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Abstract
The abundance of cytotoxic T-cell infiltrates has important implications for patient outcome and therapeutic design for
pancreatic ductal adenocarcinoma. However, intratumoral heterogeneity remains a challenge to understanding the complex
immune microenvironment. We hypothesized that characterizing CD8+ cell distribution within pancreatic adenocarcinoma
tissues might refine the prognostic value of tumor-infiltrating CD8+ lymphocytes. Using multiplex immunohistochemistry-
based image analysis on whole-tissue sections of 214 pancreatic ductal adenocarcinomas, we measured CD8+ cell densities
in the tumor center, the tumor margin, and the whole tumor, along with the proximity of CD8+ cells to carcinoma cells.
Multivariable Cox regression analysis was performed to assess the associations of CD8+ cell densities with pancreatic
cancer-specific survival, adjusting for clinicopathologic and immune-related features, including tumor expressions of TP53,
SMAD4, and the programmed cell death 1 ligand 1 (CD274, PD-L1) and the extent of tertiary lymphoid structures. There
was substantial heterogeneity in CD8+ cell density, with the mean density in the tumor center less than half that in the tumor
margin. Tumor CD274 expression and extensive tertiary lymphoid structures were appeared to be associated with higher
CD8+ cell density in the tumor margin (P= 0.037 and P= 0.005, respectively), but not with that in the tumor center (P >
0.50). The association of higher CD8+ cell density with prolonged survival was significant for the whole tumor (Ptrend=
0.009); however, the association was stronger for the tumor center (Ptrend= 0.002) and insignificant for the tumor margin
(Ptrend= 0.07). Tumor cell–CD8+ cell distance correlated strongly with CD8+ cell density, whereas the density of CD8+

cells proximate to cancer cells exhibited no prognostic association. In conclusion, spatial computational analysis on
pancreatic ductal adenocarcinoma reveals the prognostic validity of CD8+ cell density in the tumor center, where CD8+ cell
infiltration is ununiformly restricted, likely suggesting pro-tumorigenic roles of the immunosuppressive tumor
microenvironment of pancreatic cancer.

Introduction

Cytotoxic T lymphocytes play a central role in eliminating
tumor cells that expose tumor-specific antigens in various

malignancies, including pancreatic ductal adenocarcinoma
[1, 2]. Higher CD8+ T-cell density in tumor tissues corre-
lates with expressions of cytotoxicity genes and is generally
associated with prolonged pancreatic cancer survival [3, 4].
Previous studies have underscored the importance of ter-
tiary lymphoid structures (which constitute a peritumoral
lymphoid reaction/response) in T cell priming to enhance
local adaptive immunity against pancreatic ductal adeno-
carcinoma [5–7]. Evidence also indicates that pancreatic
cancer patients with abundant cytotoxic T cell infiltration
exhibit a better response to chemotherapies [8]. Accumu-
lating translational evidence suggests that agents targeting
immunosuppressive microenvironmental factors, including
desmoplastic stroma, hyaluronan, macrophages, regulatory
T cells, and myeloid cells, likely lead to the increase of local
CD8+ cell infiltrates, and thereby synergize immune
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checkpoint blockade, although the single use of checkpoint
antibodies has nearly universally failed in the treatment of
pancreatic cancer [9–11]. Consequently, the assessment of
tumor-infiltrating CD8+ cells in pancreatic ductal adeno-
carcinoma tissues may have clinical implications not only
for patient prognosis but also for the development of ther-
apeutic strategies against this deadly disease.

Pancreatic carcinogenesis involves sequential accumula-
tions of genetic and epigenetic alterations under the influence
of the host immune response, and thus the tumor immune
microenvironment of human pancreatic cancer is function-
ally and spatially heterogeneous [12–20]. A recent compu-
tational study using tissue microarray has attested to the
prognostic importance of the spatial distribution of CD8+

cells within the tumor microenvironment of pancreatic
ductal adenocarcinoma [21]. For colorectal cancer, the
Immunoscore, which is generated by combining T cell data
from the tumor center and the invasive margin, has emerged
as a powerful biomarker for the estimation of survival risk
[22]. Work is ongoing to validate the combination of the
Immunoscore with the TNM stage to produce a TNM-
Immune classification of cancer that goes beyond the TNM
staging system [23]. Therefore, we hypothesized that an
accurate enumeration of tumor-infiltrating CD8+ cells
together with their spatial distribution might refine the
prognostic utility of cytotoxic T cell infiltrates in patients
with pancreatic ductal adenocarcinoma. Because it is chal-
lenging to date to replicate the complexity of human
immune systems with in vitro or in vivo experiments,
patient tissue-based studies are valuable to better understand
the role of immune cells in the tumor microenvironment
[24, 25]. To test our hypothesis, we analyzed whole-tissue
sections of 214 surgically resected pancreatic cancer spe-
cimens utilizing multiplex immunohistochemistry-based
image analysis. This approach allowed us to rigorously
characterize the distribution pattern of tumor-infiltrating
CD8+ cells in pancreatic carcinoma tissues. The contribu-
tion to the prediction of patient prognosis of tumor-
infiltrating CD8+ cell density and distribution was exam-
ined controlling for tumor and immune-related factors,
including tumor expressions of TP53, SMAD4, and the
programmed cell death 1 ligand 1 (CD274 or PD-L1), and
the extent of tertiary lymphoid structures.

Materials and methods

Study populations and histologic features

We selected 270 consecutive pancreatic ductal adenocarci-
noma patients who had undergone pancreatectomy at Keio
University Hospital (Tokyo, Japan) between 1991 and
2015. Forty-three of these patients had received

preoperative chemotherapy and/or radiotherapy and were
excluded. A further 11 patients with ductal adenocarcinoma
variants and mixed tumors, including undifferentiated car-
cinoma, adenosquamous carcinoma, colloid carcinoma,
and mixed ductal-neuroendocrine carcinoma, were also
excluded. We did not include two patients for whom we
were unable to obtain reliable fluorescent images of tumor
tissue because of poor immunohistochemistry-quality.
Consequently, we analyzed 214 pancreatic ductal adeno-
carcinomas with available CD8+ cell data for histopatho-
logic study. For four patients who had synchronous and/or
metachronous pancreatic ductal adenocarcinomas of multi-
focal origins, we included only the initially examined main
tumors in this study. Tumor differentiation was graded
according to the tumor grading system of the World Health
Organization (well differentiated – grade 1, moderately
differentiated – grade 2, and poorly differentiated – grade 3)
[26]. The extent of tertiary lymphoid structures was clas-
sified, according to the circumference of peritumoral tertiary
lymphoid tissues, as absent, minimal ( <50% of cir-
cumference), or extensive ( ≥50%) according to previously
described criteria [5] with minor modification. Residual
tumor status; stroma type; and the degree of lymphatic
invasion, venous invasion, and neural invasion, were
recorded according to the Classification of Pancreatic Car-
cinoma by the Japan Pancreas Society [27]. The tumor stage
was defined using the eighth edition of the TNM staging
system published by the Union for International Cancer
Control (UICC) [28]. The aforementioned histopathologic
data were recorded under the approval of at least two
pathologists. A centralized pathology review was done by a
pancreas-specialized pathologist (Y.M.) blinded to the
clinical data. Analyses of human tissue samples were
approved by the human subjects committee of the Keio
University School of Medicine.

Immunohistochemical analysis

Multiplex fluorescent immunohistochemistry was per-
formed using an automated Bond-Max stainer (Leica Bio-
systems) with a customized staining protocol based on a
poly-horseradish peroxidase-conjugated secondary antibody
system combined with tyramide signal amplification. For-
malin-fixed, paraffin-embedded sections were dewaxed,
rehydrated, and peroxide blocked. Antigen retrieval was
carried out by 20 min of heating in Tris-EDTA
ER2 solution (Leica Biosystems; catalog number
AR9640), followed by blocking with 2.5% normal horse
serum and 60 min of incubation with anti-CD8 mouse
monoclonal antibody (clone, C8/144B; dilution, 1:200;
Nichirei Bioscience; catalog number 413201), 15 min of
treatment with anti-mouse ImmPRESS (Vector Labora-
tories; catalog number MP7402), and 10 min of incubation

1496 Y. Masugi et al.



with Alexa Fluor 488 Tyramide reagent (Thermo Fisher
Scientific; catalog number B40953), according to the
manufacturer’s instructions. Slides were then reheated for
antigen retrieval in ER2 solution (Leica Biosystems), fol-
lowed by 60 min of incubation with anti-KRT7 (keratin 7)
mouse monoclonal antibody (clone, OV-TL 12/30; dilution,
1:200; Agilent; catalog number M701801-2), 15 min of
secondary antibody treatment with ImmPRESS, 10 min of
incubation with Alexa Fluor 594 Tyramide reagent (Thermo
Fisher Scientific; catalog number B40975), and counter-
stained with Hoechst 33342 (Thermo Fisher Scientific;
catalog number H3570). Slides were scanned to obtain
three-colored, whole-slide images using a NanoZoomer-XR
scanner (Hamamatsu Photonics K.K.; catalog number
C12000-03) with a 40× objective lens (Fig. 1a). The slides
were further stained with hematoxylin and eosin (H&E) and
then rescanned to obtain merged images of H&E images on
top of the pre-scanned three-colored images.

Chromogenic immunostaining was performed using
monoclonal antibodies: clone DO7 (mouse; dilution,
1:2000; Agilent; catalog number M700101-2) for TP53,
clone B-8 (mouse; dilution, 1:100; Santa Cruz Technolo-
gies; catalog number sc-7966) for SMAD4, clone E1L3N
(rabbit; dilution, 1:100; Cell Signaling Technology; catalog
number 13684 S) for CD274 (PD-L1), clone D7U8C (rab-
bit; dilution, 1:100; Cell Signaling Technology; catalog
number 82723) for PDCD1LG2 (PD-L2), clone A3A12
(mouse; dilution, 1:400; Abcam; catalog number ab2785)
for LGALS3 (Galectin 3; a ligand for LAG3), clone D9R4A
(rabbit; dilution, 1:400; Cell Signaling Technology; catalog
number 54330) for LGALS9 [Galectin 9; a ligand for
HAVCR (TIM3)], clone 1A4 (mouse; dilution, 1:400;
Agilent; catalog number M085101) for ACTA2 (αSMA),
clone 236 A/E7 (mouse; dilution, 1:100; Abcam; catalog
number ab20034) for FOXP3, clone 10D6 (mouse; dilution,
1:100; Leica Biosystems; catalog number NCL-L-CD163)
for CD163, and clone SP330 (rabbit; dilution, 1:100;
Abcam; catalog number ab224805) for ITGAM (CD11b).
Immunohistochemical analyses for TP53, SMAD4,
LGALS3, LGALS9, ACTA2, FOXP3, CD163, and
ITGAM were conducted using an automated staining sys-
tem (Bond Max, Leica Biosystems) with the use of the
Bond Polymer Refine Detection Kit (Leica Biosystems).
For CD274 and PDCD1LG2 immunohistochemistry,
deparaffinized slides were autoclaved in 1-mM Tris-EDTA
buffer (pH 9) for antigen retrieval, followed by the primary
antibody incubation and the secondary antibody treatment
with ImmPRESS (Vector Laboratories; catalog number
MP7401). We used human tonsil tissue as the positive
control and confirmed strong membrane expression of
CD274 in tonsil epithelial cells, and PDCD1LG2 expres-
sion in immune cells within germinal centers (Supplemen-
tary Fig. 1). Sections processed with these primary

antibodies replaced by phosphate-buffered saline were used
as negative controls.

Tumor CD274 expression was interpreted by the study
pathologist (Y.M.), who was unaware of other data, to
categorize tumors into binary groups based on the percen-
tage of tumor cells expressing CD274 on their membranes,
with a threshold of 1%, following the previously published
criteria [29]. A second pathologist (A.U.) independently
evaluated CD274 immunostaining, and there was excellent
concordance between the two observers (kappa value, 0.94).
Tumor expressions of TP53 and SMAD4 were evaluated, as
previously described [30, 31].

CD8+ cell enumeration using image analysis

Image analysis was conducted using MATLAB software
(MathWorks). Nuclear signals from whole-slide images of
Hoechst 33342-stained specimens were extracted according
to a previously published method [32]. We extracted areas
with signals of Alexa Fluor 488 and Alexa Fluor 594 within
tumor tissues using an auto-thresholding method [33] (Sup-
plementary Fig. 2), and counted the number of nuclei in
Alexa Fluor 488-positive and Alexa Fluor 594-positive areas
to identify CD8+ cells and KRT7+ cells, respectively. The
whole tumor was defined as the area within the tumor border
lines drawn by the pathologist (Y.M.) on H&E images
(Fig. 1b). Great care was taken not to include non-neoplastic
epithelial cells, including duct cells, acinar cells, and islet
cells, in the tumor areas. Using a previously established tiling
method [34], regions of interest (ROIs; one ROI ≈ 1mm2)
were automatically defined to cover the whole-tumor areas
for each case. This tiling method simultaneously defined the
tumor margin regions (i.e., ROIs that were intersected by the
tumor border line) and the tumor center regions (Fig. 1b).
Necrotic areas, duodenal mucosa, or out-of-focus areas were
manually excluded from the evaluation area. Nontissue areas,
such as acellular duct lumina, were excluded using imaging
techniques. Consequently, to obtain CD8+ cell data for 214
pancreatic adenocarcinoma cases, we analyzed 27,273 ROIs
covering the whole-tumor areas (on average, 127 ROIs per
case): 12,408 were located in the tumor margin, and 14,865
were located in the tumor center. On the basis of the tiling
method, the tumor margin region was automatically sub-
divided into the inner or outer tumor margin by the
tumor border line (Fig. 1b). The size of the outer tumor
margin (median, 14.4mm2; interquartile range, 6.2–12.8
mm2) was larger than that of the inner tumor margin (median,
9.7 mm2; interquartile range, 9.0–18.2mm2). The area ratios
of the outer tumor margin to the inner tumor margin
showed a normal distribution among the 214 cases
with logarithmic transformation (P= 0.26, by the
Kolmogorov–Smirnov test). A second pathologist (A.U.)
reviewed the KRT7-stained images in correlation with H&E
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images and confirmed that there were almost no non-
neoplastic KRT7+ cells in the tumor center regions and only
a small number of non-neoplastic KRT7+ cells in the inner
tumor margin. We also selected areas of non-neoplastic

pancreatic parenchyma with minimal pathologic changes in
88 whole-tissue sections of pancreatic ductal adenocarcino-
mas to measure CD8+ cell density in adjacent normal-
looking pancreas. To validate the computational data on CD8

Fig. 1 Few CD8+ cell infiltrates were usually evident in the tumor
center of pancreatic ductal adenocarcinoma. H&E and fluorescent
images of pancreatic ductal adenocarcinomas with (right) or without
(left) restricted infiltration of CD8+ T cells in the tumor center com-
pared to the tumor margin (a). Tumor border lines annotated on a H&E
image define the whole tumor (b). Regions of interests that are
intersected by the tumor border line are assigned to the tumor margin.
The tumor margin area was subdivided into the inner or outer tumor
margin by the tumor border line. Box plots of CD8+ cell densities in

distinct regions within pancreatic carcinoma tissues (c). Asterisks
indicate statistical significance (P < 10-8 by the paired t test). Whiskers
extend to a maximum of 1.5 times the interquartile range (boxes). A
bar graph shows the ratio of CD8+ cell density in the tumor center to
that in the tumor margin in 214 pancreatic ductal adenocarcinomas (d).
Representative two-dimensional maps for CD8+ cell density visualizes
a wide range of intratumoral heterogeneity, with a trend toward lower
CD8+ cell density associated with inner tumoral areas (e)
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+ cell density, chromogenic immunostaining for CD8 were
conducted using serial sections, in which CD8+ cells were
counted by eye by the pathologist (Y.M.) for 182 ROIs, and
we confirmed a reasonable replicability of CD8+ cell counts
(Spearman correlation coefficient, 0.98).

Outcomes

Study physicians reviewed the patients’ medical records
and determined the causes of death in deceased cases. In
total 6 of the 214 members of the study population were
excluded for survival analysis: 5 died before hospital
discharge within 30 days after surgery, and one patient
had a synchronous advanced intraductal papillary muci-
nous neoplasm. In total, 208 patients with pancreatic
ductal adenocarcinoma were included in the survival
analysis. The final follow-up data were collected in Sep-
tember 2018 with a median follow-up time of 27.0 months
(range, 1.8–265.4 months).

Statistical analysis

Our primary hypothesis testing was the assessment of the
associations of CD8+ cell densities in the whole tumor, in
the tumor center, and in the tumor margin (as quartile
predictor variables) with pancreatic cancer-specific survival.
Deaths from causes other than pancreatic cancer were
censored in the log-rank trend test and in the Cox propor-
tional hazards regression analyses. To control for potential
confounders, we conducted multivariable Cox regression
analyses. Because age; sex; anatomic location; and
expressions of TP53, SMAD4, and CD274 (PD-L1) were
not significantly associated with pancreatic cancer-specific
survival in the univariable Cox regression analysis (P >
0.13), we did not include these variables in the final mul-
tivariable models. The final multivariable models included
CD8+ cell density (quartiles), year of diagnosis (con-
tinuous), tumor differentiation (grade 3 vs grade 1/2),
lymphatic invasion (moderate/marked vs absent/slight),
venous invasion (moderate/marked vs absent/slight), neural
invasion (moderate/marked vs absent/slight), tumor stroma
(scirrhous vs nonscirrhous), the extent of tertiary lymphoid
structures (extensive vs minimal/absent), residual tumor
status (R1 vs R0), and UICC stage (stage III/IV vs stage II
vs stage I). Ptrend value was calculated across the ordinal
quartile categories of CD8+ cell density (1–4) as a con-
tinuous variable in the Cox regression model. We con-
ducted similar survival analyses to assess the prognostic
utility of the CD8+ cell proximity to tumor cells. The pro-
portionality of hazards assumption was generally satisfied
(P > 0.05) by evaluating time-dependent variables, which
were the cross-product of the CD8+ cell density variable
and the survival time.

To compare CD8+ cell densities between regions, paired
t tests were performed. To assess the associations of CD8+

cell density with categorical variables, analysis of variance
assuming equal variances was performed using an adjusted
two-sided α level of 0.003 (≈0.05/15) by simple Bonferroni
correction for multiple hypothesis testing. Statistical ana-
lyses were conducted using EZR version 1.35 (Saitama
Medical Center) [34], which is a graphic user interface for R
(the R Foundation for Statistical Computing), and all P
values were two-sided.

Results

CD8+ cell infiltration is limited within the tumor
center in most patients with pancreatic ductal
adenocarcinoma

We measured the CD8+ cell density in whole-tissue sec-
tions from 214 patients with pancreatic ductal adenocarci-
noma using multiplex immunohistochemistry-based image
analysis. We observed intratumoral heterogeneity in the
CD8+ cell distribution, with a substantial difference in cell
density between the tumor center and the tumor margin in
pancreatic cancer tissues (Fig. 1a). The CD8+ cell density in
the whole tumor (mean, 198.5; median, 138.3; interquartile
range, 93.0–242.2 cells/mm2) was higher than that in
adjacent nontumoral pancreas with minimal pathological
changes (mean, 103.8; median, 93.2; interquartile range,
55.5–136.0 cells/mm2; Fig. 1c). The CD8+ cell density in
the tumor center (mean, 166.9; median, 112.8; interquartile
range, 66.0–200.2 cells/mm2) was less than half that in
tumor margin (mean, 355.9; median, 289.2; interquartile
range, 206.0–448.6 cells/mm2). We found significantly
fewer infiltrates of CD8+ cells in the inner tumor margin
(mean, 251.6; median, 186.7 cells/mm2) than in the outer
tumor margin (mean, 505.0; median, 430.7 cells/mm2).
Among the 214 patients, 206 (96%) had a lower CD8+ cell
density in the tumor center than in the tumor margin
(Fig. 1d). Two-dimensional density maps illustrate the trend
toward lower CD8+ cell densities in the inner tumoral areas,
despite a wide range of intratumoral and intertumoral het-
erogeneity across our pancreatic ductal adenocarcinoma
cohort (Fig. 1e).

To better characterize the differences in the tumor
microenvironmental factors between the tumor center and
the tumor margin, we examined immunosuppressive
immune cells, fibroblasts, and the expressions of immune
checkpoint ligands in pancreatic adenocarcinoma tissues
(Fig. 2). Compared with the tumor center, we observed
relatively high numbers of the following cells in the tumor
margin areas: FOXP3+ cells, CD163+ cells including
macrophages, CD11b+ cells including neutrophils, CD274
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(PD-L1)+ tumor cells and immune cells, and LGALS9
(galectin 9)+ stromal cells. ACTA2 (αSMA)+ fibroblasts
were enriched both in the tumor margin and the tumor
center, with no apparent differences between these two
regions. LGALS3 (galectin 3) expression was present in
most tumor cells, and PDCD1LG2 (PD-L2) expression was
found in a small fraction of tumor cells throughout the
pancreatic cancer tissues.

Clinicopathologic and prognostic significance
of tumor-infiltrating CD8+ cells

Clinicopathologic correlations of CD8+ cell densities in the
whole tumor, in the tumor center, and in the tumor margin

are summarized in Table 1. Although CD8+ cell densities
showed no statistically significant correlation with the
clinicopathologic factors examined (P > 0.004; with an
adjusted α level of 0.003 for multiple hypothesis testing),
there was a trend toward higher CD8+ cell density in the
tumor margin associated with tumor CD274 (PD-L1)
expression (P= 0.037) and with extensive tertiary lym-
phoid structures (P= 0.005). In our primary hypothesis
testing, we examined the associations between CD8+ cell
densities and pancreatic cancer-specific survival. In the log-
rank trend test, CD8+ cell densities in the whole tumor, in
the tumor center, and in the tumor margin (as quartile
predictor variables) showed significant associations with
better survival outcomes (P < 0.037; Fig. 3). Univariable

Fig. 2 Immunohistochemical analysis for regulatory T cell marker
FOXP3 (a), macrophage marker CD163 (b), pan-myeloid marker
ITGAM (CD11b) (c), fibroblastic marker ACTA2 (αSMA) (d), and

immune checkpoint ligands CD274 (PD-L1) (e), PDCD1LG2 (PD-L2)
(f), LGALS3 (Galectin 3) (g), and LGALS9 (Galectin 9) (h) in pan-
creatic adenocarcinoma tissues (scale bar= 500 μm)
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Table 1 Correlation of CD8+ cell density in the whole tumor, tumor center, and tumor margin with clinicopathologic features of 214 patients with
pancreatic ductal adenocarcinoma

Characteristic Total No.
(N= 214)

CD8+ cell density in the
whole tumor

CD8+ cell density in the
tumor center

CD8+ cell density in the
tumor margin

Mean,
cells/mm2

P* Mean,
cells/mm2

P* Mean,
cells/mm2

P*

Age (years) 0.61 0.49 0.66

≤65 84 (39%) 157.6 176.1 230.0

>65 130 (61%) 169.5 161.0 238.5

Sex 0.12 0.05 0.17

Men 132 (62%) 212.2 183.0 373.5

Women 82 (38%) 176.4 141.0 327.7

Year of diagnosis 0.32 0.86 0.10

Prior to 2006 103 (48%) 186.8 164.9 328.7

2006 to 2014 111 (52%) 209.3 168.8 381.2

Anatomic location 0.039 0.032 0.41

Head 132 (62%) 217.0 184.9 367.1

Body/Tail 82 (38%) 168.9 138.0 339.5

Tumor differentiation 0.73 0.36 0.09

Grade 1/2 152 (71%) 200.9 173.1 338.7

Grade 3 62 (29%) 192.4 151.6 398.3

Lymphatic invasion 0.58 0.56 0.70

Absent/slight 88 (41%) 180.6 159.4 363.3

Moderate/marked 126 (59%) 214.7 172.1 350.8

Venous invasion 0.32 0.29 0.35

Absent/slight 72 (34%) 214.4 182.8 377.2

Moderate/marked 142 (66%) 190.4 158.8 345.2

Neural invasion 0.56 0.81 0.12

Absent/slight 78 (36%) 207.2 163.4 388.5

Moderate/marked 136 (64%) 193.5 168.9 337.3

Tumor stroma 0.13 0.11 0.94

Nonscirrhous 102 (48%) 180.6 149.2 354.6

Scirrhous 112 (52%) 214.7 183.0 357.2

Extent of tertiary
lymphoid structures

0.27 0.51 0.005

Minimal/absent 133 (62%) 188.7 161.4 320.8

Extensive 81 (38%) 215.0 175.9 413.6

TP53 expression 0.92 0.29 0.31

Intact 100 (47%) 199.7 179.0 338.6

Aberrant 114 (53%) 197.4 156.3 371.1

SMAD4 expression 0.28 0.33 0.52

Intact 84 (39%) 213.8 179.9 368.9

Lost 130 (61%) 188.6 158.5 347.6

CD274 (PD-L1)
membrane expression

0.13 0.89 0.037

<1% 159 (75%) 189.5 166.5 338.1

≥1% 53 (25%) 228.7 169.9 415.7

Residual tumor status 0.46 0.32 0.69

R0 154 (72%) 193.2 160.3 360.0

R1 60 (28%) 211.9 183.9 345.5
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Cox proportional hazards regression analysis showed con-
sistent results (Ptrend < 0.032; Table 2). In multivariable Cox
proportional hazards regression analysis, higher CD8+ cell
density in the tumor center was significantly associated with
prolonged pancreatic cancer-specific survival in a density-
dependent manner (Ptrend= 0.002). The multivariable
hazard ratio for the highest (vs lowest) quartile of CD8+ cell
density in the tumor center was 0.41 (95% confidence
interval, 0.23–0.74; P= 0.003; Supplementary Table 1). In
the multivariable model for CD8+ cell density in the tumor
center, year of diagnosis, tumor differentiation, neural
invasion, tumor stroma, the extent of tertiary lymphoid
structure, and UICC stage, were also independent predictive
factors of pancreatic cancer-specific survival. The CD8+

cell density in the whole tumor was also correlated sig-
nificantly with pancreatic cancer mortality; however, the
trend of prolonged survival with higher CD8+ cell density
was weaker for the whole tumor than for the tumor center
(Ptrend= 0.009 and 0.002, respectively), likely because the
relationship between CD8+ cell density in the tumor margin
and patient survival was not significant (Ptrend= 0.07).

Prognostic significance of spatial proximity of CD8+

cells to cancer cells in pancreatic cancer tissues

We identified 91,399,581 KRT7+ cells in the tumor center
areas within the 214 pancreatic carcinoma tissues (on
average, 42,708 cells per case) and measured the distance
from each KRT7+ cell to the nearest CD8+ cell for all the
KRT7+ cells identified (Fig. 4a). The CD8+ cell density in
the tumor center correlated inversely with the median dis-
tance from KRT7+ cells to the nearest CD8+ cells (range,
19.9–520.1 μm; median, 101.8) (Spearman correlation
coefficient, −0.89; Fig. 4b). To explore the prognostic
significance of CD8+ cell proximity to carcinoma cells, we
extracted CD8+ cells adjacent to tumor cells (e.g., 20 μm,
Fig. 4c) to measure the density of CD8+ cells in a given
distance (10, 20, 30, 40, 50, 100, or 200 μm) from tumor

cells within the tumor center. We performed univariable
Cox regression analysis and did not observe any significant
association of the densities of CD8+ cells located within 10,
20, 30, 40, 50, or 100 μm from tumor cells with pancreatic
cancer-specific survival (Ptrend > 0.23; Fig. 4d). Further-
more, we calculated the distances from KRT7+ cells to the
nearest CD8+ cells in the inner tumor margin. There was a
strong inverse correlation between CD8+ cell density and
the KRT7+ cell–CD8+ cell distances (range, 23.2–431.4
μm; median, 81.2 μm) (Spearman correlation coefficient,
−0.85; Supplementary Fig. 3A). We observed no sig-
nificant prognostic association of the densities of CD8+

cells proximate to KRT7+ cells within the inner tumor
margin (Supplementary Fig. 3B).

Discussion

Utilizing computational image analysis on whole-tissue
sections of human pancreatic ductal adenocarcinomas,
substantial intratumoral heterogeneity in terms of CD8+ cell
density was demonstrated: there was a significant difference
between the tumor center and the tumor margin, suggesting
distinct immunologic milieu between these two regions. At
the tumor margin of pancreatic cancer, we found a link
between higher CD8+ cell densities and high levels of
tumor CD274 (PD-L1) expression, which supports the
hypothesis that CD274 is strongly upregulated by interferon
gamma, a cytokine mainly produced by activated cytotoxic
T lymphocytes in the tumor microenvironment [35]. Evi-
dence indicates that nearly all pancreatic adenocarcinomas
harbor tumor-specific neoantigens, several of which are
linked to long-term patient survival [36–38]. In the current
cohort, the abundance of CD8+ cell infiltrates at the tumor
margin correlated with extensive tertiary lymphoid struc-
tures. These lines of evidence, together with our findings,
suggest that the adaptive arm of the host immune system is
involved in the elicitation of cytotoxic T cell infiltrates at

Table 1 (continued)

Characteristic Total No.
(N= 214)

CD8+ cell density in the
whole tumor

CD8+ cell density in the
tumor center

CD8+ cell density in the
tumor margin

Mean,
cells/mm2

P* Mean,
cells/mm2

P* Mean,
cells/mm2

P*

UICC stage (8th Ed) 0.57 0.88 0.94

I 42 (20%) 215.1 176.8 371.9

II 102 (48%) 182.1 157.8 348.7

III 68 (32%) 211.2 174.7 358.4

IV 2 (1%) 251.3 158.7 303.4

*To compare mean CD8+ cell densities between categorical variables, analysis of variance was performed. We adjusted the two-sided α level to
0.003 (≈0.05/15) for multiple hypothesis testing
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the invasive front of pancreatic ductal adenocarcinoma.
Moreover, findings from the current study and previous
translational research have indicated limited CD8+

cell infiltration in the tumor center of most pancreatic car-
cinomas [39, 40], likely underscoring the immunosuppres-
sive nature of the pancreatic cancer microenvironment.

A growing body of evidence indicates that stroma-modifying
treatments targeting factors that functionally and mechan-
istically suppress T cell infiltrates lead to the increase of local
cytotoxic T cell infiltration, and thereby synergize the pro-
grammed cell death 1 (PDCD1, PD1)-pathway blockade
agents or conventional cytotoxic chemotherapies [15, 41–45].

Fig. 3 Kaplan–Meier curves for pancreatic cancer-specific survival
according to quartile categories of CD8+ cell density in the whole
tumor (a), the tumor center (b), and the tumor margin (c). P values

were calculated by the log-rank trend test. Tables show the
number of patients who remained alive and at risk of death at each
time point

Table 2 Cox proportional hazards regression analysis on the association of CD8+ cell density in the tumor center, tumor margin, and the whole
tumor with pancreatic cancer-specific survival

CD8+ cell density (N= 208)

Quartile 1 Quartile 2 Quartile 3 Quartile 4 Ptrend†

Model for CD8+ cell density in the whole tumor

No. of patients 52 52 52 52

No. of deaths 32 27 28 19

Univariable HR (95% CI) 1 (reference) 0.74 (0.45–1.24) 0.78 (0.47–1.30) 0.45 (0.26–0.79) 0.014

Multivariable HR* (95% CI) 1 (reference) 0.63 (0.37–1.08) 0.74 (0.43–1.27) 0.41 (0.22–0.73) 0.009

Model for CD8+ cell density in the tumor center

No. of patients 52 52 52 52

No. of deaths 32 28 26 20

Univariable HR (95% CI) 1 (reference) 0.83 (0.50–1.37) 0.72 (0.43–1.21) 0.46 (0.26–0.81) 0.006

Multivariable HR* (95% CI) 1 (reference) 0.81 (0.48–1.36) 0.65 (0.38–1.12) 0.41 (0.23–0.74) 0.002

Model for CD8+ cell density in the tumor margin

No. of patients 52 52 52 52

No. of deaths 29 29 27 21

Univariable HR (95% CI) 1 (reference) 0.93 (0.56–1.56) 0.86 (0.51–1.46) 0.55 (0.31–0.96) 0.031

Multivariable HR* (95% CI) 1 (reference) 0.70 (0.40–1.21) 0.81 (0.47–1.40) 0.52 (0.28–0.95) 0.07

CI confidence interval, HR hazard ratio

* Variables with a P value < 0.05 in the univariable Cox regression analysis were included in each multivariable model. The final multivariable
models included CD8+ cell density variable (quartile), year of diagnosis (continuous), tumor differentiation (Grade 1/2 and Grade 3), lymphatic
invasion (absent/slight and moderate/marked), venous invasion (absent/slight and moderate/marked), neural invasion (absent/slight and moderate/
marked), tumor stroma (nonscirrhous and scirrhous), the extent of tertiary lymphoid structures (minimal/absent and extensive), residual tumor
status (R0 and R1), and UICC stage (stage I, stage II, and stage III/IV). Results for all the variables in the final model for CD8+ cell density in the
tumor center are shown in Supplementary Table 1

† The Ptrend value was calculated across the ordinal quartile categories of CD8+ cell density (1–4) as a continuous variable in the Cox
regression model
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Taken together, CD8+ cell density and intratumoral location
data may constitute a promising biomarker to measure the
magnitude of the anti-tumor T cell response and in situ
immunosuppressive activity in the tumor immune micro-
environment of pancreatic cancer.

Previous studies have shown that regulatory T cells,
macrophages, myeloid-derived suppressor cells, fibroblasts,
and immune checkpoint molecules suppress anti-tumor
immunity in the tumor microenvironment of pancreatic
cancer [11, 46]. In our analyses, FOXP3+ cells, CD163+

immune cells, ITGAM (CD11b+) cells, and the expressions

of CD274 (PD-L1) and LGALS9 were enriched in the
tumor margin areas, rather than in the tumor center, sug-
gesting that these factors may contribute to attenuation of
the T-cell reaction at the tumor margin. In contrast, abun-
dant ACTA2+ (αSMA) fibroblasts and tumor LGALS3
expressions were evident even in the tumor center regions,
where CD8+ cell infiltrates were severely limited.
Evidence indicates that pancreatic cancer desmoplasia
acts as a psychical barrier to immune cell infiltration
and also functionally inhibits T-cell activity [43, 47, 48].
Emerging evidence attests to the importance of

Fig. 4 Prognostic significance of the spatial proximity of CD8+ cells to
cancer cells in pancreatic ductal adenocarcinoma. The distance
between the nuclear centers of a KRT7+ tumor cell and its nearest
CD8+ cell was calculated for each KRT7+ cell identified within the
tumor center of pancreatic cancer (a). A scatter plot shows a strong
inverse correlation of the mean distance from tumor cells to the nearest
CD8+ cells with CD8+ cell density (b). CD8+ cells adjacent (e.g., r ≤
20 μm) or not adjacent (e.g., r > 20 μm) to tumor cells were extracted

from fluorescent images (c) and were assessed for the prognostic
association with pancreatic cancer-specific survival (d). Hazard ratios
with 95% confidence intervals for the highest (vs lowest) quartile of
the densities of CD8+ cells within various distances from tumor cells
are explored. Ptrend values were calculated across the ordinal quartile
categories of CD8+ cell density (1–4) as a continuous variable in the
Cox regression models

1504 Y. Masugi et al.



heterogeneous populations of fibroblasts in the regulation of
the immune contexture of pancreatic cancer stroma [10, 49].
Although our exploratory analyses using ACTA2 as a
fibroblastic marker did not find any significant differences
between the tumor margin and the tumor center, further
studies to characterize heterogeneous components of pan-
creatic fibrous stroma are warranted to improve under-
standing of CD8+ cell heterogeneity within pancreatic
adenocarcinoma tissues.

The current quantitative study found a significant asso-
ciation between intense CD8+ cell infiltration in the whole
tumor and favorable patient survival. This finding is gen-
erally compatible with those of previous tissue microarray-
based and/or semi-quantitative studies that have shown
significant or borderline associations [21, 36, 50–53]. Our
study additionally indicated that the prognostic association
of CD8+ cell density with pancreatic cancer-specific mor-
tality is significant for the tumor center, but is not statisti-
cally significant for the tumor margin. This fact indicates
that the prognostic validity of CD8+ cell density data may
depend on the tumor region in which the density is assessed.
The colorectal cancer Immunoscore, which is a combination
of the T cell density data at both the tumor center and the
tumor margin, has proven a robust prognostic indicator
[54], although analogous standardized scoring strategies for
a number of other cancer types have not yet been estab-
lished [55]. To accelerate the implementation of Immuno-
score into routine tumor staging, further investigations are
needed on how intratumor regions across various types of
malignancies may modify the prognostic association of
tumor-infiltrating T cells with clinical outcomes.

There was no significant correlation of the density of
CD8+ cells proximate to cancer cells with pancreatic
cancer-specific survival. In a recent study, Carstens et al.
analyzed tissue microarrays from 96 patients with pan-
creatic ductal adenocarcinoma; however, their univariate
survival analysis produced conflicting results to ours in
terms of the prognostic association of CD8+ cell proximity
to tumor cells [21]. This inconsistency likely arose as a
result of differences in study designs, methods, and popu-
lations. For example, when Carstens et al. measured T-cell
proximity to carcinoma cells, they utilized Ripley’s L-
function under the theoretical assumption that each tumor
cell is isolated; however, most pancreatic adenocarcinoma
cells are not isolated, but form ductular structures, as con-
firmed by histology [56, 57]. Of note, the L-function vari-
able was normalized by CD8+ cell density, which itself was
a significant prognostic factor; this procedure could poten-
tially alter the prognostic associations. A previous study has
attested to the importance of CD8+ cell proximity to CD274
(PD-L1)-expressing tumor cells in oral squamous cell car-
cinoma [58]. It is possible that the impact of CD8+ cell
proximity to tumor cells varies for different tumor cell

subpopulations. Consequently, comprehensive spatial ana-
lyses using multiplex immunohistochemistry or other mul-
tiplex imaging techniques [59, 60] are warranted to increase
our understanding of intercellular relationships between
heterogeneous subpopulations of immune cells, stromal
cells, and tumor cells within the tumor microenvironment of
human pancreatic cancer.

One limitation in the current study is the absence of a
standardized assessment of intratumoral T cell hetero-
geneity in tumor tissues. Nonetheless, we were able to
obtain exhaustive positional information on CD8+ cells and
carcinoma cells within whole-tissue sections of pancreatic
carcinoma tissues utilizing a multiplex immunostaining
system. This system allowed us to comprehensively com-
pute CD8+ cell density in different regions and to measure
CD8+ cell–tumor cell distances. Manual validation analyses
using serial sections showed a reasonable reproducibility of
the automated CD8+-cell counts in tumor tissues. Another
limitation is the use of KRT7 to define carcinoma cells in
the measurement of CD8+ cell–tumor cell distances. We
observed almost no non-neoplastic KRT7+ cells in the
tumor center regions, and only a small number of non-
neoplastic KRT7+ cells within tumor areas of the inner
margin. It is possible that the statistical power of our ana-
lyses on the distances for the latter tumor regions could be
weakened by contaminating KRT7+ cells. Nonetheless, we
obtained similar results for both regions in terms of the
prognostic values of the density of CD8+ cells proximate to
KRT7+ cells.

The major strengths of the current study include the
automated nature and comprehensiveness of our computa-
tional analysis, which provided highly replicable data on
CD8+ cells in pancreatic ductal adenocarcinomas. Another
strength is the use of a reasonably large sample size with
well-annotated clinical and pathological information, such
as the tumor expression status of TP53 or SMAD4 and
immune-related characteristics, including tertiary lymphoid
structures and CD274 (PD-L1) expression, which enabled
us to conduct a rigorous assessment of the prognostic sig-
nificance of tumor-infiltrating CD8+ cells in pancreatic
cancer tissues, adjusting for potential confounders.

In conclusion, our population-based data have revealed
that pancreatic cancer is characterized by a considerably
limited infiltration of CD8+ cells within the tumor center and
that the trend of prolonged patient survival in those with
higher CD8+ cell densities is highly significant for the tumor
center, suggesting a major role of pro-tumorigenic effect of
the immunosuppressive milieu of the pancreatic cancer
microenvironment. Upon validation, spatial computational
analysis of tumor-infiltrating CD8+ cells may refine their
value for predicting outcomes for patients with pancreatic
ductal adenocarcinoma and likely enrich our understanding of
intratumoral heterogeneity in human pancreatic cancer.
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