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Simple Summary: In light of the majority of pancreatic cancer patients not responding to current
immune checkpoint blockade, alternative immunotherapeutic targets need to be identified. In this
study, we employed multiplex immunofluorescence to investigate the expression of co-stimulatory
and inhibitory receptors by tumor-infiltrating T cells in human pancreatic cancer. A comprehensive
analysis of the receptor pattern on tumor-infiltrating T cells is essential for the development of new
therapeutic strategies, as well as personalized immunotherapy, to identify patients who are likely to
benefit from targeting specific immune receptors.

Abstract: T cells are the predominant immune cell population in the pancreatic tumor microen-
vironment. High CD8+ and Th1-polarized CD4+ T cell infiltration is associated with prolonged
survival in human pancreatic ductal adenocarcinoma (PDAC). However, the expression pattern of
co-stimulatory and inhibitory receptors by PDAC-infiltrating T cells and their prognostic significance
are not well defined. In this study, we employed multiplex immunofluorescence to investigate
the intratumoral expression of the co-stimulatory receptor inducible T-cell co-stimulator (ICOS),
the inhibitory receptors lymphocyte-activation gene 3 (LAG-3), programmed death 1 (PD-1), and
V-domain immunoglobulin suppressor of T cell activation (VISTA) by tumor-infiltrating T cells
(CD3) in a cohort of 69 patients with resected PDAC. T cells were enriched particularly within the
stromal area and were highly heterogeneous across tumors. Further, T cells were associated with
prolonged disease-free survival (DFS). However, LAG-3 expression by PDAC-infiltrating T cells was
correlated with reduced DFS. Our study highlights the biological importance of LAG-3 expression by
tumor-infiltrating T cells. LAG-3+ T cells may represent a novel prognostic marker and a particularly
attractive target for immunotherapeutic strategies in PDAC.

Keywords: pancreatic cancer; tumor microenvironment; tumor-infiltrating T cells; ICOS; LAG-3;
PD-1; VISTA
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) has a poor prognosis, with fewer than 9%
of patients surviving five years after diagnosis, and the outcomes have not improved sig-
nificantly with new therapies over the past years [1,2]. Despite the efficacy of immunother-
apeutic strategies in multiple solid tumors, including melanoma, kidney, bladder, and
lung cancer, the results of early trials investigating the blockade of cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) and programmed death-ligand 1 (PD-L1) in patients with
advanced-stage PDAC have not demonstrated clinical benefits [3–5]. Immunotherapies
targeting co-stimulatory and inhibitory receptors beyond CTLA-4 and programmed death
1 (PD-1) have entered clinical trials [6]. Accumulating evidence indicates that the tumor
immune contexture, comprising the spatial organization, density, and functional orienta-
tion of tumor-infiltrating immune cells, plays a critical role in the clinical outcomes and
responses to immune checkpoint blockade (ICB) in cancer patients [7]. T cells are the
most prevalent immune cell type in PDAC, and the majority of resectable PDACs display
intermediate to high levels of T cell infiltration [8–10]. CD4+ and CD8+ T cells tend to
reside within the stromal area [11,12]. CD8+ T cells and Th1-polarized CD4+ T cells mediate
tumor protection in murine PDAC and are associated with prolonged survival in human
disease [13–16]. Co-stimulatory and inhibitory receptors are expressed differentially on T
cell subsets and during specific stages of T cell differentiation. Further, they determine the
functional outcome of T cell receptor signaling [17]. Inducible T-cell co-stimulator (ICOS;
CD278) is an activating co-stimulatory receptor expressed by T cells [18]. Lymphocyte
activation gene 3 (LAG-3), PD-1, and V-domain Ig suppressor of T cell activation (VISTA)
are inhibitory receptors contributing to T cell exhaustion [19]. A potential mechanism of
resistance to checkpoint blockade is the expression of multiple inhibitory receptors that
may dampen T cell responses [20]. There is a limited understanding of co-stimulatory and
inhibitory receptor expression in PDAC. To gain novel insights into their clinical relevance
in PDAC, we employed multiplex immunofluorescence of tumor tissue from patients with
resected pancreatic cancer.

2. Results
2.1. Tumor-Infiltrating T Cells Express Co-Stimulatory and Inhibitory Receptors in
Pancreatic Cancer

To determine the expression profile of co-stimulatory and inhibitory T cell receptors
in the pancreatic tumor microenvironment, we performed multiplex immunofluorescence
for CD3, ICOS, LAG-3, PD-1, VISTA, and pan-cytokeratin (PanCK) (Figure 1A). The in-
tratumoral density of T cells was highly variable across tumors (Figure 1B). However,
T cells were most abundant in the tumor stroma (Figure 1C). ICOS+ T cells were the
most prevalent population (41.87 ± 5.04 cells/mm2), whereas VISTA+ T cells were rare
(1.13 ± 0.15 cells/mm2, Figure 2A). The density of receptor-positive T cells was signifi-
cantly higher in the stromal as compared to the ductal compartment (ICOS 54.88 ± 7.00 vs.
5.19 ± 1.2 cells/mm2, LAG-3 11.71 ± 2.35 vs. 2.71 ± 0.61 cells/mm2, PD-1 7.03 ± 1.32 vs.
0.71 ± 0.19 cells/mm2, VISTA 1.44 ± 0.19 vs 0.2 ± 0.04 cells/mm2, Figure 2B). Next, we
examined the percentage of T cells positive for each receptor. 9.74% (± 1.16%) of PDAC-
infiltrating T cells expressed ICOS, whereas a smaller proportion of T cells expressed
LAG-3 (1.89 ± 0.23%), PD-1 (1.47 ± 0.24%), and VISTA (0.25 ± 0.02%, Figure 2C). The
percentage of ICOS-, PD-1-, and VISTA-expressing T cells was significantly higher in the
stromal compared to the ductal area, whereas the percentage of LAG-3-expressing T cells
was specifically high in the ductal compartment (Figure 2D).
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Figure 1. Tumor-infiltrating T cells reside within the stromal area in pancreatic cancer. (A) Paraffin-embedded human 
pancreatic ductal adenocarcinoma (PDAC) specimens were stained for PanCK (cyan), CD3 (yellow), ICOS (red), LAG-3 
(orange), PD-1 (purple), and VISTA (green). Representative multiplex immunofluorescence image is shown (200×). Scale 
bar, 50 μm. (B) Quantification of T cell density in whole PDAC and (C) ductal (red) and stromal (green) tissue areas. Each 
point represents a single patient (total, n = 69). Dot plots and box-and-whiskers (plus min-max), median. Paired Wilcoxon 
test. p-values ≤ 0.05 were considered significant. ****, p < 0.0001. 

Figure 1. Tumor-infiltrating T cells reside within the stromal area in pancreatic cancer. (A) Paraffin-embedded human
pancreatic ductal adenocarcinoma (PDAC) specimens were stained for PanCK (cyan), CD3 (yellow), ICOS (red), LAG-3
(orange), PD-1 (purple), and VISTA (green). Representative multiplex immunofluorescence image is shown (200×). Scale
bar, 50 µm. (B) Quantification of T cell density in whole PDAC and (C) ductal (red) and stromal (green) tissue areas. Each
point represents a single patient (total, n = 69). Dot plots and box-and-whiskers (plus min-max), median. Paired Wilcoxon
test. p-values ≤ 0.05 were considered significant. ****, p < 0.0001.



Cancers 2021, 13, 1297 4 of 12Cancers 2021, 13, x  4 of 12 
 

 

 
Figure 2. Tumor-infiltrating T cells express co-stimulatory and inhibitory receptors in pancreatic cancer. (A) Density of T 
cells stained positive for indicated receptor in whole PDAC and (B) ductal (red) and stromal (green) tissue areas. (C) 
Percentage of T cells positive for indicated receptor in whole PDAC and (D) ductal (red) and stromal (green) tissue areas. 
Each point represents a single patient (total, n = 69). Dot plots and box-and-whiskers (plus min-max), median. Paired 
Wilcoxon, and Kruskal–Wallis test and Dunn multiple comparisons test. p-values ≤ 0.05 were considered significant. **, p 
< 0.01; ***, p < 0.001; and ****, p < 0.0001. 

2.2. Intratumoral T Cell and PD-1+ T Cell Densities Are Associated with Increased Disease-Free 
Survival in Pancreatic Cancer 

We next sought to identify prognostic factors for overall (OS) and disease-free sur-
vival (DFS) based on T cell infiltration and the receptor expression pattern in pancreatic 
cancer. OS was independent of T cell infiltration and receptor expression (Figure 3A). 
However, univariate analysis revealed a significant association of prolonged DFS with 
higher T cell density (p = 0.012), increased density of PD-1-expressing T cells (p = 0.049), 
and a trend for the association with the density of ICOS-expressing T cells (p = 0.088; Fig-
ure 3B). Furthermore, a high distribution of ICOS+ T cells correlated with reduced DFS, 
whereas all other proportions and distributions of receptor-positive T cells showed no 
correlation with overall and disease-free survival (Figure S1A,B). 

Figure 2. Tumor-infiltrating T cells express co-stimulatory and inhibitory receptors in pancreatic cancer. (A) Density of
T cells stained positive for indicated receptor in whole PDAC and (B) ductal (red) and stromal (green) tissue areas. (C)
Percentage of T cells positive for indicated receptor in whole PDAC and (D) ductal (red) and stromal (green) tissue areas.
Each point represents a single patient (total, n = 69). Dot plots and box-and-whiskers (plus min-max), median. Paired
Wilcoxon, and Kruskal–Wallis test and Dunn multiple comparisons test. p-values ≤ 0.05 were considered significant. **, p <
0.01; ***, p < 0.001; and ****, p < 0.0001.

2.2. Intratumoral T Cell and PD-1+ T Cell Densities Are Associated with Increased Disease-Free
Survival in Pancreatic Cancer

We next sought to identify prognostic factors for overall (OS) and disease-free survival
(DFS) based on T cell infiltration and the receptor expression pattern in pancreatic cancer.
OS was independent of T cell infiltration and receptor expression (Figure 3A). However,
univariate analysis revealed a significant association of prolonged DFS with higher T
cell density (p = 0.012), increased density of PD-1-expressing T cells (p = 0.049), and a
trend for the association with the density of ICOS-expressing T cells (p = 0.088; Figure 3B).
Furthermore, a high distribution of ICOS+ T cells correlated with reduced DFS, whereas all
other proportions and distributions of receptor-positive T cells showed no correlation with
overall and disease-free survival (Figure S1A,B).
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Figure 3. Intratumoral T cell and PD-1+ T cell densities are associated with increased disease-free survival in pancreatic 
cancer. (A) Overall and (B) disease-free survival of patients with pancreatic cancer, stratified by the median of indicated 
density. Tick marks indicate censored data. p-values were calculated using a log-rank test. *, p < 0.05. 

Figure 3. Intratumoral T cell and PD-1+ T cell densities are associated with increased disease-free survival in pancreatic
cancer. (A) Overall and (B) disease-free survival of patients with pancreatic cancer, stratified by the median of indicated
density. Tick marks indicate censored data. p-values were calculated using a log-rank test. *, p < 0.05.
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2.3. LAG-3+ T Cells Are Associated with Poor Disease-Free Survival

To assess interdependence, we performed a Cox proportional hazard model (Figure 4A).
Multivariable analysis showed that T cell density (p = 0.026) and the proportion of LAG-3+

T cells (p = 0.007) were independent prognostic factors for DFS in PDAC. T cell density
was associated with prolonged DFS. Notably, the proportion of LAG-3-expressing T cells
was predictive for reduced DFS. These data highlight the biological importance of PDAC-
infiltrating T cells in general and emphasize the relevance of LAG-3 expression. LAG-3+ T
cells may represent a novel prognostic marker for patients with PDAC.
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patients. Hazard ratios and 95% confidence intervals are shown. p-values ≤ 0.05 were considered significant. *, p ≤ 0.05;
and **, p < 0.01.

3. Discussion

PDAC patients with high T cell infiltration and neoantigen qualities promoting T cell
responses have shown improved survival [21,22]. However, except for microsatellite insta-
ble tumors, which account for less than 1% of PDAC, immunotherapeutic strategies have
not demonstrated clinical benefits [23–25]. In light of patients not responding to current
anti-CTLA-4 and anti-PD-1 treatment, alternative immunotherapeutic targets need to be
identified in PDAC [3–5]. Little is known about the relative prevalence and distribution of
co-stimulatory and inhibitory receptors in PDAC. Previously, we identified the immune
ligand galectin-9 as a diagnostic marker for the detection of PDAC [26]. Tumor-infiltrating
T cells showed upregulation of galectin-9 compared to T cells from matched blood. Here,
we analyzed the composition and prognostic significance of T cells and their expression
of ICOS, LAG-3, PD-1, and VISTA in 69 resected PDAC specimens. T cell infiltration was
heterogeneous and highly variable across tumor specimens, consistent with a previous
report [15]. We found that T cell density was significantly increased in stromal compared
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to ductal areas. Further, T cell density was an independent predictor of DFS. Notably,
long-term survival has previously been associated with pathologic factors, such as lack of
lymph node metastasis and tumor differentiation, as well as T cell infiltration and quan-
tity and quality of tumor neoantigens [21,22,27,28]. ICOS and ICOSL binding lead to T
cell activation and effector functions and, when sustained, induce suppressive activities,
mediated by regulatory T cells [18]. We observed a high prevalence of ICOS+ T cells in
PDAC with a trend towards prolonged DFS in patients with a high ICOS+ T cell density.
It is possible that targeting ICOS may unleash an anti-tumoral T cell effector function. In
colorectal cancer, high ICOS expression by activated effector T cells was correlated with
improved survival [29]. The human ICOS antibody KY1044 is currently being investigated
in solid tumors, including PDAC (NCT03829501). Targeting co-stimulatory receptors on T
cells might synergize with checkpoint inhibitors to increase functional immune infiltrates
specific for tumor antigens [20]. Further studies are needed to investigate the relevance
of ICOS expression by T cells in PDAC. Antigen-specific and exhausted T cells typically
express inhibitory receptors, including LAG-3, PD-1, and VISTA [30,31]. Our multiplex
immunofluorescence analysis revealed a highly variable expression of these inhibitory
receptors, which has also been observed in melanoma [32]. Further, we found no significant
association of inhibitory receptor expression by T cells with tumor stage. The density of
receptor-positive tumor-infiltrating T cells was unchanged with neoadjuvant chemother-
apy compared to primary resected patients. Our data indicate a relevant role of LAG-3
expression by T cells for DFS and suggest that the presence of intratumoral LAG-3+ T cells
may contribute to early disease recurrence in PDAC. LAG-3 expression leads to dampened
CD4+ T cell activation, enhanced Treg suppressor activity, and decreased cytotoxic CD8+ T
cell function [33]. LAG-3 expression has been demonstrated to be associated with reduced
OS and DFS in hepatocellular carcinoma and in Epstein–Barr-virus-positive and MLH1-
defective gastric cancer [34,35]. In head and neck squamous cell carcinoma, LAG-3 was
upregulated on tumor-infiltrating T cells and correlated with reduced OS [36]. In bladder
cancer, the abundance of LAG-3+ cells in the tumor stroma indicated an immunoevasive
contexture and represented an independent predictor for poor OS [37]. Notably, elevated
expression of LAG-3 by tumor-infiltrating lymphocytes in PDAC patients was previously
detected along with increased PD-1 and CTLA-4 expression [38]. In line with our data,
LAG-3 expression may be a potential mechanism of immune evasion in PDAC, especially
since in non-small cell lung carcinoma (NSCLC) prominent LAG-3 expression by T cells
was associated with insensitivity to PD-1 blockade [39]. Recently, we have shown a relevant
role for PD-1 in the immune suppressive network of T cells from PDAC-draining lymph
nodes [40]. Here, we observed prolonged DFS in PDAC patients with an increased density
of PD-1 expressing T cells, suggesting a double-edged role of PD-1+ T cells. Notably,
PD-1 expression has been demonstrated to identify T cells that recognize tumor-specific
proteins [41,42]. Further, we found very little VISTA expression by PDAC-infiltrating T
cells. In a recent study, VISTA was expressed by approximately 25% of tumor cells in PDAC
and was significantly associated with prolonged OS [43]. T-cell-specific VISTA expression,
however, showed no correlation with patient outcomes, suggesting that its expression
by tumor and non-T cells might be more relevant in PDAC. However, a previous report
showed a reciprocal correlation of VISTA expression and anti-tumor T-cell responses and
cytokine production of tumor-infiltrating lymphocytes [11]. These observations emphasize
the necessity of a comprehensive analysis of the receptor pattern on tumor-infiltrating T
cells for personalized immunotherapy in order to identify patients who are likely to benefit
from targeting specific immune receptors.

4. Patients and Methods
4.1. Patient Samples

The study cohort consisted of 69 patients with PDAC who underwent surgery in
our department between 2008 and 2015. All patients consented to a protocol approved
by the Ethics Committee of TU Dresden (No EK446112017) and the study was approved
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by the institutional review board of the Faculty of Medicine of TU Dresden. All tumor
samples were formalin-fixed and paraffin-embedded, and a serial section was stained with
hematoxylin and eosin for histologic evaluation by a trained pathologist. The clinical stages
of tumors were determined according to the tumor-node-metastasis (TNM) classification
system developed by the Union for International Cancer Control (UICC; Edition 8). Patient
characteristics are shown in Table 1.

Table 1. Clinicopathologic characteristics of PDAC patients.

Variable n = 69
n (%)

Age
Median (Range) 68 (36–79)

Gender
Male 33 (48)

Female 36 (52)
pT Stage

1 7 (10)
2 39 (57)
3 21 (30)

Unknown 2 (3)
pN Stage

0 32 (46)
1 26 (38)
2 11 (16)

pM Stage
0 68 (99)
1 1 (1)

UICC Stage
I 7 (10)
II 50 (73)
III 11 (16)
IV 1 (1)

Neoadjuvant Treatment
Yes 17 (25)
No 52 (75)

4.2. Multiplex Immunofluorescence

The Opal™ kit, together with the Vectra® 3 automated quantitative pathology imaging
system (both from Akoya Biosciences, Menlo Park, CA, USA), were employed to conduct
tyramide signal amplification (TSA)-based multiplex immunofluorescence. This technology
has been previously used by various research groups to simultaneously detect a wide range
of molecules characterizing immune cells across different cancer entities [44,45]. One of
the main advantages of this multiplex approach is that it allows for staining multiple
markers on the same paraffin-embedded tissue section, irrespective of the species of the
primary antibodies, thus enabling the visualization of multiple co-expressed molecules
on the same cell. To design the multiplex panel for this project, we followed the typical
workflow recommended by the manufacturer (Akoya Biosciences), which has also been
employed, tested, and validated by other groups [46–49]. Thus, we first started with
classical immunohistochemical staining of each antibody. Then, to check the staining
quality and pattern, to select the best working primary antibody–fluorophore combination,
and to adjust the dilutions of the reagents, uniplex staining for each individual marker
using the Opal™ kit was performed. Subsequently, the markers of interest (ICOS, LAG-3,
PD-1, and VISTA) were tested in duplex stainings with the anti-CD3 antibody. Finally, the
additional markers were integrated one-by-one until a six-plex panel was created, while
making sure that the pattern of each marker did not change from uni- to multiplex. For
all the TSA immunofluorescence stainings, tissue deparaffinization and hydration were
performed as described before [50]. For antigen retrieval, all tissue sections underwent



Cancers 2021, 13, 1297 9 of 12

a microwave treatment in AR9 buffer (Akoya Biosciences). Subsequently, the OpalTM

kit was used. In brief, an initial 10-min blocking step was followed by the incubation of
the tissue sections with the primary antibody for one hour at room temperature. Then
a horseradish peroxidase-conjugated secondary antibody (Akoya Biosciences or Thermo
Fisher Scientific, Rockford, IL, USA) was applied for 10 or 20 min, respectively. Finally,
a TSA fluorophore was added to the tissue sections for 10 min. A microwave treatment
was performed afterwards for the stripping of the primary antibody, together with the
secondary antibody. All the steps mentioned above, from blocking to stripping, were
repeated for each primary antibody. In the end, all tissue sections were counterstained
with spectral 2-(4-amidinophenyl)-1H-indole-6-carboxamidine (DAPI; Akoya Biosciences)
for 5 min and coverslipped with fluoromount medium (SouthernBiotech, Birmingham,
AL, USA). For the multiparametric stainings, primary antibodies directed against PanCK
(clone AE1/AE3, 1:250, Thermo Fisher Scientific), CD3 (polyclonal, 1:75, Dako), ICOS
(clone D1K2T, 1:75, Cell Signaling Technology), LAG-3 (clone EPR4392, 1:250, Abcam,
Cambridge, United Kingdom), PD-1 (clone NAT105, 1:50, Abcam), and VISTA (clone SP344,
1:125, Abcam) were used, together with the TSA fluorophores 650 (1:900), 520 (1:75), 570
(1:75), 620 (1:175), 540 (1:100), and 690 (1:75, all from Akoya Biosciences), respectively.
Visualization of the staining was performed using the Vectra® 3 automated imaging system
(Akoya Biosciences). First, all whole sections were scanned. Then, they were used to
annotate the multispectral images (MSIs), covering a proportion of 25–50% of the tumor-
containing area, in the PhenochartTM software (Akoya Biosciences). The selected MSIs
were scanned at a magnification of 200× and further used for analysis. The inForm®

software (Akoya Biosciences) was employed for spectral unmixing, using a library built
from single stained tissue slides for each primary antibody–TSA fluorophore pairing, as
well as for phenotyping. This latter step relied on a semi-automatic approach, in which
an experienced user teaches the software to discriminate distinct tissue areas, segment the
cells, and then individually phenotype each cell subset. For each marker, we created a
different phenotyping algorithm, based on MSIs acquired from different patients, which
we also tested for performance on another set of MSIs before applying it to the entire cohort.
By creating a novel phenotyping protocol for each marker, we could reliably detect co-
expressed markers on the same cells, while also having more flexibility for data processing.
R software was used to handle and analyze the output data from InForm®.

4.3. Statistical Analysis

Data are shown in dot plots and box-and-whiskers graphs (min; max), median. The
two-tailed paired or unpaired Kruskal–Wallis test and the Dunn multiple comparisons
test were performed as applicable. The distribution was defined as the ratio of ductal to
stromal density. Kaplan–Meier curves were used to visualize differences in overall survival
(OS) and disease-free survival (DFS). OS was defined as the time between surgery and
death for any reason. DFS was defined as the time between surgery and disease recurrence.
Patients with 30-day or in-hospital mortality were excluded from the survival analyses.
Median values of the cohorts were used as cut-offs. Significance was determined utilizing
the log-rank test. Using a Cox proportional hazard model, we explored the hazard ratio
of receptor expression, in combination with patients’ clinicopathological characteristics.
All statistical analyses were performed using R software (survival, survminer package).
p-values ≤ 0.05 were considered significant. *, p ≤ 0.05; **, p < 0.01; ***, p < 0.001; and
****, p < 0.0001.

5. Conclusions

In this study, we performed a comprehensive analysis of co-stimulatory and inhibitory
receptor expression by PDAC-infiltrating T cells using multiplex immunofluorescence. Our
data underscore the prognostic relevance of T cell density for prolonged DFS and further
identify a negative prognostic role for LAG-3 expression by T cells in human PDAC. LAG-
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3+ T cells may not only represent a novel prognostic marker, but may also be a particularly
attractive target for immunotherapeutic strategies in patients with pancreatic cancer.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
694/13/6/1297/s1, Figure S1: Association of marker expression by tumor-infiltrating T cells and
survival.

Author Contributions: Conceptualization, L.S., M.S. and A.M.S.; methodology, L.S., I.P., L.M., M.S.
and A.M.S.; validation, L.S., U.S., A.K., M.S. and A.M.S.; formal analysis, L.S., I.P., L.M., U.S., A.K.,
M.S. and A.M.S.; investigation, L.S., I.P., L.M., M.S. and A.M.S.; resources, L.S., J.W., M.S. and A.M.S.;
data curation, L.S., I.P., L.M., U.S. and A.M.S.; writing—original draft preparation, L.S. and A.M.S.;
writing—review and editing, I.P., L.M., M.H., J.v.R., D.D., J.G., A.K., J.W. and M.S.; visualization, L.S.,
I.P., L.M. and A.M.S.; supervision, L.S., M.S. and A.M.S.; project administration, L.S., M.S. and A.M.S.;
funding acquisition, L.S. and A.M.S.; All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Ernst-Jung Stiftung, the Monika Kutzner Stiftung, the
German Research Foundation (DFG; SE2980/5-1), the German Cancer Consortium (DKTK), and the
Medical Faculty Carl Gustav Carus TU Dresden.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethics Committee of the TU Dresden (No EK446112017).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Open Access Funding by the Publication Fund of the TU Dresden.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 7–30. [CrossRef]
2. Nevala-Plagemann, C.; Hidalgo, M.; Garrido-Laguna, I. From state-of-the-art treatments to novel therapies for advanced-stage

pancreatic cancer. Nat. Rev. Clin. Oncol. 2020, 17, 108–123. [CrossRef]
3. Royal, R.E.; Levy, C.; Turner, K.; Mathur, A.; Hughes, M.; Kammula, U.S.; Sherry, R.M.; Topalian, S.L.; Yang, J.C.; Lowy, I.;

et al. Phase 2 trial of single agent Ipilimumab (anti-CTLA-4) for locally advanced or metastatic pancreatic adenocarcinoma.
J. Immunother. 2010, 33, 828–833. [CrossRef] [PubMed]

4. Brahmer, J.R.; Tykodi, S.S.; Chow, L.Q.; Hwu, W.J.; Topalian, S.L.; Hwu, P.; Drake, C.G.; Camacho, L.H.; Kauh, J.; Odunsi, K.; et al.
Safety and activity of anti-PD-L1 antibody in patients with advanced cancer. N. Engl. J. Med. 2012, 366, 2455–2465. [CrossRef]
[PubMed]

5. Patnaik, A.; Kang, S.P.; Rasco, D.; Papadopoulos, K.P.; Elassaiss-Schaap, J.; Beeram, M.; Drengler, R.; Chen, C.; Smith, L.; Espino,
G.; et al. Phase I Study of Pembrolizumab (MK-3475; Anti-PD-1 Monoclonal Antibody) in Patients with Advanced Solid Tumors.
Clin. Cancer Res. 2015, 21, 4286–4293. [CrossRef]

6. Qin, S.; Xu, L.; Yi, M.; Yu, S.; Wu, K.; Luo, S. Novel immune checkpoint targets: Moving beyond PD-1 and CTLA-4. Mol. Cancer
2019, 18, 155. [CrossRef] [PubMed]

7. Bruni, D.; Angell, H.K.; Galon, J. The immune contexture and Immunoscore in cancer prognosis and therapeutic efficacy. Nat.
Rev. Cancer 2020, 20, 662–680. [CrossRef] [PubMed]

8. Shibuya, K.C.; Goel, V.K.; Xiong, W.; Sham, J.G.; Pollack, S.M.; Leahy, A.M.; Whiting, S.H.; Yeh, M.M.; Yee, C.; Riddell, S.R.;
et al. Pancreatic ductal adenocarcinoma contains an effector and regulatory immune cell infiltrate that is altered by multimodal
neoadjuvant treatment. PLoS ONE 2014, 9, e96565. [CrossRef]

9. Daley, D.; Zambirinis, C.P.; Seifert, L.; Akkad, N.; Mohan, N.; Werba, G.; Barilla, R.; Torres-Hernandez, A.; Hundeyin, M.; Mani,
V.R.K.; et al. gammadelta T Cells Support Pancreatic Oncogenesis by Restraining alphabeta T Cell Activation. Cell 2016, 166,
1485–1499.e15. [CrossRef]

10. Poschke, I.; Faryna, M.; Bergmann, F.; Flossdorf, M.; Lauenstein, C.; Hermes, J.; Hinz, U.; Hank, T.; Ehrenberg, R.; Volkmar, M.;
et al. Identification of a tumor-reactive T-cell repertoire in the immune infiltrate of patients with resectable pancreatic ductal
adenocarcinoma. Oncoimmunology 2016, 5, e1240859. [CrossRef]

11. Blando, J.; Sharma, A.; Higa, M.G.; Zhao, H.; Vence, L.; Yadav, S.S.; Kim, J.; Sepulveda, A.M.; Sharp, M.; Maitra, A.; et al.
Comparison of immune infiltrates in melanoma and pancreatic cancer highlights VISTA as a potential target in pancreatic cancer.
Proc. Natl. Acad. Sci. USA 2019, 116, 1692–1697. [CrossRef] [PubMed]

https://www.mdpi.com/2072-6694/13/6/1297/s1
https://www.mdpi.com/2072-6694/13/6/1297/s1
http://doi.org/10.3322/caac.21590
http://doi.org/10.1038/s41571-019-0281-6
http://doi.org/10.1097/CJI.0b013e3181eec14c
http://www.ncbi.nlm.nih.gov/pubmed/20842054
http://doi.org/10.1056/NEJMoa1200694
http://www.ncbi.nlm.nih.gov/pubmed/22658128
http://doi.org/10.1158/1078-0432.CCR-14-2607
http://doi.org/10.1186/s12943-019-1091-2
http://www.ncbi.nlm.nih.gov/pubmed/31690319
http://doi.org/10.1038/s41568-020-0285-7
http://www.ncbi.nlm.nih.gov/pubmed/32753728
http://doi.org/10.1371/journal.pone.0096565
http://doi.org/10.1016/j.cell.2016.07.046
http://doi.org/10.1080/2162402X.2016.1240859
http://doi.org/10.1073/pnas.1811067116
http://www.ncbi.nlm.nih.gov/pubmed/30635425


Cancers 2021, 13, 1297 11 of 12

12. Seifert, A.M.; List, J.; Heiduk, M.; Decker, R.; von Renesse, J.; Meinecke, A.C.; Aust, D.E.; Welsch, T.; Weitz, J.; Seifert, L.
Gamma-delta T cells stimulate IL-6 production by pancreatic stellate cells in pancreatic ductal adenocarcinoma. J. Cancer Res.
Clin. Oncol. 2020, 146, 3233–3240. [CrossRef] [PubMed]

13. De Monte, L.; Reni, M.; Tassi, E.; Clavenna, D.; Papa, I.; Recalde, H.; Braga, M.; Di Carlo, V.; Doglioni, C.; Protti, M.P. Intratumor T
helper type 2 cell infiltrate correlates with cancer-associated fibroblast thymic stromal lymphopoietin production and reduced
survival in pancreatic cancer. J. Exp. Med. 2011, 208, 469–478. [CrossRef] [PubMed]

14. Fukunaga, A.; Miyamoto, M.; Cho, Y.; Murakami, S.; Kawarada, Y.; Oshikiri, T.; Kato, K.; Kurokawa, T.; Suzuoki, M.; Nakakubo,
Y.; et al. CD8+ tumor-infiltrating lymphocytes together with CD4+ tumor-infiltrating lymphocytes and dendritic cells improve
the prognosis of patients with pancreatic adenocarcinoma. Pancreas 2004, 28, e26–e31. [CrossRef] [PubMed]

15. Stromnes, I.M.; Hulbert, A.; Pierce, R.H.; Greenberg, P.D.; Hingorani, S.R. T-cell Localization, Activation, and Clonal Expansion in
Human Pancreatic Ductal Adenocarcinoma. Cancer Immunol. Res. 2017, 5, 978–991. [CrossRef]

16. Carstens, J.L.; Correa de Sampaio, P.; Yang, D.; Barua, S.; Wang, H.; Rao, A.; Allison, J.P.; LeBleu, V.S.; Kalluri, R. Spatial
computation of intratumoral T cells correlates with survival of patients with pancreatic cancer. Nat. Commun. 2017, 8, 15095.
[CrossRef]

17. Chen, L.; Flies, D.B. Molecular mechanisms of T cell co-stimulation and co-inhibition. Nat. Rev. Immunol. 2013, 13, 227–242.
[CrossRef]

18. Panneton, V.; Chang, J.; Witalis, M.; Li, J.; Suh, W.K. Inducible T-cell co-stimulator: Signaling mechanisms in T follicular helper
cells and beyond. Immunol. Rev. 2019, 291, 91–103. [CrossRef] [PubMed]

19. Le Mercier, I.; Lines, J.L.; Noelle, R.J. Beyond CTLA-4 and PD-1, the Generation Z of Negative Checkpoint Regulators. Front.
Immunol. 2015, 6, 418. [CrossRef] [PubMed]

20. Sharma, P.; Hu-Lieskovan, S.; Wargo, J.A.; Ribas, A. Primary, Adaptive, and Acquired Resistance to Cancer Immunotherapy. Cell
2017, 168, 707–723. [CrossRef]

21. Orhan, A.; Vogelsang, R.P.; Andersen, M.B.; Madsen, M.T.; Holmich, E.R.; Raskov, H.; Gogenur, I. The prognostic value of
tumour-infiltrating lymphocytes in pancreatic cancer: A systematic review and meta-analysis. Eur. J. Cancer 2020, 132, 71–84.
[CrossRef] [PubMed]

22. Balachandran, V.P.; Luksza, M.; Zhao, J.N.; Makarov, V.; Moral, J.A.; Remark, R.; Herbst, B.; Askan, G.; Bhanot, U.; Senbabaoglu,
Y.; et al. Identification of unique neoantigen qualities in long-term survivors of pancreatic cancer. Nature 2017, 551, 512–516.
[CrossRef]

23. Le, D.T.; Uram, J.N.; Wang, H.; Bartlett, B.R.; Kemberling, H.; Eyring, A.D.; Skora, A.D.; Luber, B.S.; Azad, N.S.; Laheru, D.; et al.
PD-1 Blockade in Tumors with Mismatch-Repair Deficiency. N. Engl. J. Med. 2015, 372, 2509–2520. [CrossRef]

24. Le, D.T.; Durham, J.N.; Smith, K.N.; Wang, H.; Bartlett, B.R.; Aulakh, L.K.; Lu, S.; Kemberling, H.; Wilt, C.; Luber, B.S.; et al.
Mismatch repair deficiency predicts response of solid tumors to PD-1 blockade. Science 2017, 357, 409–413. [CrossRef] [PubMed]

25. O’Reilly, E.M.; Oh, D.Y.; Dhani, N.; Renouf, D.J.; Lee, M.A.; Sun, W.; Fisher, G.; Hezel, A.; Chang, S.C.; Vlahovic, G.; et al.
Durvalumab With or Without Tremelimumab for Patients With Metastatic Pancreatic Ductal Adenocarcinoma: A Phase 2
Randomized Clinical Trial. JAMA Oncol. 2019, 5, 1431–1438. [CrossRef]

26. Seifert, A.M.; Reiche, C.; Heiduk, M.; Tannert, A.; Meinecke, A.C.; Baier, S.; von Renesse, J.; Kahlert, C.; Distler, M.; Welsch, T.;
et al. Detection of pancreatic ductal adenocarcinoma with galectin-9 serum levels. Oncogene 2020, 39, 3102–3113. [CrossRef]
[PubMed]

27. Allen, P.J.; Kuk, D.; Castillo, C.F.; Basturk, O.; Wolfgang, C.L.; Cameron, J.L.; Lillemoe, K.D.; Ferrone, C.R.; Morales-Oyarvide, V.;
He, J.; et al. Multi-institutional Validation Study of the American Joint Commission on Cancer (8th Edition) Changes for T and N
Staging in Patients With Pancreatic Adenocarcinoma. Ann. Surg. 2017, 265, 185–191. [CrossRef]

28. Morales-Oyarvide, V.; Rubinson, D.A.; Dunne, R.F.; Kozak, M.M.; Bui, J.L.; Yuan, C.; Qian, Z.R.; Babic, A.; Da Silva, A.; Nowak,
J.A.; et al. Lymph node metastases in resected pancreatic ductal adenocarcinoma: Predictors of disease recurrence and survival.
Br. J. Cancer 2017, 117, 1874–1882. [CrossRef] [PubMed]

29. Zhang, Y.; Luo, Y.; Qin, S.L.; Mu, Y.F.; Qi, Y.; Yu, M.H.; Zhong, M. The clinical impact of ICOS signal in colorectal cancer patients.
Oncoimmunology 2016, 5, e1141857. [CrossRef]

30. Anderson, A.C.; Joller, N.; Kuchroo, V.K. Lag-3, Tim-3, and TIGIT: Co-inhibitory Receptors with Specialized Functions in Immune
Regulation. Immunity 2016, 44, 989–1004. [CrossRef]

31. Baitsch, L.; Baumgaertner, P.; Devevre, E.; Raghav, S.K.; Legat, A.; Barba, L.; Wieckowski, S.; Bouzourene, H.; Deplancke, B.;
Romero, P.; et al. Exhaustion of tumor-specific CD8(+) T cells in metastases from melanoma patients. J. Clin. Investig. 2011, 121,
2350–2360. [CrossRef]

32. Edwards, J.; Tasker, A.; Pires da Silva, I.; Quek, C.; Batten, M.; Ferguson, A.; Allen, R.; Allanson, B.; Saw, R.P.M.; Thompson,
J.F.; et al. Prevalence and Cellular Distribution of Novel Immune Checkpoint Targets Across Longitudinal Specimens in
Treatment-naive Melanoma Patients: Implications for Clinical Trials. Clin. Cancer Res. 2019, 25, 3247–3258. [CrossRef]

33. Andrews, L.P.; Marciscano, A.E.; Drake, C.G.; Vignali, D.A. LAG3 (CD223) as a cancer immunotherapy target. Immunol. Rev.
2017, 276, 80–96. [CrossRef] [PubMed]

34. Guo, M.; Yuan, F.; Qi, F.; Sun, J.; Rao, Q.; Zhao, Z.; Huang, P.; Fang, T.; Yang, B.; Xia, J. Expression and clinical significance of
LAG-3, FGL1, PD-L1 and CD8(+)T cells in hepatocellular carcinoma using multiplex quantitative analysis. J. Transl. Med. 2020,
18, 306. [CrossRef] [PubMed]

http://doi.org/10.1007/s00432-020-03367-8
http://www.ncbi.nlm.nih.gov/pubmed/32865617
http://doi.org/10.1084/jem.20101876
http://www.ncbi.nlm.nih.gov/pubmed/21339327
http://doi.org/10.1097/00006676-200401000-00023
http://www.ncbi.nlm.nih.gov/pubmed/14707745
http://doi.org/10.1158/2326-6066.CIR-16-0322
http://doi.org/10.1038/ncomms15095
http://doi.org/10.1038/nri3405
http://doi.org/10.1111/imr.12771
http://www.ncbi.nlm.nih.gov/pubmed/31402504
http://doi.org/10.3389/fimmu.2015.00418
http://www.ncbi.nlm.nih.gov/pubmed/26347741
http://doi.org/10.1016/j.cell.2017.01.017
http://doi.org/10.1016/j.ejca.2020.03.013
http://www.ncbi.nlm.nih.gov/pubmed/32334338
http://doi.org/10.1038/nature24462
http://doi.org/10.1056/NEJMoa1500596
http://doi.org/10.1126/science.aan6733
http://www.ncbi.nlm.nih.gov/pubmed/28596308
http://doi.org/10.1001/jamaoncol.2019.1588
http://doi.org/10.1038/s41388-020-1186-7
http://www.ncbi.nlm.nih.gov/pubmed/32055023
http://doi.org/10.1097/SLA.0000000000001763
http://doi.org/10.1038/bjc.2017.349
http://www.ncbi.nlm.nih.gov/pubmed/28982112
http://doi.org/10.1080/2162402X.2016.1141857
http://doi.org/10.1016/j.immuni.2016.05.001
http://doi.org/10.1172/JCI46102
http://doi.org/10.1158/1078-0432.CCR-18-4011
http://doi.org/10.1111/imr.12519
http://www.ncbi.nlm.nih.gov/pubmed/28258692
http://doi.org/10.1186/s12967-020-02469-8
http://www.ncbi.nlm.nih.gov/pubmed/32762721


Cancers 2021, 13, 1297 12 of 12

35. Lv, K.; Li, R.; Cao, Y.; Gu, Y.; Liu, X.; He, X.; Jin, K.; Fang, H.; Fei, Y.; Shi, M.; et al. Lymphocyte-activation gene 3 expression
associates with poor prognosis and immunoevasive contexture in Epstein-Barr virus-positive and MLH1-defective gastric cancer
patients. Int. J. Cancer 2021, 148, 759–768. [CrossRef]

36. Deng, W.W.; Mao, L.; Yu, G.T.; Bu, L.L.; Ma, S.R.; Liu, B.; Gutkind, J.S.; Kulkarni, A.B.; Zhang, W.F.; Sun, Z.J. LAG-3 confers poor
prognosis and its blockade reshapes antitumor response in head and neck squamous cell carcinoma. Oncoimmunology 2016, 5,
e1239005. [CrossRef] [PubMed]

37. Zeng, H.; Zhou, Q.; Wang, Z.; Zhang, H.; Liu, Z.; Huang, Q.; Wang, J.; Chang, Y.; Bai, Q.; Xia, Y.; et al. Stromal LAG-3(+) cells
infiltration defines poor prognosis subtype muscle-invasive bladder cancer with immunoevasive contexture. J. Immunother.
Cancer 2020, 8. [CrossRef] [PubMed]

38. Meng, Q.; Liu, Z.; Rangelova, E.; Poiret, T.; Ambati, A.; Rane, L.; Xie, S.; Verbeke, C.; Dodoo, E.; Del Chiaro, M.; et al. Expansion
of Tumor-reactive T Cells From Patients With Pancreatic Cancer. J. Immunother. 2016, 39, 81–89. [CrossRef]

39. Datar, I.; Sanmamed, M.F.; Wang, J.; Henick, B.S.; Choi, J.; Badri, T.; Dong, W.; Mani, N.; Toki, M.; Mejias, L.D.; et al. Expression
Analysis and Significance of PD-1, LAG-3, and TIM-3 in Human Non-Small Cell Lung Cancer Using Spatially Resolved and
Multiparametric Single-Cell Analysis. Clin. Cancer Res. 2019, 25, 4663–4673. [CrossRef] [PubMed]

40. Seifert, A.M.; Eymer, A.; Heiduk, M.; Wehner, R.; Tunger, A.; von Renesse, J.; Decker, R.; Aust, D.E.; Welsch, T.; Reissfelder, C.;
et al. PD-1 Expression by Lymph Node and Intratumoral Regulatory T Cells Is Associated with Lymph Node Metastasis in
Pancreatic Cancer. Cancers 2020, 12, 2756. [CrossRef] [PubMed]

41. Gros, A.; Robbins, P.F.; Yao, X.; Li, Y.F.; Turcotte, S.; Tran, E.; Wunderlich, J.R.; Mixon, A.; Farid, S.; Dudley, M.E.; et al. PD-1
identifies the patient-specific CD8(+) tumor-reactive repertoire infiltrating human tumors. J. Clin. Investig. 2014, 124, 2246–2259.
[CrossRef]

42. Gros, A.; Tran, E.; Parkhurst, M.R.; Ilyas, S.; Pasetto, A.; Groh, E.M.; Robbins, P.F.; Yossef, R.; Garcia-Garijo, A.; Fajardo, C.A.;
et al. Recognition of human gastrointestinal cancer neoantigens by circulating PD-1+ lymphocytes. J. Clin. Investig. 2019, 129,
4992–5004. [CrossRef]

43. Hou, Z.; Pan, Y.; Fei, Q.; Lin, Y.; Zhou, Y.; Liu, Y.; Guan, H.; Yu, X.; Lin, X.; Lu, F.; et al. Prognostic significance and therapeutic
potential of the immune checkpoint VISTA in pancreatic cancer. J. Cancer Res. Clin. Oncol. 2020, 147, 517–531. [CrossRef]
[PubMed]

44. Feng, Z.; Bethmann, D.; Kappler, M.; Ballesteros-Merino, C.; Eckert, A.; Bell, R.B.; Cheng, A.; Bui, T.; Leidner, R.; Urba, W.J.; et al.
Multiparametric immune profiling in HPV- oral squamous cell cancer. JCI Insight 2017, 2. [CrossRef] [PubMed]

45. Mezheyeuski, A.; Bergsland, C.H.; Backman, M.; Djureinovic, D.; Sjoblom, T.; Bruun, J.; Micke, P. Multispectral imaging for
quantitative and compartment-specific immune infiltrates reveals distinct immune profiles that classify lung cancer patients.
J. Pathol. 2018, 244, 421–431. [CrossRef]

46. Parra, E.R.; Jiang, M.; Solis, L.; Mino, B.; Laberiano, C.; Hernandez, S.; Gite, S.; Verma, A.; Tetzlaff, M.; Haymaker, C.; et al.
Procedural Requirements and Recommendations for Multiplex Immunofluorescence Tyramide Signal Amplification Assays to
Support Translational Oncology Studies. Cancers 2020, 12, 255. [CrossRef] [PubMed]

47. Parra, E.R.; Uraoka, N.; Jiang, M.; Cook, P.; Gibbons, D.; Forget, M.A.; Bernatchez, C.; Haymaker, C.; Wistuba, I.I.; Rodriguez-
Canales, J. Validation of multiplex immunofluorescence panels using multispectral microscopy for immune-profiling of formalin-
fixed and paraffin-embedded human tumor tissues. Sci. Rep. 2017, 7, 13380. [CrossRef]

48. Gorris, M.A.J.; Halilovic, A.; Rabold, K.; van Duffelen, A.; Wickramasinghe, I.N.; Verweij, D.; Wortel, I.M.N.; Textor, J.C.; de Vries,
I.J.M.; Figdor, C.G. Eight-Color Multiplex Immunohistochemistry for Simultaneous Detection of Multiple Immune Checkpoint
Molecules within the Tumor Microenvironment. J. Immunol. 2018, 200, 347–354. [CrossRef]

49. Wickenhauser, C.; Bethmann, D.; Feng, Z.; Jensen, S.M.; Ballesteros-Merino, C.; Massa, C.; Steven, A.; Bauer, M.; Kaatzsch, P.;
Pazaitis, N.; et al. Multispectral Fluorescence Imaging Allows for Distinctive Topographic Assessment and Subclassification of
Tumor-Infiltrating and Surrounding Immune Cells. Methods Mol. Biol. 2019, 1913, 13–31. [CrossRef]

50. Wagner, F.; Holig, U.; Wilczkowski, F.; Plesca, I.; Sommer, U.; Wehner, R.; Kiessler, M.; Jarosch, A.; Flecke, K.; Arsova, M.; et al.
Neoadjuvant Radiochemotherapy Significantly Alters the Phenotype of Plasmacytoid Dendritic Cells and 6-Sulfo LacNAc(+)
Monocytes in Rectal Cancer. Front. Immunol. 2019, 10, 602. [CrossRef]

http://doi.org/10.1002/ijc.33358
http://doi.org/10.1080/2162402X.2016.1239005
http://www.ncbi.nlm.nih.gov/pubmed/27999760
http://doi.org/10.1136/jitc-2020-000651
http://www.ncbi.nlm.nih.gov/pubmed/32540859
http://doi.org/10.1097/CJI.0000000000000111
http://doi.org/10.1158/1078-0432.CCR-18-4142
http://www.ncbi.nlm.nih.gov/pubmed/31053602
http://doi.org/10.3390/cancers12102756
http://www.ncbi.nlm.nih.gov/pubmed/32987956
http://doi.org/10.1172/JCI73639
http://doi.org/10.1172/JCI127967
http://doi.org/10.1007/s00432-020-03463-9
http://www.ncbi.nlm.nih.gov/pubmed/33237432
http://doi.org/10.1172/jci.insight.93652
http://www.ncbi.nlm.nih.gov/pubmed/28724788
http://doi.org/10.1002/path.5026
http://doi.org/10.3390/cancers12020255
http://www.ncbi.nlm.nih.gov/pubmed/31972974
http://doi.org/10.1038/s41598-017-13942-8
http://doi.org/10.4049/jimmunol.1701262
http://doi.org/10.1007/978-1-4939-8979-9_2
http://doi.org/10.3389/fimmu.2019.00602

	Introduction 
	Results 
	Tumor-Infiltrating T Cells Express Co-Stimulatory and Inhibitory Receptors in Pancreatic Cancer 
	Intratumoral T Cell and PD-1+ T Cell Densities Are Associated with Increased Disease-Free Survival in Pancreatic Cancer 
	LAG-3+ T Cells Are Associated with Poor Disease-Free Survival 

	Discussion 
	Patients and Methods 
	Patient Samples 
	Multiplex Immunofluorescence 
	Statistical Analysis 

	Conclusions 
	References

