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Simple Summary: Pancreatic cancer is deadly, and new treatments are urgently needed. Pancreatic
check for cancer, in particular, effectively escapes the immune response, which is why drugs are developed
updatas that stimulate the immune system to remove the tumor. Here, we investigated potential drug
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associated with poor survival, inhibitory drugs could improve survival. We analyzed 153 pancreatic
cancer patients and assessed the expression of checkpoint molecules using immunohistochemistry on

tissue microarrays. More than two immune checkpoint molecules were not co-expressed in relevant
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numbers at the same time. Patients with IDO-expressing tumors had better survival. VISTA, LAG3,
and TIM3 expression did not correlate with survival. We expect that immune checkpoint inhibitors
against VISTA, LAG3, and TIM3 will not improve patient survival. Our findings complement the

org/10.3390/ cancers13112689 picture of pancreatic cancer as highly inaccessible by immune checkpoint inhibitors.
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1. Introduction

The incidence of ductal adenocarcinoma of the pancreas (PDAC) is increasing, and
new forms of therapy are urgently needed [1]. For other types of cancer, such as malig-
nant melanoma, immunotherapy has achieved groundbreaking success [2—4]. However,
pancreatic cancer mostly resists the current immunotherapy, and single-agent regimens
have produced only a few responders [5]. The restoration of an effective immune response
against pancreatic cancer is still the subject of research [6]. Overcoming pancreatic cancers’
elaborate mechanisms of immune evasion has potential in the development of new ther-
apies [7]. Immune checkpoints are key regulators of immune pathways that suppress or
enhance the immune response. Tumors can hijack immune checkpoint molecules to sup-
press the T-cell response against them. Besides the well analyzed PD-1/PD-L1 axis, novel
immune checkpoints like lymphocyte-activation gene 3 (LAG3), T-cell immunoglobulin
and mucin-domain containing-3 (TIM3), and V-domain Ig suppressor of T-cell activation
(VISTA) have emerged. Other molecules can also influence the immune system and pro-
mote tumor growth. Indoleamine 2,3-dioxygenase (IDO), for example, is an intracellular
enzyme that produces T-cell-inhibiting metabolites. It catalyzes the rate-limiting step
in the catabolism of local tryptophan and therefore contributes to anergy of effector T
cells and promotion of regulatory T cells (Tregs) [8]. Various immune cells and stromal
cells but also cancer cells express IDO. LAG3 belongs to the immunoglobulin superfamily
and is expressed on subsets of B- and T-lymphocytes. LAG3 binds to the major histo-
compatibility complex 2 (MHC II) to negatively modulate T-cell activity [9]. VISTA, that
has some structural similarity to PD-L1, is expressed on tumor-infiltrating lymphocytes
(TILs) and myeloid cells and suppresses T-cell activation, proliferation, and cytokine pro-
duction [10,11]. TIMS3 is part of a module containing several checkpoint receptors like
PD-1, LAGS3, and TIGIT co-expressed on dysfunctional T cells [12]. Co-inhibition of TIM3
enhances the antitumor effect of PD-1 blockade in patients with leiomyosarcoma and
non-small-cell lung cancer [12]. Galectin 9 is a ligand of TIM3 that induces the release of
BAT3 leading to T-cell inhibition and eventually to cell death [13,14].

The inhibition of T cells through immune checkpoints is observed in various tumors.
The main mechanism should also work in pancreatic cancer; possibly, so far, the right
immune checkpoints have not been found. Promising immune checkpoints are those for
which pharmacological inhibitors already exist. If high immune checkpoint expression
is associated with poor survival, these inhibitors could be clinically effective and rapidly
adopted as a new therapy. We performed literature research and analyzed ongoing studies.
We identified VISTA, LAG3, IDO, and TIM3 as targetable biomarkers and now present
a translational study evaluating these immune checkpoints in pancreatic cancer. Recent
clinical trials investigate the inhibition of these checkpoints (e.g., LAG-3: NCT02061761;
NCT01968109, NCT03538028, NCT03625323, TIM-3: NCT03652077, VISTA: NCT02671955,
IDO: NCT01982487, NCT03164603, NCT03695250). Thus, we formulated the hypothesis
that elevated numbers of VISTA-, LAG3-, IDO-, and TIM3-positive lymphocytes in the
tumor microenvironment of PDAC are associated with poor prognosis. We therefore
analyzed the expression of VISTA, LAG3, IDO, and TIM3 in lymphocytes using immuno-
histochemistry on tissue microarrays (TMAs) of primarily resected ductal adenocarcinomas
from the multicentered PANCALYZE trial [15].

2. Methods
2.1. Patients and Tumor Samples

The reporting recommendations for tumor marker prognostic studies (REMARK)
were followed for reporting this study [16]. The PANCALYZE study cohort was used for
this analysis and provided the baseline data and patient characteristics. Between 2014 and
2018, a total of 153 patients with primary resected PDAC enrolled in this multicenter study.
Surgery was performed according to the German clinical guideline for PDAC without
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specific requirements from the study protocol. Formalin-fixed, paraffin-embedded (FFPE)
tumor samples obtained after resection were sent to the University Hospital of Cologne
to establish a central biobank. Follow-up assessed recurrence pattern, survival time, and
adjuvant tumor therapy. It was performed by telephone interviews with the attending
oncologist at the coordinating center. The study was approved by the institutional review
committee and the responsible ethics committees of the participating centers (registra-
tion number DRKS00006179; German Clinical Trials Register—DRKS; www.germanctr.de,
accessed on 27 May 2021). Staging of tumors was according to UICC guidelines.

TMAs were constructed using tumor cylinders, with a diameter of 1.2 mm, that
were punched out of the tissue samples using a self-constructed, semi-automatic precision
instrument. The punches were embedded in empty recipient paraffin blocks. Sections,
4 um thick, of the resulting TMA blocks were transferred to an adhesive-coated slide
system (Instrumedics Inc., Hackensack, NJ, USA) for immunohistochemistry.

2.2. Immunohistochemistry

Immunohistochemical staining was performed according to standard procedures on a
Leica Bond Max™ system (Leica Microsystems, Wetzlar, Germany) using a monoclonal
antibody directed against VISTA (D1L2G; 1:100; Cell Signaling Technology, Leiden, The
Netherlands), IDO (D5J4E; 1:400; Cell Signaling Technology), TIM3 (D5D5R; 1:100; Cell
Signaling Technology), LAG3 (D2G40; 1:300; Cell Signaling Technology,), and Galectin 9
(D9R4A; 1:200; Cell Signaling Technology).

Tumor infiltration with CD3 cells was evaluated semiquantitatively. Less than 3 cells
per mm? were defined as no infiltration (score 1), detection of 3-50 cells/mm? was defined
as low infiltration (score 2), and detection of more than 50 cells/mm? was regarded as high
infiltration (score 3).

The expression of VISTA, IDO, LAG3, TIM3, and Galectin 9 on inflammatory cells
was semiquantitatively assessed as previously published [17-19]. Briefly, expression in less
than 1% of TILs was defined as negative (score 0), in 1-4% was assessed as low expression
(score 1), >4% was regarded as high expression (score 2). For the analysis, we chose a cutoff
of 2 because we expected a biological effect only of strong-positive-expressing immune
checkpoints. At a score of 1, only up to 5% of tumor-infiltrating lymphocytes are positive,
so we combined the scores 1 and 0 to the expectedly non-biologically active (negative)
group.

For the LAG3 analysis, we decided to use a cutoff of 1, firstly because there are already
publications using this cutoff and, secondly, only one tumor had a LAG3 score of 2.

The proportion of positive inflammatory cells was determined on immunostained
TMA slides by an experienced pathologist (PL) blinded to clinical outcome. Results were
checked for consistency by a second investigator (HL). Discrepant results were resolved by
consensus review.

2.3. Analysis of Publicly Available Transcriptomic Data

We used curated pancreatic cancer patient data from the MetaGxData project. Gendoo
et al. pooled 11 datasets of publicly available RNA sequencing data and annotated stan-
dardized clinical, pathological, and survival data [20]. For the analysis, we downloaded the
MetaGxData project programmed in R from CodeOcean (https://codeocean.com/capsule/
6438633/, accessed on 30 April 2021) and installed the necessary libraries from Bioconduc-
tor’s ExperimentHub (https://bioconductor.org/, accessed on 30 April 2021) [21,22]. We
modified the R script to calculate the survival of PDAC patients with available expression
data for IDO, VISTA, LAG3, TIM3, and Galectin 9 (see supplemental file). To make the
survival analysis comparable with the TMA analysis, we divided the patients from each of
the 11 datasets into two groups using the 66th percentile. We combined the survival data
from each dataset to calculate the total survival of the 11 datasets.
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2.4. Statistical Analysis

Disease-free survival (DSF) was defined as the time from surgery to local or distant
disease relapse and overall survival (OS) was defined as the time from surgery to death
of any cause. The Kaplan-Meier method with log-rank tests was used for univariate
survival analyses. Calculating Schoenfeld residuals revealed that the proportional hazards
assumption for the multivariate cox regression analysis was violated. To account for
time-dependent effects of covariates, we used weighted Cox regression for multivariate
analysis [23,24]. Pearson’s correlation method was used to correlate expression of immune
checkpoints and clinicopathological parameters. In general, two-sided p values were
calculated and considered to be significant when <0.05. The software R [25], RStudio
(RStudio PBC, Boston, MA, USA) [26], GraphPad Prism (version 7; GraphPad Software,
Inc., San Diego, CA, USA), and Microsoft Excel (Microsoft Corp., Redmond, WA, USA)
helped to perform the statistical analysis and to generate the figures.

3. Results
3.1. PANCALYZE Study Cohort and Clinicopathologic Parameters

The multicenter PANCALYZE study cohort consisted of 153 patients that all had a
known survival status. The median age of patients was 69.7 years (range 46-89 years).
There were and 72 (47.1%) women and 81 (52.9%) men. The median follow-up time was
2.2 years. During the observation period, we found no evidence of disease in 27 (17.6%)
patients. A total of 35 (22.9%) patients were alive with recurrent pancreatic cancer. Of the
153 patients, 81 (52.9%) died during the follow-up. Of the 81 deceased patients, 53 (34.6%)
had recurrent disease, 36 (23.5%) patients had no recurrence. For two patients (1.3%), the
recurrence status could not be assessed. The cause of death was not explicitly surveyed.
During the follow-up, we assessed the location of the first recurrence. Most patients
developed liver metastasis (30%), peritoneal carcinomatosis (28%), or local recurrence
(25%) as the first recurrence (see Table 1). Median survival was 1.2 years, and median
DSF was 0.8 years for all patients. Patients completing the adjuvant chemotherapy had a
median survival of 1.8 (0.5-4.5) years.

Table 1. Baseline characteristics, histopathological findings, and pattern of first recurrence of the
patients of the PANCALYZE study cohort.

Characteristic N =153
Sex
Male 81 (53%)
Female 72 (47%)
Age
Old 101 (66%)
Young 52 (34%)
Resection margin
RO 97 (65%)
R1 52 (35%)
R2 1 (0.7%)
RX 3
Tumor size
T1 11 (7.3%)
T2 37 (25%)
T3 97 (64%)
T4 6 (4.0%)
Unknown 2
Lymph nodes
NO 45 (30%)
N1 52 (35%)
N2 51 (34%)

Unknown 5
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Table 1. Cont.

Characteristic N =153
Grading

G1 2 (1.4%)
G2 80 (56%)
G3 60 (42%)

Unknown 11

Adjuvant CTx completed

Yes 68 (45%)
No 83 (55%)

Unknown 2

Site of first recurrence

Liver metastasis 28 (30%)
Local recurrence 23 (25%)
Lung metastasis 10 (11%)
Peritoneal carcinomatosis 26 (28%)
Other type of recurrence 6 (6.5%)

Unknown 60

1 (%)

In the univariate Cox regression analysis, the resection margin (RO vs. R1), the lymph
node status (NO vs. N+), and successful completion of adjuvant chemotherapy were
statistically significant. The discrimination between old (>65 years) vs. young (<65 years),
female vs. male patients, T1-2 vs. T3—4 tumors, and G1-2 vs. G3 tumors showed no
significant difference in the risk of death (see Table 2). The corresponding survival curves
are shown in Figure 1.

Table 2. Univariate Cox proportional hazard regression analysis of patient survival.

Groups HR 95% CI p-Value
RO vs. R1 1.772 1.16-2.72 0.0087
completed adjuvant chemothera €s VS. no 2.782 1.79-4.32 <0.00001
P ) Py y
old (>65) vs. young (<65 yrs.) 1.268 0.83-1.94 0.276
female vs. male 1.018 0.67-1.54 0.934
NO vs. N+ 1.817 1.11-2.96 0.017
T1-2vs. T34 1.433 0.89-2.32 0.143
G1-2vs. G3 1.249 0.82-1.90 0.3
Resection margin == RO R1 Adjuvat CTx completed = yes — no Lymph nodes —— NO N+
1.00 o 1.00 1.009 oo
e o™
. 2 0.50 S 0.50
= o
=0.01 3 p=0.02
n gzg P ? 0.25{ p<0.0001 @ 0.25
¥ . 0.004, . v 0.00
0 LI 2 0 1 2 0 1 2 3
Time Time Time
Number at risk Number at risk Number at risk
RO 97 65 30 9 yes 68 58 25 9 NO 45 31 20 8
52 25 10 3 83 34 16 4

Figure 1. Cont.

103 59 20 5
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Figure 1. Kaplan—-Meier estimates of overall survival stratified by resection margin (RO vs. R1, p = 0.0079), successful
completion of adjuvant chemotherapy (p < 0.0001), lymph nodes (NO vs. N+, p = 0.02), age (old (>65 years) vs. young
(<65 years), p = 0.28), sex (female vs. male, p = 0.94), tumor size (T1-2 vs. T34, p = 0.14), and grading (G1-2 vs. G3, p = 0.3).

In the multivariate analysis of the clinicopathologic parameters, the successful comple-
tion of chemotherapy, and the lymph node status were independent predictors of survival.
The resection margin, age, sex, tumor size (I-stage), and degree of differentiation (grading)
were not independent predictors of cancer-specific survival (see Table 3).

3.2. Expression of the Immune Checkpoints VISTA, IDO, LAG3, and TIM3 in Pancreatic
Ductal Adenocarcinoma

Expression of the immune checkpoints VISTA, IDO, TIM3, and LAG3 was evaluable
in respectively 152, 153, 145, and 124 tumors. Of all TILs, 46.1% were VISTA-positive-
expressing (>4%), 28.9% low-expressing (1-4%), and 25% negative (<1%). We detected
IDO-positive-expressing TILs in 17.2%, low-expressing TILs in 33.8%, and negative TILs
in 49.0% of all tumors. The distribution of the TIM3 expression was homogeneous. We
observed 33.8% positive-expressing, 35.9% low-expressing, and 30.3% negative TILs. There
was only one LAG3-positive tumor (0.8%) with more than 4% LAG3-positive TILs, 29.0%
of tumors had low-LAG3-expressing TILs, and 70.2% of tumors showed no LAG3-positive
TILs (see Figure 2A). For the analysis of VISTA, IDO, and TIM3, we combined the negative
and low-expressing tumors into one group (negative group). Because there was only one
LAG3-positive-expressing tumor, we combined the positive tumor with the low-expressing
tumors into the positive group for LAG3 analysis (see Figure 2B).
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VISTA IDO TIM3 LAG3 Galectin 9
70.2
60
46.1
35.9
33.8 33.8
30.3 29
17.2
I 0'8
0 1 2 0 1 2 0 1 2 0 1 2 0 1 2
VISTA IDO TIM3 LAG3 Galectin 9

100
93.5

82.8
75
66.2

53.9

50 46.1
33.8
25
17.2
0 .
neg pos neg pos neg pos

Figure 2. Expression of checkpoint molecules in the pancreatic cancer cohort. (A) For VISTA, 38

6.5

neg pos neg pos

(25.0%) tumors were negative (0), while low (1) and high (2) expression was detected in 44 (28.9%)
and 70 (46.1%) tumors. IDO was negative in 74 (49%) tumors, low and high expression was detected
in respectively 51 (33.8%) and 26 (17.2%) tumors. TIM3 was negative in 43 (30.1%) tumors, low and
high expression was detected in respectively 52 (36.4%) and 48 (33.6%) tumors. LAG3 was negative
in 86 (69.9%) tumors, low and high expression was detected in respectively 36 (29.3%) and 1 (0.8%)
tumor. (B) Negative and low-expressing tumors were combined into one group (neg) and compared
with high-expressing tumors (pos) for the analysis of VISTA, IDO, and TIM3. Because there was
only one LAG3-positive-expressing tumor, we combined the positive tumor with the low-expressing
tumors into the positive group (pos) for LAG3 analysis.
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Table 3. Multivariate Cox proportional hazard regression analysis of clinicopathological factors
influencing survival after pancreatic cancer resection. The successful completion of chemotherapy,
and the lymph node status were independent predictors of survival.

Characteristic HR 95% CI p-Value

Age 0.55
Old — —
Young 1.15 0.73,1.83
Sex 0.68
Male — —
Female 1.10 0.7,1.73
Tumor size 0.44
T1-2 — —
T34 1.26 0.7,2.26
Lymph nodes 0.022
NO — —
N+ 2.0 1.11, 3.66
Resection margin 0.3
RO — —
R1 1.3 0.79,2.15
Grading 0.234
G1-2 — —
G3 1.32 0.84,2.07
Adjuvant CTx completed <0.001
Yes — —
No 3.14 1.99, 4.95

HR = hazard ratio, CI = confidence interval.

3.3. Correlation of VISTA, IDO, LAG3, and TIM3 Expression with Clinicopathological Parameters

We assessed the correlation of clinicopathological parameters with the expression of
the immune checkpoints VISTA, IDO, LAG3, and TIM3 in the tumors (Table 4).

Table 4. Correlation of clinicopathological parameters with the expression of the immune checkpoint
molecules IDO, VISTA, TIM3, and LAG3. The chi-square test for independence was used to analyze
the correlation table formed by two categorical variables at a time.

Chi-Squared p IDO VISTA TIM3 LAG3
Age 0.3294 0.6983 0.4987 0.3424
Sex 0.226 0.676 0.495 0.2114
T status 0.6721 0.2965 0.04396 0.5433
N status 0.3391 0.6098 0.2221 0.9885

R status 0.7408 0.2169 0.1942 0.34
Grading 0.571 0.5704 0.2533 0.08138
Recurrence 0.7008 0.6908 0.7635 0.6899

We found no dependencies between patients age (<65 and >65 years), sex (male
and female), pT classification (pT1/2 and pT3/4), nodal status (pNO and pN+), resection
margins (RO and R1), grading (G1/2 and G3), and pattern of recurrence and the expression
of the immune checkpoints, except for a correlation between TIM3 expression and the
T status.

3.4. High Expression of IDO but Not VISTA, LAG3, and TIM3 Is Associated with Improved
Survival in Resected Pancreatic Ductal Adenocarcinoma

When correlating the expression of IDO, VISTA, LAG3, and TIM3 with survival, we
unexpectedly found IDO-positive tumors associated with a significantly longer overall
survival (OS) in patients with resected pancreatic adenocarcinomas. Median OS/DFS were
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1.3/1 years for IDO-negative/low-expressing tumors and 2.1/1.3 years for IDO-positive
tumors (p = 0.037/0.14, HR 1.8/1.5; see Figure 3A). IDO (2 vs. 0-1) expression and the
nodal status (pNO and pN+) were independent predictors of cancer-specific survival in the
multivariate analysis, but sex (male and female), age (<65 and >65 years), and grading
(G1/2 and G3) were not (see Table 5). To check whether IDO expression correlates with
infiltration of CD3-positive immune cells, we evaluated CD3 infiltration semiquantitatively.
Survival with high CD3 infiltration was not longer compared with low infiltration (n = 128,
p = 0.257; see Figure 3B). Calculation of the Spearman correlation of CD3 and IDO yielded
a correlation coefficient of rho = 0.29. This correlation was significant in the one-tailed cor-
relation test (p < 0.001). Together, this indicates a weak correlation, which the contingency
table also shows (see Table 6). To complement our survival analysis, we analyzed publicly
available transcriptomic data. We used the MetaGxPancreas dataset, which comprises RNA
sequencing data from multiple sources as well as manually curated clinical and survival
data. IDO expression was available for 903 patients. Dividing the dataset into IDO-low-
and IDO-high-expressing tumors (<66th percentile and >66th percentile, respectively) did
not result in different overall survival (p = 0.832; see Figure 3A).

VISTA-positive tumors were not associated with a longer OS in patients with resected
pancreatic adenocarcinomas. Median OS/DFS was 1.3/1.1 years for VISTA-negative/low-
expressing tumors and 1.8/1 years for VISTA-positive tumors (p = 0.1/0.41, HR 1.4/1.2;
see Figure 3C). The publicly available transcriptomic data confirmed this result. Dividing
the dataset at the 66th percentile produced no survival difference (p = 0.738; see Figure 3C).

There was only one LAG3-positive tumor. For the survival analysis, we combined
the positive (score 2) and low-positive (score 1) tumors. For LAG3, median OS/DFS were
1.3/1.1 years for negative tumors and 2.0/1.1 years for low/positive-expressing tumors
(p=0.11/0.89, HR 1.5/1.0; see Figure 3D). Following the grouping of the TMA data, we
split the publicly available transcriptomic data at the 33rd percentile. There was no survival
difference (p = 0.413; see Figure 3D).

TIM3-positive tumors were not associated with a longer OS. Median OS/DFS were
1.6/1.0 years for TIM3-negative/low-expressing tumors and 1.4/0.9 years for TIM3-positive
tumors (p = 0.81/0.73, HR 1.1/1.1; see Figure 4A). The publicly available transcriptomic
data strengthened this result. Dividing the dataset at the 66th percentile produced no
survival difference (p = 0.186; see Figure 4B).

A IDO1 = High Low
1.004 =
© _| IDO1 Low
0.751 - o — IDO1 High
g £ B
S 0.50 S <
= — ] "
(2] ) (<]
0.25{ p=0.04 N
cutoff = 2
- r g—lllllllllll
0 1 2 3
Time 0O 1 2 3 4 5 6 7 8 9 10
: Time (years)
Number at risk No. At Risk
High 26 22 13 5 IDO1Low594 364 153 79 39 20 10 5 3 1 1
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Figure 3. Cont.
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Figure 3. Overall survival related to the expression of the immune molecules. (A) Kaplan—-Meier estimates of overall survival
of patients with IDO-positive tumors (high) vs. IDO-negative /low-expressing tumors (low) assessed with immunochemistry
on the TMA (left, n = 151, p = 0.037, log-rank test). Survival of patients from public transcriptomic databases with IDO-
low-expressing (<66th percentile) vs. IDO-high-expressing (>66th percentile) tumors. The overall survival is statistically
equivalent (1 = 903, p = 0.832, log-rank test, right). (B) Survival of patients with CD3-high infiltrating tumors (high - score 3)
vs. CD3-low infiltrating tumors (low - scores 1 and 2; n = 128, p = 0.257, log-rank test). (C) Survival of the TMA cohort
patients with VISTA-positive tumors (high) vs. VISTA negative/low-expressing tumors (low) (left, n = 152, p = 0.091,
log-rank test). Survival of patients from public transcriptomic databases with VSIR-low-expressing (<66th percentile) vs.
VSIR-high-expressing (>66th percentile) tumors. The overall survival is statistically equivalent (n = 233, p = 0.738, log-rank
test, right). VSIR encodes the VISTA protein. (D) Survival of the TMA cohort patients with LAG3-positive/low-expressing
tumors (positive) vs. LAG3 negative-expressing tumors (negative) (left, n = 124, p = 0.11, log-rank test). Survival of patients
from public transcriptomic databases with LAG3-low-expressing (<33rd percentile) vs. LAG3-high-expressing (>33rd
percentile) tumors. The overall survival is statistically equivalent (n = 903, p = 0.413, log-rank test, right). (E) Survival of
the TMA cohort patients with TIM3-positive tumors (high) vs. TIM3-negative /low-expressing tumors (low) (left, n = 145,
p = 0.76, log-rank test). Survival of patients from public transcriptomic databases with HAVCR2-low-expressing (<66th
percentile) vs. HAVCR2-high-expressing (>66th percentile) tumors. The overall survival is statistically equivalent (n = 903,
p = 0.186, log-rank test, right). HAVCR?2 encodes the TIM3 protein. (F) Survival of Galectin 9-TIM3 double-positive patients
(double-positive) vs. the remaining patients (other, left, n = 122, p = 0.77, log-rank test). Survival Galectin 9-TIM3 high
(both high) patients from public transcriptomic databases (>33rd percentile) vs. Galectin 9-TIM3-low-expressing (<33rd
percentile) tumors. The overall survival is statistically equivalent (n = 208, p = 0.349, log-rank test, right).
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Figure 4. UpSet plot to visualize the intersecting sets of immune molecule expression. (A) VISTA was the most frequently
expressed immune molecule (44% of all tumors, n = 113), Fifteen tumors expressed VISTA alone (13%) and no other immune
molecules, followed by thirteen tumors expressing VISTA and TIM3 only (12%), and ten tumors expressing VISTA and
IDO (9%). The box plot below depicts the median survival of the immune molecule combinations depicted in the UpSet
plot above. (B) Survival of the patients with VISTA-, VISTA- and TIM3-, and VISTA- and IDO-expressing tumors (1 = 38,
p =0.27, log-rank test).

Galectin 9 is a ligand of TIM3. Possibly both checkpoint molecules need to be ex-
pressed for TIM3 to have an immunomodulatory effect. Therefore, we assessed the ex-
pression of Galectin 9 by immunohistochemistry. Only 6.5% of the tumors were Galectin
9-positive, but roughly half of the tumors were low-positive (48.8%; see Figure 2). For the
survival analysis, we combined the positive (score 2) and low-positive (score 1) tumors
for both markers Galectin 9 and TIM3. Thus, we defined double-positive tumors as any
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combination not containing negative tumors (score 0) of Galectin 9 and TIM3 expression
(see Table 7). However, neither the immunohistochemical analysis (n = 122, p = 0.77, see
Figure 3F) nor the publicly available transcriptomic data split at the 33rd percentile (for
Galectin 9 and TIM3) showed differences in survival of patients with double-positive
tumors (p = 0.35; see Figure 3F).

Table 5. Multivariate Cox proportional hazard regression analysis for IDO expression and clinico-
pathological factors. IDO expression and lymph node status are independent predictors for survival.

Characteristic HR 95% CI p-Value

IDO Expression 0.009
High — —
Low 2.09 1.2,3.62
Sex 0.654
Male — —
Female 1.11 0.71,1.72
Age 0.353
Old — —
Young 1.24 0.79,1.95
Lymph nodes 0.033
NO — —
N+ 1.9 1.05, 3.44
Grading 0.268
G1-2 — —
G3 1.28 0.83,1.99

HR = hazard ratio, CI = confidence interval.

Table 6. Contingency table of CD3 versus IDO.

No. of Cases IDO
(frequency) 0 1 2 Total
CD3
1 3 (2.4%) 0 (0%) 0 (0%) 3 (2.4%)
2 42 (33%) 19 (15%) 10 (7.9%) 71 (56%)
3 18 (14%) 19 (15%) 16 (13%) 53 (42%)
Total 63 (50%) 38 (30%) 26 (20%) 127 (100%)

Table 7. Definition of Galectin 9/TIM3 double-positive tumors as any combination not containing
negative tumors (score 0).

Galectin 9 Score TIM3 Score Group
0 0 other
0 1 other
1 0 other
1 1 double-positive
1 2 double-positive
2 1 double-positive
2 2 double-positive

To better understand the co-expression pattern of checkpoint molecules, we studied
expression sets and their intersections [27]. We could determine the expression of all five
checkpoint molecules completely in 113 tumors. Most frequently, the tumors expressed
VISTA (n = 50). Of these, fifteen tumors were exclusively VISTA-positive and did not
express any other checkpoint molecules. Thirteen tumors expressed VISTA together with
TIM3, and ten tumors expressed VISTA together with IDO. Six tumors expressed TIM3
alone, and three tumors expressed IDO exclusively (see Figure 4A). The median survival of
the three largest groups did not differ significantly (VISTA, VISTA and TIM3, VISTA and
IDO, p = 0.27; see Figure 4B).
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4. Discussion

Immune cells in the tumor microenvironment (TME) regulate the initiation and pro-
gression of PDAC. They establish the tolerogenic niche in PDAC. The distribution of
immune cells in pancreatic cancer is highly variable [28-30] and influences therapy out-
come. Several studies could show that enrichment of CD8-positive effector T cells in the
tumor is associated with a favorable prognosis in PDACs [31,32]. Immune checkpoint
proteins are inhibitory or stimulatory co-signaling molecules on the surface of immune
effector cells. Inhibitory co-signaling leads to T cell exhaustion and immune evasion. The
pharmacological inhibition of immune checkpoints could therefore restore an antitumor
immune reaction. Thus, immunotherapy has established itself as a mainstay in the treat-
ment of many tumors [33]. A corresponding success in pancreatic cancer has so far failed
to materialize [34]. In a phase 1 trial with an anti-PD-L1 blocking antibody, no objective
response was observed in PDAC patients [35]. Blocking PD1 is effective in tumors with
microsatellite instability because the underlying DNA mismatch repair defects induce high
numbers of mutations and neoantigens [36]. However, the vast majority of PDAC tumors
do not exhibit microsatellite instability. To tackle immune evasion by pancreatic cancers,
the combination of anti-PD-L1 and anti-CTLA-4 checkpoint inhibitors was investigated in
patients with metastatic disease. Again, only 3% of patients responded [37]. Other attempts
such as vaccination therapy [38], targeting of myeloid cells [39], and CAR-T cell therapy [40]
showed promise in animal and phase 1 studies. In clinical trials, these immunotherapies
have not yet met expectations [41,42]. Thus, successful immunotherapy must approach
all mechanisms of immune invasion. Basic science has shown that pancreatic cancer has
multiple immune defects that prevent successful immunotherapy [43]. These include a
heterogeneous dense stroma forming a physical barrier and an immunosuppressive tumor
microenvironment. Intratumoral effector T cells are dysfunctional and fail to eliminate tu-
mors. To develop novel multicombination therapies, we investigated the potential immune
checkpoint markers VISTA, LAG3, IDO, and TIM3 in patients of the PANCALYZE study.

The multicenter PANCALYZE study cohort is a representative cross-section of German
pancreatic cancer patients. The population of 153 analyzed patients is homogenous because
only patients undergoing routine surgery for pancreatic cancer registered for this study [15].
The median survival of 1.8 years after completion of adjuvant chemotherapy is typical for
these PDAC patients [44].

We analyzed the co-expression pattern of VISTA, LAG3, IDO, and TIM3 on TILs.
Interestingly, the tumors rarely co-express more than two immune molecules simultane-
ously (see Figure 4). Tumors express VISTA most often, either alone or together with TIM3
and IDO. We expected a more balanced distribution pattern. The combined expression of
multiple immune molecules did not change survival.

Unexpectedly, tumors with higher numbers of IDO-positive TILs correlated with
better patient survival. IDO deprives T cells of tryptophan, which leads to a decreased T
cell response and T cell anergy [45,46]. Consequently, the attenuated immune response
promotes tumor growth, and patients with IDO-positive tumors should survive for a
shorter time. IDO expression correlates with poor prognosis in advanced gastric cancer in
one study [47], and data from basic science clearly point to a tumor-promoting effect of
IDO [8,48]. However, elevated IDO expression has been associated with an improved sur-
vival of gastric carcinomas [49], basal-like breast cancer [50], cervical cancer [51], renal cell
carcinomas [52], and esophageal adenocarcinomas [17]. In pancreatic carcinomas, Sideras
et al. published a survival advantage for patients with IDO-positive tumors, suggesting
that our observation is not a random event [53]. In the PANCALYZE cohort, infiltration
with CD3-positive cells was not associated with better survival. Tumor infiltration with
CD3-positive cells correlated only weakly with IDO expression. Thus, IDO expression is
not a marker of enhanced immune infiltration. We controlled the result from our TMA
analysis using publicly available transcriptomic data and found no survival advantage
for patients with IDO-positive tumors in this large patient group (n = 903). We analyzed
IDO expression selectively on TILs. IDO transcriptome analysis, in contrast, analyzes the
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IDO expression of all cells in the tumor. Thus, the additionally captured IDO expression
of tumor cells may explain the diverging findings. Basic science results highlight the
immunosuppressive role of IDO in the lymph node [45]. It could be that IDO production
in the tumor plays a minor role compared to expression in the lymph node.

Sideras et al. published encouraging results regarding Galectin 9 expression [53].
In contrast, we did not find a correlation between Galectin 9 expression and survival
(see supplementary Figure S1). For TIM3, the ligand of Galectin 9, we found no such
correlation either. In double-positive tumors, the ligands should be able to bind to each
other and exert their immunomodulatory effect. Even when only looking at TIM3/Galectin
9 double-positive tumors, there is no correlation between checkpoint expression and
survival. All analyses were double-checked using the publicly available transcriptomic
data and produced the same results as the TMA analysis. The other checkpoint molecules
VISTA and LAGS3 also showed no correlation to survival. However, there were only very
few LAG3-positive tumors. In contrast to our own results, a recent study described a
reduced disease-free survival of patients with PDAC with LAG3-expressing T cells on a
smaller cohort of PDAC [54]. When analyzing the immune checkpoints IDO, TIM3, and
VISTA with a cutoff of 1 or with respect to the individual scores, we found no survival
differences. In these examinations, negative tumors had a score of 0, and positive tumors
had a score of 1 or 2 (see supplementary Figure S2).

One would expect that checkpoint inhibitors can improve survival if the corresponding
checkpoint molecules are associated with poor survival. Our data show no survival
difference for VISTA-, LAG3-, and TIM3-positive tumors. These findings join the list of
low-impact immune checkpoints and complement the picture of pancreatic cancer as an
extremely immune-evasive tumor. We expect that immune checkpoint inhibitors against
VISTA, LAGS3, and TIM3 will also not affect patient survival.

These results raise the question of the importance of the distribution of immune
checkpoint molecules in the tumor itself. The tumor’s footprint in the immune system
could determine survival. Tumors might change the immune system not only locally. After
tumor removal, the systemic immune changes could define recurrence and thus influence
survival much more than the local microenvironment. TMA analysis detects only the
immediate microenvironment of the tumor. Future analysis of lymph nodes could yield a
systemic expression pattern of immune checkpoint molecules.

5. Conclusions

Tumors co-express VISTA most frequently but with few other immune checkpoints.
More than two immune checkpoint molecules are not co-expressed in relevant numbers
at the same time. High IDO expression was associated with better survival. Several other
studies confirmed our finding in pancreatic cancer and other tumor entities. We do not
believe that IDO is only a marker for immune infiltration. IDO’s survival benefit is most
likely an independent effect and warrants further research.

Our findings complement the picture of pancreatic cancer as highly inaccessible to
immune checkpoint inhibitors. We expect that immune checkpoint inhibitors against
VISTA, LAG3, and TIM3 will not improve patient survival. The unique tissue microen-
vironment of pancreatic cancer prevents effective immunotherapy. However, combining
immunotherapy with other therapies like microRNA targeting angiogenesis [55] might
restore the antitumor immune response. Anti-angiogenic therapy possibly remodels the
tissue microenvironment to become more accessible for immunotherapy. Following that
route, it may still be possible to establish effective immune checkpoint therapy after all—
if not combining multiple checkpoint inhibitors, then along with synergistic therapies
targeting other components of the TME.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ cancers13112689/s1, Figure S1: Kaplan-Meier estimates of overall survival of patients with
Galectin 9-positive tumors (high) vs. Galectin 9-negative/low-expressing tumors (low) assessed
with immunochemistry on the TMA (left, n = 123, p = 0.31, log-rank test). Survival of patients
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from public transcriptomic databases with Galectin 9-low-expressing (<66th percentile) vs. Galectin
9-high-expressing (>66th percentile) tumors. The overall survival is statistically equivalent (n = 510,
p = 0.339, log-rank test, right). Figure S2: Overall survival related to the expression of the immune
molecules. A: Kaplan-Meier estimates of overall survival of patients using a cutoff of 1. IDO, VISTA,
and TIM3 high (scores 1 and 2) vs. IDO low (score 0) tumors assessed with immunochemistry on the
TMA. The overall survival is statistically equivalent. B: Kaplan-Meier estimates of overall survival of
patients with respect to the individual scores. The overall survival is statistically equivalent. The file
‘R script for public data analysis.txt” containing the R script to produce the figures of the survival
analysis of the publicly available transcriptomic data. The R script was modified from the original
publication of Gendoo et al. [20].
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FFPE formalin-fixed, paraffin-embedded

DSF disease-free survival

1IDO indoleamine 2,3-dioxygenase

LAG3 lymphocyte-activation gene 3

MHC II major histocompatibility complex 2

(O5] overall survival

PDAC ductal adenocarcinoma of the pancreas

REMARK  reporting recommendations for tumor marker prognostic studies
TIL tumor-infiltrating lymphocyte

TIM3 T cell immunoglobulin and mucin-domain containing-3
TMA tissue microarrays

Treg regulatory T cell

VISTA V-domain Ig suppressor of T cell activation
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