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Abstract

Background: Neoadjuvant folinic acid, fluorouracil, irinotecan, and oxaliplatin (FOLFIRINOX) and chemoradiation have been
used to downstage borderline and locally advanced pancreatic ductal adenocarcinoma (PDAC). Whether neoadjuvant
therapy-induced tumor immune response contributes to the improved survival is unknown. Therefore, we evaluated
whether neoadjuvant therapy induces an immune response towards PDAC. Methods: Clinicopathological variables were
collected for surgically resected PDACs at the Massachusetts General Hospital (1998-2016). Neoadjuvant regimens included
FOLFIRINOX with or without chemoradiation, proton chemoradiation (25 Gy), photon chemoradiation (50.4 Gy), or no
neoadjuvant therapy. Human leukocyte antigen (HLA) class I and II expression and immune cell infiltration (CD4*, FoxP3™,
CD8", granzyme B™ cells, and M2 macrophages) were analyzed immunohistochemically and correlated with
clinicopathologic variables. The antitumor immune response was compared among neoadjuvant therapy regimens. All
statistical tests were 2-sided. Results: Two hundred forty-eight PDAC patients were included. The median age was 64 years
and 50.0% were female. HLA-A defects were less frequent in the FOLFIRINOX cohort (P = .006). HLA class II expression was
lowest in photon and highest in proton patients (P = .02). The FOLFIRINOX cohort exhibited the densest CD8" cell infiltration
(P < .001). FOLFIRINOX and proton patients had the highest CD4" and lowest T regulatory (FoxP3*) cell density, respectively.
M2 macrophage density was statistically significantly higher in the treatment-naive group (P < .001) in which dense M2 mac-
rophage infiltration was an independent predictor of poor overall survival. Conclusions: Neoadjuvant FOLFIRINOX with or
without chemoradiation may induce immunologically relevant changes in the tumor microenvironment. It may reduce HLA-
A defects, increase CD8" cell density, and decrease T regulatory cell and M2 macrophage density. Therefore, neoadjuvant
FOLFIRINOX therapy may benefit from combinations with checkpoint inhibitors, which can enhance patients’ antitumor im-
mune response.

For the last decade, neoadjuvant therapy with folinic acid, fluo- resectable (BR) or locally advanced (LA) pancreatic ductal adeno-
rouracil, irinotecan, and oxaliplatin (FOLFIRINOX) followed by carcinoma (PDAC) with the expectation of converting them to
radiotherapy has been used for patients with borderline resectable (1). Patients with BR or LA PDAC who undergo surgery
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following neoadjuvant FOLFIRINOX treatment have a longer
overall survival (OS) compared with upfront resectable patients
(1). Whether a neoadjuvant therapy-induced tumor immune re-
sponse contributes to the improved survival is unknown.
Chemo- and/or radio-therapy have been shown to increase sus-
ceptibility of tumor cells to cytotoxic T lymphocyte recognition
and destruction and/or to enhance the antitumor activity of cy-
totoxic T lymphocytes in vitro, in animal models, and some
cases of patients with various types of cancer (2-5). These pre-
clinical data prompted us to 1) analyze the infiltration of tumors
by immune cells, which reflects a patient’s immune response in
the tumor microenvironment (TME) (6); 2) evaluate human leu-
kocyte antigen (HLA) expression by PDAC cells, given that these
molecules play a crucial role in the interactions of tumor cells
with the host’s immune system (7, 8); and 3) correlate the im-
munohistochemical (IHC) results with clinicopathologic
variables.

Methods

Patients

With institutional review board approval and after obtaining
written informed consent, surgically removed PDACs between
1998 and 2016 at the Massachusetts General Hospital were eval-
uated. Based on specimen availability, 248 specimens that were
readily available for analysis were obtained. This study popula-
tion represents only a fraction of all resected tumors at the
Massachusetts General Hospital during the study period. Of
those, 63 received neoadjuvant FOLFIRINOX alone (n=6) or
were followed by either proton or photon radiotherapy (n=>57)
between 2012 and 2016, 30 received neoadjuvant proton radio-
therapy (short course, 5 days x 5Gy) between 2007 and 2011, 18
received neoadjuvant photon radiotherapy (50.4Gy) between
1998 and 2010, and 137 received no neoadjuvant therapy be-
tween 1998 and 2011. Proton and photon therapy were adminis-
tered as described (9-11). Detailed methods regarding tissues,
monoclonal antibodies (mAb), and IHC staining are presented in
the Supplementary Material (available online).

Statistical Analysis

Continuous variables are presented as medians (interquartile
range [IQR]). The inter-rater reliability between investigators
who scored the staining and between the manual and auto-
mated assessment of immune cell counts was analyzed using
Cohen’s k. The correlation between continuous variables was
assessed with Spearman’s p. Comparison of categorical varia-
bles among groups was performed using Fisher’s exact test.
Comparison of continuous variables between groups was per-
formed using the Mann-Whitney U test or the Kruskal-Wallis
method, as appropriate, and within groups with the Wilcoxon
signed rank test. OS was measured as disease-specific survival.
Time was defined as the interval between the date of diagnosis
and the date of disease-specific death (event) or the date of last
follow-up (patient censored). Survival curves were plotted using
the Kaplan-Meier method. Differences in OS among groups
were analyzed by the log-rank test. Multivariable survival analy-
ses were performed using the Cox proportional hazards model;
the assumption of proportionality was verified by graphical as-
sessment of Kaplan-Meier curves.

The difference in time interval between the day of operation
and our IHC analysis among groups is due to the evolving
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paradigm of care for patients with PDAC. Neoadjuvant proton
therapy began as part of a clinical trial in 2006 (12). Systemic
FOLFIRINOX was established as the standard of care for meta-
static PDAC in 2011 (9). To account for the time difference that
could be a potential confounder, we calculated the time interval
(days) between day of operation and day of IHC analysis. We
then determined whether this operation-to-IHC interval was as-
sociated with any of the immune parameters within each treat-
ment group.

P less than .05 was considered statistically significant. All
tests were 2-tailed. Bonferroni-corrected P values were calcu-
lated when appropriate. Statistical analyses were performed
with IBM SPSS Statistics for Windows, Version 24.0 (IBM
Corporation, Armonk, NY) and GraphPad Prism, version 8.0 for
Windows (GraphPad Software, La Jolla, CA).

Results

Clinicopathological Features

A total of 248 surgically resected PDACs were evaluated. The
median age was 64years, and one-half of the patients were
women (Table 1). The patient cohort included 63 FOLFIRINOX
patients (6 received FOLFIRINOX only and 57 received
FOLFIRINOX followed by proton or photon radiotherapyy), 30 pro-
ton, 18 photon, and 137 neoadjuvant treatment-naive patients.
Patients who went directly to the operating room and proton
patients were considered resectable at the time of presentation
by our institutional multidisciplinary team. Neoadjuvant
FOLFIRINOX (with or without radiotherapy) and photon chemo-
radiation patients were considered either BR or LA at
presentation.

Of the 63 FOLFIRINOX patients, 22 (34.9%) had pathological
stage IIB disease compared with 24 (80.0%) of the proton, 9
(50.0%) of the photon, and 98 (71.5%) of the treatment-naive
patients (P < .001). Negative resection margins were achieved
more frequently in the FOLFIRINOX (84.1%) and proton groups
(90.0%) than in the photon (66.7%) or treatment-naive groups
(62.0%) (P < .001). Median OS from the time of diagnosis of
FOLFIRINOX, proton, photon, and treatment-naive patients was
31.6 (IQR = 21.2-55.5), 28.3 (IQR = 16.7-N/A), 31.5 (IQR = 17.1-
37.7), and 21.4 (IQR = 11.8-40.5) months, respectively.

Frequency of HLA Class I Defects in PDAC Tumors

Both HLA-A and HLA-B/C expression were defective (negative or
heterogeneous) in more than 60.0% of PDACs (Table 2; Figure 1).
The frequency of HLA-A defects in FOLFIRINOX patients was
statistically significantly lower than in the other cohorts
(Bonferroni-corrected P = .006 for FOLFIRNOX vs no therapy and
for FOLFIRINOX vs photon; Bonferroni-corrected P = .04 for
FOLFIRINOX vs proton; Figure 2A). The latter did not differ from
each other. In contrast, the frequency of HLA-B/C defects did
not differ among the 4 cohorts (Figure 2B). Among FOLFIRINOX
patients, the frequency of HLA-B/C defects was statistically sig-
nificantly higher in those who received FOLFIRINOX + proton
radiotherapy than in those who received FOLFIRINOX alone
(Bonferroni-corrected P = .009; Supplementary Figure 1B avail-
able online).
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Table 1. Clinicopathological characteristics of 248 pancreatic ductal adenocarcinomas surgically removed from patients treated with neoadju-
vant FOLFIRINOX alone or followed by radiotherapy (photon or proton) (n=63), photon radiotherapy (n = 18), or proton radiotherapy (n=30)
and from patients who received no neoadjuvant therapy (n=137)

Clinicopathologic FOLFIRINOX = proton or photon radiation Proton radiation Photon radiation No neoadjuvant Overall

characteristics No. (%) No. (%) No. (%) No. (%) No. (%) p?
Median age (IQR), y 62 (56-67) 62 (56-70) 66 (59-73) 70 (60-76) 64 (58-73) <.001
Sex .95

Male 31 (49.2) 14 (46.7) 10 (55.6) 69 (50.4) 124 (50.0)

Female 32 (50.8) 16 (53.3) 8 (44.4) 68 (49.6) 124 (50.0)
Pathological stage <.001

1A 6(9.5) 1(3.3) 2(11.1) 2(1.5) 11 (4.4)

IB 4(6.3) 1(3.3) 3(16.7) 11 (8.0) 19 (7.7)

A 31(49.2) 4(13.3) 4(22.2) 26 (19.0) 65 (26.2)

1B 22 (34.9) 24 (80.0) 9 (50.0) 98 (71.5) 153 (61.7)
Resection margins <.001

Positive 10 (15.9) 3(10.0) 6 (33.3) 52 (38.0) 71 (28.6)

Negative 53 (84.1) 27 (90.0) 12 (66.7) 85 (62.0) 179 (72.3)
Lymphovascular invasion <.001

Positive 21(33.3) 14 (46.7) 12 (66.7) 89 (65.0) 136 (54.8)

Negative 42 (66.7) 16 (53.3) 6(33.3) 48 (35.0) 112 (45.2)
Perineural invasion <.001

Positive 49 (77.8) 25 (83.3) 15 (83.3) 126 (92.0) 215 (86.7)

Negative 14 (22.2) 5(16.7) 3(16.7) 11 (8.0) 33(13.3)

* P values derived from Fisher’s exact test or Kruskal-Wallis test, as appropriate. FOLFIRINOX = folinic acid, fluorouracil, irinotecan, and oxaliplatin; IQR = interquartile
range.

Table 2. HLA-A, HLA-B/C, and HLA class II expression in 248 pancreatic ductal adenocarcinomas surgically removed from patients treated with
neoadjuvant FOLFIRINOX alone or followed by radiotherapy (photon or proton) (n = 63), photon radiotherapy (n=18), or proton radiotherapy
(n=30) and from patients who received no neoadjuvant therapy (n=137)

FOLFIRINOX = proton or photon radiation = Proton radiation  Photon radiation = No neoadjuvant Overall

HLA component No. (%) No. (%) No. (%) No. (%) No. (%) p?

HLA-A <.001
Negative 1(1.6) 4(13.3) 5(27.8) 23 (17.6) 33(13.7)
Heterogeneous 37 (58.7) 22 (73.4) 11 (61.1) 76 (58.0) 146 (60.3)
Positive 25 (39.7) 4(13.3) 2(11.1) 32 (24.4) 63 (26.0)

HLA-B/C .86
Negative 5(7.9) 2(6.7) 1(5.6) 6 (4.6) 14 (5.8)
Heterogeneous 35 (55.6) 20 (66.7) 11 (61.1) 72 (55.4) 138 (57.3)
Positive 23 (36.5) 8(26.7) 6 (33.3) 52 (40.0) 89 (36.9)

HLA class II .07
Negative 13 (20.6) 4(13.8) 8 (50.0) 34 (28.1) 59 (25.8)
Heterogeneous 44 (69.8) 20 (69.0) 7 (43.8) 65 (53.7) 136 (59.4)
Positive 6 (9.5) 5(17.2) 1(6.2) 22 (18.2) 34 (14.8)

* P values derived from Fisher’s exact test. Staining was not obtained for all slides for all markers. FOLFIRINOX = folinic acid, fluorouracil, irinotecan, and oxaliplatin;
HLA = human leukocyte antigen.

between manual and automated scoring of immune cells was
. . very high (Cohen «=0.81, P < .001; Cohen «=0.83, P = .001, re-
In agreement with the literature (13, 14), HLA class Il was unde- spectively). All PDACs demonstrated tumor infiltrating immune
tectable on peritumoral normal ductal and exocrine pancreatic cells (Table 3; Figure 3).
cells. In contrast, it was expressed on more than 70.0% of tumor PDACs from FOLFIRINOX patients had a statistically signifi-
cells from both the FOLFIRINOX and proton groups as well as cantly higher CD8" cell density than those from the other 3
treatment-naive patients, but in only 50.0% of photon-treated cohorts (P < .001 for all between-group comparisons; Figure 4A).
tumors (Table 2). HLA class II expression was lowest in photon In the latter 3, CD8* cell density was the lowest in the photon
and highest in proton patients (Bonferroni-corrected P = .02; cohort (P = .002 vs proton, P = .004 vs no neoadjuvant). CD8"
Figure 2C). cell density in FOLFIRINOX alone patients was statistically sig-
nificantly higher than that in FOLFIRINOX + photon radiation
tumors (P = .009; Supplementary Figure 2A available online).
Granzyme B cell density, utilized as a marker of activated
The inter-rater reliability between scoring investigators for the CD8" T cells, was similar in FOLFIRINOX patients to that in
assessment of tumor-infiltrating immune cells as well as treatment-naive patients. PDACs from FOLFIRINOX patients

HLA Class II Expression in PDAC Tumors

Tumor-Infiltrating Immune Cells
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Figure 1. Human leukocyte antigen (HLA) class I and class II expression patterns in pancreatic ductal adenocarcinoma (PDAC). Formalin-fixed, paraffin-embedded
PDAC lesions were stained with mouse HLA-A-specific monoclonal antibodies (mAb) HC-A2, HLA-B/C-specific mAb HC-10, and HLA-DR, DQ, DP-specific mAb LGII-
612.14. Staining was scored as positive (A, D, and G), heterogeneous (B, E, and H), and negative (C, F, and I). Scale bars = 100um. x200 original magnification.
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Figure 2. Human leukocyte antigen (HLA) antigen expression in pancreatic ductal adenocarcinomas surgically removed from patients treated with neoadjuvant folinic
acid, fluorouracil, irinotecan, and oxaliplatin (FOLFIRINOX), proton radiotherapy, or photon radiotherapy and from patients who received no neoadjuvant therapy.
Stacked bar graphs show the frequency of negative, heterogeneous, and positive HLA-A (A), HLA-B/C (B), and HLA class II (C) expression in tumors surgically removed
from patients treated with neoadjuvant therapy or from neoadjuvant treatment-naive patients. P values were derived from Fisher’s exact tests and were adjusted for

multiple comparisons using the Bonferroni correction method.

had a statistically significantly higher granzyme B* cell density
than those from photon patients (P < .001; Figure 4B). Granzyme
B* cell density was statistically significantly higher in treat-
ment-naive patients than in proton and photon patients (P =
.009 vs photon; P = .02 vs proton). Among FOLFIRINOX patients,
granzyme B cell density was statistically significantly higher in
FOLFIRINOX alone patients than in FOLFIRINOX + photon
patients (P = .02; Supplementary Figure 2B available online).

The highest CD4" cell density was identified in FOLFIRINOX
and proton patients, which did not differ from each other. CD4"
cell density in the latter 2 cohorts was statistically significantly
higher compared with photon-treated and treatment-naive
patients (P < .001 for all between-group comparisons;
Figure 4C).

T regulatory (Treg) cells, identified as FoxP3" cells, were
detected in all 4 groups. The lowest FoxP3" cell density was

N IN0as Aq 8e11 G8G5/281/2/€ | L/oIoe/1dul/Wwod dnooiwapede//:sdRy Woly papeojumoq

B

G
ET:

-

A

120Z YoJB\ g Uo Jasn



%
=
a
a
tm

186 | JNCIJ Natl Cancer Inst, 2021, Vol. 113, No. 2

Table 3. Immune cell infiltration in 248 pancreatic ductal adenocarcinomas surgically removed from patients treated with neoadjuvant
FOLFIRINOX alone or followed by radiotherapy (photon or proton) (n=63), photon radiotherapy (n=18) or proton radiotherapy (n=30), and

from patients who received no neoadjuvant therapy (n =137)

FOLFIRINOX = proton or

photon radiation Proton radiation Photon radiation No neoadjuvant Overall
Immune Cells per HPF, median Cells per HPF, Cells per HPF, Cells per HPF, Cells per HPF,
cell type (IQR) median (IQR) median (IQR) median (IQR) median (IQR) p?
cD4* 58 (27-80) 45 (26-96) 10 (2-18) 7 (1-16) 18 (4-42) <.001
FoxP3* 1(0-2) 1(0-1) 3(1-4) 3(1-5) 2(1-4) <.001
cDs* 40 (24-80) 24 (12-34) 7 (1-15) 17 (9-30) 21 (11-37) <.001
Granzyme B* 18 (11-30) 5 (4-8) 8(3-11) 12 (7-28) 15 (8-28) <.001

* P values derived from Kruskal-Wallis test. Staining was not obtained for all slides for all markers. FOLFIRINOX = folinic acid, fluorouracil, irinotecan, and oxaliplatin;

HPF = high power field; IQR = interquartile range.

High Low or negative
A T R B '
coer [N
c it N D

Granzyme B*

E F
CD4*
G H
e
Treg e i
(FoxP3*)

M2 macrophage
(CD163%)

Figure 3. Pancreatic ductal adenocarcinoma (PDAC) fibrous septa infiltration by
CD8" T cells, granzyme B* cells, CD4" cells, Treg cells, and M2 macrophages.
Representative patterns of formalin-fixed, paraffin-embedded PDAC lesions
stained withmouse anti-CD8 (A and B), rabbit anti-granzyme B (C and D), rabbit
anti-CD4 (E and F), rabbit anti-FoxP3 (G and H), and rabbit anti-CD163 (I and J).
High CD8" cell (A), high granzyme B" cell (C), high CD4" T cell (E), high FoxP3"
cell (G) and high M2 macrophage (1) infiltration are compared with low CD8" cell
(B), low granzyme B* cell (D), low CD8" T cell (F), negative FoxP3" cell (H) and
low M2 macrophage (J) infiltration. Scale bars=100 um. x200 original
magnification.

found in FOLFIRINOX patients and proton patients, who did not
differ from each other. FoxP3" cell density in FOLFIRINOX and
proton-treated patients was statistically significantly lower
than that in photon and treatment-naive patients (P < .001 for
all between-group comparisons; Figure 4D).

M2 macrophage (CD163" cells) density was statistically sig-
nificantly higher in the treatment-naive group compared with
the FOLFIRINOX and proton groups (P < .001 for both). M2 mac-
rophage density was not different between FOLFIRINOX and
photon or proton patients (Figure 4E).

Association of HLA Class I and Class II Expression in
PDAC Tumors With Tumor Infiltrating Lymphocyte
Density

In FOLFIRINOX-treated patients, CD8" and granzyme B" cell
densities were correlated with HLA-A, HLA-B/C, and HLA class II
expression (CD8": Spearman p=0.59, P < .001; p =0.44, P = .001;
and p=0.35, P = .004, respectively; granzyme B*: p=0.54, P <
.001; p=0.40, P = .001; and p=0.37, P = .003, respectively). In
contrast, CD4" cell density was correlated with neither HLA-A
nor HLA-B/C expression but was correlated with HLA class II ex-
pression (p=0.34; P = .007). FoxP3"* cell and M2 macrophage
densities were correlated with neither HLA class I nor HLA class
I expression.

In proton patients, HLA class I and class II expression did not
correlate with immune cell density. However, FoxP3* cell den-
sity was inversely correlated with HLA-B/C expression (p =
—0.58, P = .01) in photon patients.

In treatment-naive patients, CD8" cell density correlated
with HLA-A and HLA-B/C expression (p=0.27, P = .002; and
p=0.57, P = .001, respectively). Granzyme B* cell density corre-
lated with HLA-B/C and HLA class II expression (p=0.25, P =
.004; and p=0.21, P = .02, respectively). In contrast, CD4" cell
and FoxP3" cell densities correlated with neither HLA-A nor
HLA-B/C expression.

Prognostic Value of HLA Expression and Lymphocyte
Density

To assess the clinical significance of the IHC analysis, IHC
results were correlated with patients’ clinicopathologic charac-
teristics. In FOLFIRINOX patients, HLA-A expression defects cor-
related with higher T stage and perineural invasion (P = .03, P =
.002, respectively; Supplementary Figure 3 available online).
Dense M2 macrophage infiltration correlated with higher lym-
phovascular invasion (P = .007). In proton patients, higher CD4"
cell density correlated with higher T stage and perineural inva-
sion (P = .04, P = .04, respectively). In photon-treated patients,
there was no association between the TME immunological char-
acteristics and patients’ clinicopathologic characteristics.

1202 UoIBN 8} UO Jasn Aseiqi Ayisioniun [euoneN [noas Aq 8etLG8G/281/Z/E L | /a1oIue/ouljwod dno oiwspeoe)/:sdny wouj papeojumoq



T. Michelakos etal. | 187

A P<.001 B . P=.02 . C
_ | |
P=004 £= 000 . P= 001 .
. | |
1504 400
300 < < = P<.001 P<.001 P<.001 P<001 P<.001
el iRal Wt} " Ral Mol | ) ; :
i ®
[ ] o L ] °
w s 5 w 3004
a 2 1004 ] a @
200 ] &
E ' 3 [ ] [ ] "-l;
% * i . 3 2004
e 8
+ ° . g %
8 100 R 50 3
© ) b 5 O 1004 o
= .
é )
: = ol % 1 u-—% L = ]
& o & & & O 5§ O & 9 o &
€& & N \g@‘\ & <€ ¥ & &€
ov QO Qo\,
Q .
Neoadjuvant therapy Neoadjuvant therapy Neoadjuvant therapy
D | it . E P<.001
"y P<001 P<001 P<001 " P<.001 '
' it it : 200 oy
b4 L]
[T
& o 150+
T 207 w
£ T
@ -
- %, 100+
o : g . é
2 10 . a
S * o ]
s [ @ 50
I=EN
& o & e & & &
© & oy o & & X X
Y& & ¥ & & €
o~ o~
< <
Neoadjuvant therapy Neoadjuvant therapy

Figure 4. Differential CD8" cell, granzyme B* cell, CD4" cell, FoxP3" cell, and M2 macrophage tumor infiltration density in pancreatic ductal adenocarcinoma tumors
from patients treated with different neoadjuvant therapy regimens and from neoadjuvant treatment-naive patients. Data for CD8+ cell, granzyme B+ cell, CD4+ cell,
FoxP3+ cell, and M2 macrophage tumor infiltration density are presented in panels A-E), respectively. Boxes represent the interquartile range (IQR) and the horizontal
lines across the boxes indicate the median. The whiskers extend from the upper and lower edge of the boxes to the highest and lowest values which are no greater or
smaller than 1.5x the IQR. Outliers with values greater than 1.5x the IQR are represented by circles. FOLFIRINOX = folinic acid, fluorouracil, irinotecan, and oxaliplatin;
HPF = high power field; IQR = interquartile range. P values were derived from Mann-Whitney U tests.

Only in treatment-naive patients were HLA class I expres-
sion and immune cell density correlated with OS. Lower HLA-B/
C expression, concordant negative HLA-A and HLA-B/C expres-
sion, and low CD8" cell and high M2 macrophage densities cor-
related with poor OS (P < .001, P < .001, P = .049, and P = .01,
respectively; Figure 5) in univariate analyses. In treatment-
naive patients, a higher T stage (hazard ratio [HR]=1.54, 95%
confidence interval [CI] = 1.06 to 2.23, P = .02), positive margins
(HR=1.57, 95% CI = 1.01 to 2.47, P = .04), lower HLA-B/C expres-
sion (HR=4.14, 95% CI = 1.75 to 9.80, P < .001), and dense M2
macrophage infiltration (HR=1.79, 95% CI = 1.19 to 2.62, P = .03)
were independent predictors of poor OS. Results remained simi-
lar when time from operation to IHC was introduced in the mul-
tivariable analysis models.

Discussion

Our analysis of the immune microenvironment in PDAC treated
with various types of neoadjuvant therapies demonstrated that

FOLFIRINOX with or without chemoradiation was associated
with upregulated HLA-A expression and increased CD8" T cell
density, including activated CD8" cells; in contrast, the fre-
quency of Tregs and M2 macrophages was reduced. These find-
ings are compatible with a FOLFIRINOX-induced immune
response to tumor antigens. This possibility is supported by evi-
dence that FOLFIRINOX components not only exert cytotoxic
effects but also stimulate an antitumor immune response
in vitro in animal models and in a limited number of human
patients (2-5). Indeed, the administration of anthracycline- or
platinum-based chemotherapy or neoadjuvant chemoradio-
therapy plus fluoropyrimidines has been associated with an in-
creased lymphocyte infiltration in breast, rectal, ovarian, and
prostate cancers (15-18). More specifically, fluorouracil plus ra-
diotherapy resulted in increased CD8" cell infiltration in rectal
cancer, which was in turn associated with higher regression
rates (19). In a murine pancreatic cancer model, fluorouracil
plus interferon (IFN)-« enhanced natural killer cell tumor infil-
tration and major histocompatibility complex class I expression
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Figure 5. Association of immunological parameters of the pancreatic ductal adenocarcinoma tumor microenvironment with survival of neoadjuvant treatment-naive
patients who underwent resection of their tumors. Kaplan-Meier survival curves for human leukocyte antigen (HLA)-B/C expression (A), HLA-A and HLA-B/C expres-
sion concordance (B), CD8" T cell infiltration (C), and M2 macrophage infiltration (D) are presented.

on tumor cells (20). Furthermore, fluorouracil was shown to in-
crease IFN-y production by tumor-infiltrating CD8" cells in mu-
rine thymoma (21). Oxaliplatin has been shown to promote
CD8" cell antitumor immune response in murine prostate can-
cers (22), increase the CD8":Treg ratio in murine colorectal can-
cers (23), and promote the activity of neutrophils and
macrophages in multiple murine malignancies (24). Decreased
Treg infiltration may also be induced by FOLFIRINOX (23, 25).
Additionally, macrophage density was found to be reduced in
PDAC patients treated neoadjuvantly with FOLFIRINOX plus the

C-C motif chemokine ligand 2 (CCL2) - C-C motif chemokine re-
ceptor 2 (CCR2) axis inhibitor PF-04136309, but no data are avail-
able for FOLFIRINOX alone (26).

In this study, firstly, we evaluated PDAC cell HLA expression.
HLA expression plays an important role in the interactions of
tumor cells with the host’s immune system. HLA class I mole-
cules play a crucial role in the presentation of tumor antigen-
derived peptides to cognate CD8" T cells. Therefore, defects in
HLA class I expression provide tumor cells with an escape
mechanism from recognition and destruction by the immune
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system (27). This mechanism may account for the association
we found between HLA-B/C downregulation and poor prognosis
in treatment-naive patients. The lowest frequency of HLA class
I defects was identified in the FOLFIRINOX cohort. This could be
partially attributed to fluorouracil, which is known to upregu-
late HLA class I expression on tumor cells in vitro (20). Radiation
can also upregulate HLA class I expression, possibly via IFN-y
signaling (28, 29); however, we did not observe such an effect
with radiation alone.

FOLFIRINOX might have a selective effect on the gene prod-
ucts of the HLA-A locus, as indicated by the statistically signifi-
cant reduction in the frequency of HLA-A defects in PDACs. This
selective upregulation of the HLA-A locus gene products argues
against the possibility that this effect is mediated by IFN re-
lease, because these cytokines upregulate the HLA-A, B, and C
loci gene products to a similar extent. Therefore, FOLFIRINOX
may mediate distinct mechanisms that differentially regulate
the gene products of classical HLA class I antigen expression.
Our results emphasize the usefulness of mAbs which recognize
the gene products of HLA class I loci to analyze the phenotype
of tumor cells.

Secondly, we demonstrated that HLA class II expression,
which can trigger immunosuppressive mechanisms such as ac-
tivation of Tregs (30-32), was the highest and lowest on PDACs
from proton and photon patients, respectively. A previous study
demonstrated a lower frequency (11 of 37, 29.7%) of de novo
HLA class II expression in PDAC (13). The same study detected
HLA class II expression in 42.1% (8 of 19) of PDAC cell lines. The
susceptibility of HLA class II expression to modulation by cyto-
kines such as IFN-y raises the possibility that upregulation in ra-
diated tumors could be mediated by stimulator of interferon
genes (STING,) activation (5, 33, 34).

We also showed an association of low CD8" cell density and
high M2 macrophage density with poor survival in treatment-
naive patients. Notably, within that group, dense M2 macro-
phage infiltration was an independent predictor of poor sur-
vival. Immune cell infiltration has been associated with
outcomes in various cancers. Specifically, dense CD8" T cell in-
filtration has been associated with improved prognosis; this
likely reflects the ability of CD8" cells to exert direct cytotoxic
effects on tumor cells (35-37). In contrast, Treg and M2 macro-
phage tumor infiltration has been associated with poor progno-
sis in multiple malignancies, including PDAC (37-41).
Specifically for unresectable PDAC, circulating Treg levels de-
creased after chemotherapy in patients with stable disease or
partial response but increased in patients with progression (42).
Furthermore, tumor-associated macrophages have been shown
to dampen tumor antigen-specific immune responses in PDAC
in both mice and humans (43). Two distinct states of polariza-
tion have been described for macrophages: M1 (classically acti-
vated) and M2 (alternatively activated). We elected to analyze
M2 macrophages because tumor-associated macrophages have
been found to predominantly demonstrate an M2-like pheno-
type (44-46).

We did not compare survival among treatment groups given
their heterogeneity in baseline characteristics. However,
resected PDAC patients who have received neoadjuvant
FOLFIRINOX have a statistically significantly longer survival
compared with neoadjuvant therapy-naive patients with
upfront resectable disease (1). The neoadjuvant FOLFIRINOX-
treated patients’ prolonged survival may result from the ability
of FOLFIRINOX to induce or reactivate an adoptive antitumor
immunity. If this association reflects a cause-effect relation-
ship, the FOLFIRINOX-treated patients’ prolonged survival may
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be mediated by an increased susceptibility of PDAC cells to im-
mune recognition because of an improved antigen presentation
mediated by HLA-A upregulation and/or an enhanced antitu-
mor activity of the patient’s immune system. The latter may be
due to increased CD8* T cell density, reduced Treg infiltration,
and/or lower M2 macrophage density.

Neoadjuvant FOLFIRINOX and radiotherapy of PDAC may
benefit from combination strategies that enhance patients’ im-
mune response, unleash cognate tumor antigen-specific T cells,
eliminate immunosuppressive cells, and/or augment PDAC cell
susceptibility to immune lysis. Of note, a phase II clinical trial
evaluating the combination of neoadjuvant FOLFIRINOX, radio-
therapy, losartan, and nivolumab, an anti-PD-1 mAb, followed
by PDAC resection is currently underway (NCT03563248). Our
findings also potentially support the use of neoadjuvant ther-
apy even in PDAC patients with resectable tumors in order to
enhance their antitumor immune response.

Our study has some limitations. Given that most of the
specimens are not available for further studies and that the ma-
jority of pretreatment biopsies are fine-needle aspirates, we did
not directly compare the pretreatment with the post-treatment
immune milieu within each neoadjuvant treatment group.
Instead, our comparisons were performed among heteroge-
neous groups. The fact that FOLFIRINOX patients had more ad-
vanced tumors at baseline but nevertheless exhibited the most
prominent immune response supports the idea that
FOLFIRINOX has a strong immunomodulatory effect.
Importantly, FOLFIRINOX tumors were from patients who
responded to neoadjuvant therapy and were rendered resect-
able, potentially representing tumors with prominent antitu-
mor immune response at baseline. Additionally, neoadjuvant
therapy-naive and FOLFIRINOX-treated patients underwent an
operation at different time periods; as a result, FOLFIRINOX pa-
tient samples had a shorter interval between operation and IHC
analysis. This time interval difference might introduce bias to
our results, at least partially due to the potential time-induced
antigen degradation (47). However, we found no statistically sig-
nificant correlation between operation-to-IHC interval and any
of the analyzed immune parameters (Supplementary Table 1
available  online). Furthermore, differences between
FOLFIRINOX patients who did or did not receive neoadjuvant ra-
diotherapy could be attributed to the longer interval from diag-
nosis to operation for the former group. Lastly, the neoadjuvant
treatment-naive group had 3-5 micro-cores rather than whole
slides evaluated. In the literature, these 2 methodologies are felt
to be equivalent (48). Despite those limitations, our cohort
reflects the recent paradigm shift in the management of PDAC.

In conclusion, neoadjuvant FOLFIRINOX with or without
chemoradiation induced the most pronounced changes in the
human PDAC TME. The improved OS documented in patients
receiving neoadjuvant FOLFIRINOX may partially be due to the
induction or enhancement of an antitumor immune response,
thus indicating that PDAC patients receiving neoadjuvant
FOLFIRINOX may potentially benefit from combination immu-
notherapeutic strategies that enhance and/or benefit from the
favorable FOLFIRINOX-induced TME changes.
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