive analysis of the immune profiles of locally
advanced PDAC patients treated in a phase Il clinical trial of
neoadjuvant mFOLFIRINOX and surgery may identify poten-
tial prognostic biomarkers. These results may provide better
insights and real-world evidence for further investigation of
PDAC immunity and the development of new therapeutics.
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