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ABSTRACT

Background Plasmacytoid dendritic cells (pDCs) play a
key role in the induction and maintenance of antitumor
immunity. Conversely, they can act as tolerogenic DCs by
inhibiting tumor-directed immune responses. Therefore,
pDCs may profoundly influence tumor progression. To gain
novel insights into the role of pDCs in colon cancer, we
investigated the frequency and clinical relevance of pDCs
in primary tumor tissues from patients with colon cancer
with different clinicopathological characteristics.
Methods Immunohistochemical stainings were performed
to explore the frequency of tumor-infilirating BDCA-2*
pDCs in patients with colon cancer. Statistical analyses
were conducted to determine an association between

the pDC density and clinicopathological characteristics

of the patients. Furthermore, we used multiplex
immunofluorescence stainings to evaluate the localization
and phenotype of pDCs in stroma and tertiary lymphoid
structures (TLS) of colon cancer tissues.

Results An increased density of infiltrating pDCs was
associated with lower Union for International Cancer
Control (UICC) stages. Furthermore, a higher pDC
frequency was significantly correlated with increased
progression-free and overall survival of patients with
colon cancer. Moreover, a lower number of coloncancer-
infiltrating pDCs was significantly and independently
linked to worse prognosis. In addition, we found that a
proportion of pDCs shows a nuclear expression of the
transcription factor interferon regulatory factor 7 (IRF7),
which is characteristic for an activated phenotype. In
various tumor stroma regions, IRF7* pDCs were located in
the neighborhood of granzyme B-expressing CD8" T cells.
Moreover, pDCs were identified as a novel component

of the T cell zone of colon cancer-associated TLS, which
are major regulators of adaptive antitumor immunity. A
proportion of TLS-associated pDCs displayed a nuclear
IRF7 expression and was preferentially located close to
CD4" T cells.

Conclusions These results indicate that higher densities
of tumor-infiltrating pDCs are associated with prolonged
survival of patients with colon cancer. Moreover, colon
cancer-infiltrating pDCs may represent a novel prognostic

1,3,4,7

prognosis. In addition, our findings may have implications
for the design of novel immunotherapeutic strategies that
are based on targeting colon cancer-infiltrating pDCs.

BACKGROUND
Accumulating evidence indicates that the
tumor immune contexture comprising the
spatial organization, density, and functional
orientation of tumor-infiltrating immune cells
plays a critical role for the clinical outcome
of patients with cancer."™ Thus, it has been
reported that higher frequencies of CD45RO"
T helper (Th) 1 cells and CD8" T cells are
associated with prolonged survival of patients
with cancer.! ® In addition, recent studies
provided evidence that higher densities of
tumor-infiltrating CD8" T cells at baseline
correlate with an improved clinical efficacy of
immune checkpoint inhibitor (CPI) therapy,
which evolved as a very promising treatment
modality for patients with cancer.”®
Dendritic cells (DCs) play a key role in the
orchestration of innate and adaptive anti-
tumor immunity. Consequently, DCs may
profoundly influence tumor progression and
may have a significant impact on the clinical
outcome of patients with cancer. When inves-
tigating the clinical impact of native human
blood DC subsets, it has been demonstrated
that a higher expression of specific gene
signatures for myeloid DC1 and DC2 is asso-
ciated with a higher probability for disease-
free survival of patients with luminal breast
cancer.” Furthermore, a higher DCl-specific
gene signature was significantly linked to
improved survival in patients with cutaneous
melanoma, breast invasive carcinoma, head
and neck squamous cell carcinoma, and lung
adenocarcinoma.®

factor. The colocalization of activated pDCs and T cells
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blood-circulating DCs that are characterized by their
selective phenotype (BDCA-2°, BDCA-4", CD123", CDlc,
CDllc, CD14°, CD141") and by their extraordinary
capacity to produce large amounts of type I interferon
(IFN) upon stimulation.” ' Functional studies revealed
that activated pDCs efficiently enhance the antitumoral
properties of natural killer and T cells."' '* Moreover, it
has been reported that pDGCs kill tumor cells directly via
tumor necrosis factorrelated apoptosis-inducing ligand
and granzyme B (GrzB)-dependent mechanisms.'® '
Based on these functional properties, stimulated pDCs
can efficiently exhibit antitumor responses in vivo. Thus,
intratumoral pDC administration led to tumor regres-
sion in a B16 melanoma mouse model.'® In addition,
it has been shown in an orthotopic murine mammary
tumor model that the intratumoral application of a toll-
like receptor 7 (TLR7) ligand results in the activation of
tumor-associated pDCs and tumor regression.'® In a clin-
ical trial, intranodal injections of activated pDCs loaded
with tumor antigen-associated peptides in patients with
metastatic melanoma induced specific CD8" and CD4"
T cell responses.'” However, tumor-infiltrating pDCs
can also display tolerogenic properties contributing to
tumor progression.” '’ For example, it has been demon-
strated that pDCs activate regulatory T cells (Tregs) via
indoleamine 2,3-dioxygenase.'® The presence of tolero-
genic pDCs may explain previous findings, indicating that
a higher density of tumor-infiltrating pDCs is associated
with poor prognosis in various cancer types such as head
and neck, breast, and ovarian cancer.'?!

So far, little is known about the potential role of pDCs
in colon cancer and their impact on prognosis of patients.
To gain novel insights into the clinical relevance of colon
cancer-infiltrating pDCs, we determined the frequency
of pDCs in primary tumor tissues and the association
between pDC numbers and important clinicopathological
characteristics of patients with colon cancer. In addition,
we employed multiplex immunofluorescence stainings
to explore the presence, localization, and phenotype of
colon cancer-associated pDCs.

MATERIALS AND METHODS

Patients and study design

This is a retrospective study including 149 patients with
Union for International Cancer Control (UICC) stage
I-IV colon cancer treated with primary resection at the
University Hospital Carl Gustav Carus of Dresden between
2002 and 2013. Each case was classified according to the
tumor, node, metastases staging system of the UICC. The
clinicopathological characteristics of the patients are
outlined in online supplemental table SI.

Immunohistochemistry

Formalin-fixed  paraffin-embedded  (FFPE) tissue
blocks were cut into 3-5pm sections. Tissue prepara-
tion consisted of deparaffinization in xylene (2x8min,
VWR International, Fontenay-sous-Bois, France) and

rehydration by washes in graded ethanol (Berkel AHK,
Ludwigshafen, Germany) to water (B. Braun, Melsungen,
Germany). For antigen retrieval, the slides were boiled in
citrate buffer (Zytomed Systems GmbH, Berlin, Germany)
at pH 6.0 for 20min. To determine the presence and
frequency of tumor-infiltrating pDCGCs, the tissue sections
were stained overnight at 4°C with the polyclonal goat
anti-BDCA-2 antibody (1:200, R&D Systems, Minneapolis,
Minnesota, USA), followed by a 10 min incubation with a
mouse anti-goat antibody solution (Thermo Fisher Scien-
tific, Rockford, Illinois, USA). Subsequently, labeling with
dextran-coupled anti-mouse antibody (Dako, Glostrup,
Denmark) was performed for all sections. pDCs were visu-
alized by the alkaline phosphatase-based EnVision detec-
tion system according to the manufacturer’s instructions
(Dako). Finally, all tissue sections were counterstained
with Mayer’s hematoxylin (Merck, Darmstadt, Germany).
For quantification, 80 randomly selected regions of
interest (size 0.0835mm?) within every whole section
were acquired (x400 magnification) using the Vectra 3
automated quantitative pathology imaging system (Akoya
Biosciences, Menlo Park, California, USA). Positively
stained pDCs were counted and the mean value was
determined and converted into cell density.

Immunofluorescence staining
For additional experiments, we employed the Opal kit
together with the Vectra 3 automated imaging system (both
from Akoya Biosciences) to perform various multiplex
immunofluorescence stainings. For the stainings conducted
manually, tissues were deparaffinized and hydrated as
described earlier. A microwave treatment in the AR6 or AR9
buffer (both from Akoya Biosciences) was applied for antigen
retrieval. Subsequently, the Opal kit was used as described
previously.® Briefly, after a 10min blocking step, tissues
were incubated with the primary antibody for 1hour and
then with a horseradish peroxidase-conjugated secondary
antibody (Akoya Biosciences) for 10min. In the case of
goat anti-human primary antibodies, a bridge step with a
mouse anti-goat antibody (1:100, Thermo Fisher Scientific)
preceded the application of the secondary antibody. Finally,
one of the six TSA fluorophores available for Vectra 3 (Opal
520, 540, 570, 620, 650, and 690, all from Akoya Biosciences)
was added to the tissue sections for 10 min. Subsequent strip-
ping of the primary together with secondary antibodies was
performed by microwave treatment. All the steps mentioned
earlier, starting with blocking and ending with the microwave
treatment, were repeated for each of the primary antibodies.
For the stainings performed on the Ventana Ultra
Instrument (Ventana Medical Systems, Arizona, USA),
the steps employed were similar. Tissues were deparaf-
finized and antigen retrieval was performed in the cell
conditioning 1 solution (Ventana Medical Systems).
Incubation of the primary antibody followed for 32min
at 36°C. Then, the appropriate secondary antibody
(OmniMap anti-mouse, anti-rabbit or anti-goat antibody,
ready-to-use, all from Ventana Medical Systems) was
applied for 12min. Finally, one of the TSA fluorophores

2

KieBler M, et al. J Immunother Cancer 2021;9:001813. doi:10.1136/jitc-2020-001813


https://dx.doi.org/10.1136/jitc-2020-001813

(Akoya Biosciences) was added to the tissue slides for
8min. Stripping of the primary and secondary antibodies
took place by heating the slides at 100°C in the cell
conditioning 2 solution (Ventana Medical Systems). This
sequence of steps (except deparaffinization and antigen
retrieval) was repeated for each primary antibody.

Finally, for both the manual and automatic approach, all
tissue slides were counterstained with spectral DAPI (Akoya
Biosciences) and coverslipped with fluoromount medium
(SouthernBiotech, Birmingham, Alabama, USA). The
primary antibodies used for the various multiplex immu-
nofluorescence stainings are summarized in online supple-
mental table S2.

Acquisition of the multispectral images was performed
with the Vectra 3 automated imaging system (Akoya Biosci-
ences). Spectral unmixing was done in the inForm software
(Akoya Biosciences) using a library built from single stained
tissue slides for each primary antibody-TSA fluorophore
combination.

Quantification of the density of tertiary lymphoid struc-
tures (TLS) was conducted using the whole scans of all
tissue sections stained with a seven-color multiplex immu-
nofluorescence protocol. TLS were defined as aggregates
of CD20" cells surrounded by CD8" and CD4" lympho-
cytes that were associated with the tumor. The number of
TLS was determined by a blinded observer and converted
into frequency for each tissue section.

Analysis of microsatellite stability

To determine whether the 149 colon cancers are microsatel-
lite stable (MSS) or microsatellite instable (MSI), immuno-
histochemistry was performed on FFPE colon cancer tissue
sections using an autostainer. The sections were deparaffin-
ized and rehydrated, and heatinduced epitope retrieval was
performed using the cell conditioning 1 solution (Ventana
Medical Systems). Slides were incubated with primary anti-
bodies for PMS2 (clone: EPR3947; diluted 1:1; Ventana
Medical Systems) or MSH6 (clone: 44; diluted 1:1; Ventana
Medical Systems). For visualization, the Roche OptiView
DAB IHC Detection Kit (Ventana Medical Systems) was used
and the samples were counterstained with hematoxylin. The
expression of the mismatch repair (MMR) proteins (PMS2
and MSH6) was defined as absent (loss—MSI) when nuclear
staining of tumor cells was not detectable despite positive
staining in normal epithelial or stromal cells in at least one
of the MMR proteins.

Analysis of public transcriptomic data

Publicly available data were downloaded from the NCBI
Gene Expression Omnibus (https://www.ncbi.nlm.
nih.gov/geo/) using the R software packages Biobase
and affy. The following gene expression datasets, deter-
mined on the Affymetrix U133 Plus 2.0 Array, were used
for this analysis: GSE33113,” GSE31595,** GSE38832,%
GSE39582,%° and GSE17536.%” Raw gene expression data
was first processed using the frozen robust multi-array
analysis (fRMA). Based on the intratumoral C-type lectin
domain family 4 member C gene (CLEC4C) expression

the patients were split into two groups and assessed by
Kaplan-Meier curves and log-rank test.

Statistical analysis

Statistical analysis was performed using unpaired
Student’s t-test for the evaluation of pDC density among
the groups of patients with different clinicopathological
characteristics. Kaplan-Meier curves were used to visualize
differences in progression-free survival (PFS) and overall
survival (OS). Significance was determined using the log-
rank test. Using a Cox proportional hazards regression
model, we explored the HR of the pDC infiltration in
combination with clinicopathological characteristics of
the patients. We assessed the spatial distribution of tumor-
infiltrating immune cell subsets by calculating a cross-type
cumulative distribution of the nearest neighbor distances
for each pair of phenotypes using Ripley’s K function.
Thereby, we determined the fraction of pDCs located
close (£25pm) to CD8" T cells or Tregs. All statistical
analyses were performed using the software R (survival,
survminer package). In all analyses, values of p<0.05 were
considered significant.

RESULTS

pDCs infiltrate human colon cancer

pDCs can essentially contribute to the induction
and maintenance of antitumor immunity, resulting
in tumor growth inhibition. However, they can also
act as tolerogenic DCs by inhibiting tumor-directed
immune responses, leading to tumor progression.
In this context, it has been demonstrated that pDCs
infiltrate a variety of human cancers and that a higher
density is associated either with better’ or poor clin-
ical outcome.'™*!

To gain novel insights into the potential role of
pDCs in colon cancer, we explored the presence
and frequency of BDCA-2-expressing pDCs in tissue
specimens from 149 patients with colon cancer with
different clinicopathological characteristics (online
supplemental table S1). BDCA-2 is a protein encoded
by the CLEC4Cgene thatis characteristically expressed
by pDCs and is involved in ligand internalization and
antigen presentation.'’*® As depicted in figure 1A-C,
pDCs were detectable in all colon cancer samples at
varying frequencies (12.2+14.1 pDCs/mm2). They
were preferentially located in the tumor stroma and
often accumulated along the invasive tumor margin.
These results indicate that pDCs are a component
of the colon cancer-associated immune contexture
and may contribute to the regulation of antitumor
immune responses.

Higher frequency of infiltrating pDCs is associated with better
prognosis for patients with colon cancer

Next, we investigated whether the density of pDGCs
in primary tumor tissues is associated with relevant
clinicopathological characteristics of patients with
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the tumor microenvironment of patients with colon cancer.
(A-C) Immunohistochemical stainings were performed

to assess the frequency of tumor-infiltrating pDCs. As

a representative example, the presence of pDCs in the
stroma of a histologically confirmed primary colon cancer
tissue is shown. Images were taken at (A) 100x and (B, C)
400x magnification. Scale bars indicate 50 um and 25pum,
respectively.

colon cancer. We found that a lower infiltration of
pDCGs is associated with locally more advanced tumors
(figure 2A). Furthermore, tumors with lymph node
or distant metastasis at the time of resection showed
a lower density of infiltrating pDCs at the primary
tumor site (figure 2B,C). A lower number of colon
cancer-infiltrating pDCs correlated with an advanced
UICC stage (figure 2D). Previously, it has been demon-
strated that MSI-colorectal cancers are associated with
a high density of activated CD8" T cells and a favorable
prognosis of patients.”” Following these findings, we
explored a potential link between the pDC frequency
and the MSI/MSS status of our cohort comprising
23 MSI- and 126 MSS-colon cancers. However, the
density of colon cancer-infiltrating pDCs did not differ
between these two groups (online supplemental figure
S1). In further experiments, we analyzed a potential
correlation between the intratumoral pDC density
and survival of patients. Interestingly, we found that
an increased number of infiltrating pDCs was associ-
ated with an improved PFS and OS of patients with
colon cancer (figure 3A,B). The 10-year PFS for
patients with high pDC densities was 74% compared
with 26% for patients with low pDC counts. More-
over, the 10-year OS for patients with colon cancer
with high pDC frequencies was 82% compared with
49% for the cohort with low pDC values. To validate
our findings, we took advantage of publicly available
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Figure 2 Association between the frequency of
plasmacytoid dendritic cells(pDCs) in tumor tissues and
clinicopathological characteristics of patients with colon
cancer. (A-D) Boxplots show the association between pDC
infiltration and (A) local tumor progression state (pT stage),
(B) lymph node metastases (pN stage), (C) distant metastases
(M stage), and (D) combined Union for International Cancer
Control (UICC) stage. Significant differences are indicated by
asterisks (*p<0.05, **p<0.01, **p<0.001, ****p<0.0001).

gene expression datasets of colorectal cancer speci-
mens. Here, we evaluated the data from 1011 patients
with colorectal cancer for the expression of CLEC4C
in tissue samples. Each gene expression set was
normalized using the fRMA method. The datasets
were ranked for CLEC4C-expression and the top (208
patients) versus the bottom quartile (191 patients)
was assessed for OS. Consistent with our observation,
a higher expression of CLEC4C in colorectal cancer
samples was significantly linked to an increased OS
(figure 3C). Following these findings, we conducted
a Cox multivariable regression analysis to assess the
relevance of pDC density compared with clinicopath-
ological characteristics. For a low pDC infiltration, we
calculated a HR 0f 2.29 (95% CI 1.22 to 4.3), which was
significantly associated with shorter PFS of patients
with colon cancer and independent of patients’
gender, age at resection, and UICC stage (table 1).
Besides pDC infiltration, UICC IV stage was signifi-
cantly associated with worse prognosis. These results
indicate that a higher frequency of infiltrating pDCs
is associated with improved clinical outcome and that
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Figure 3 Increased plasmacytoid dendritic cell (pDC)

frequency is associated with better prognosis of patients

with colon cancer. (A, B) Kaplan-Meier curves illustrate

the association between the density of pDCs and (A)
progression-free survival (PFS) and (B) overall survival (OS).
(C) Kaplan-Meier curves demonstrate the correlation between
CLECA4C expression in colorectal cancer tissues and OS of
patients. The results were obtained from publicly available
datasets of patients with colorectal cancer. Statistical
comparison between groups of patients was conducted by
using log-rank test.

tumor-infiltrating pDCs may represent a novel prog-
nostic biomarker in colon cancer.

pDCs preferentially colocalize with CD8* T cells in colon
cancer stroma

Recent reports revealed that cell-to-cell interactions,
defined as neighboring cells located within a distance
of 25-30 pm and measured in tissue samples stained
with multiplex techniques, can be used as biomarkers
for the clinical outcome of the patients.””*! To identify

Table 1 pDC infiltration is an independent prognostic
factor for patients with colon cancer

HR 95% Cl Wald p value
pDC infiltration
Low vs high 229 1.22to04.3 0.01*
UICC stage
llvs | 206 0.56t07.54 0.27
s | 1.79 0.5t06.45 0.37
IVvsl 14.86 4.05t054.57  <0.0001****
Age at resection 0.99 0.97to 1.01 0.23
Sex
Female vs male 0.71 0.4 to 1.26 0.24

Results of a multivariable Cox proportional hazards analysis of
progression-free survival for 149 patients with colon cancer,
including patients’ gender, age at resection, UICC stage, and pDC
infiltration. Significance was assessed using the Wald p value and
is indicated by bold font in the table (*p<0.05, ***p<0.0001). When
testing for proportionality, none of the parameters violated the
proportional hazard assumption (all p values >0.05).

UICC, Union for International Cancer Control .

potential underlying mechanisms for the correlation
between increased numbers of colon cancer-associated
pDCs and better prognosis, we explored the spatial
distribution of various T cell subsets in the neighbor-
hood of pDCs in colon cancer tissues by using multi-
plex immunofluorescence staining (figure 4A-C). For
this, we determined the spatial organization of pDCs
to CD8" T cells or FoxP3'CD4" Tregs by calculating
a cross-type cumulative distribution of the nearest
neighbor distances G(r) for each pair of phenotypes
(figure 4D). More explicitly, we analyzed which of
the phenotypes (CD8" or FoxP3'CD4") is preferen-
tially located in proximity (<25 pm) to pDCs. Interest-
ingly, we found that 49.5%=+13.1% of all pDCs across
the whole tissue sections of 47 colon cancer samples
were located in the neighborhood of a CD8" T cell
(figure 4E). In contrast, only 14.2%=11.5% were
located close to a Treg (figure 4E). Our data further
suggests a clustered spatial arrangement, meaning that
CD8" cells and pDCs tend to locate nearby (figure 4D).
Additionally, we evaluated the clinical significance of
the location of pDCs close to CD8" T cells by dividing
the group of patients based on the fraction of neigh-
boring cells and performed survival analysis. Thus, we
observed a trend towards prolonged PFS for patients
with a higher frequency of colon cancer-infiltrating
pDCs located close to CD8" T cells (figure 4F).

Proportion of colon cancer-infiltrating pDCs displays an
activated phenotype

IFN regulatory factor 7 (IRF7) is a key transcriptional
factor for the induction of type I IFN production and its
nuclear expression is characteristic for activated pDCs,
which are major producers of this cytokine.” '’ ** Activa-
tion of pDCs through TLR7 and TLRY can trigger the

KieBler M, et al. J Immunother Cancer 2021;9:001813. doi:10.1136/jitc-2020-001813
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Figure 4 Plasmacytoid dendritic cells (pDCs) colocalize
preferentially with CD8* T cells. (A) Representative example
of a tissue region from a whole slide stained with a seven-
color multiplex immunofluorescence protocol. Samples
were automatically segmented and phenotyped based on
their fluorescence staining. (B, C) Localization of pDCs (red)
and CD8* T cells (orange) or FoxP3*CD4" Tregs (purple) are
illustrated. The white line indicates a distance <25 pum from

a pDC to their closest T cell. (D) Cumulative distribution of
the closest distance for pDCs to CD8" T cells (black line) is
shown in comparison to a theoretical distribution based on
a Poisson distribution with its confidence envelope (red line,
gray area). (E) Boxplot illustrating the averaged fraction of
pDCs in close distance to a CD8" T cell or a FoxP3*CD4"*
Treg, respectively, based on 47 colon cancer tissue samples.
Asterisks indicate a statistically significant difference
(***p<0.0001). (F) Kaplan-Meier curves demonstrate the
correlation between the fraction of pDCs neighboring a CD8*
T cell and overall survival of patients with colon cancer.
Significance was assessed using the log-rank test.

phosphorylation and nuclear translocation of IRF7,
resulting in the induction of large amounts of type I IFN.
To gain novel insights into the functional status of colon
cancer-infiltrating pDCs and of CD8" T cells, we conducted
a multiparametric immunofluorescence staining of colon
cancer samples using antibodies against pan-cytokeratin,
BDCA-2, IRF7, CD8, and GrzB. We selected 10 tissue
samples containing a high frequency of pDCs from
patients with colon cancer with a good prognosis. As
demonstrated in online supplemental figure S2A-C and
figure 5A,B, activated pDCs characterized by a nuclear
expression of IRF7 were present in all colon cancer
tissue specimens at varying frequencies (mean: 27.6%,
range: 1.8%-79.7%). As depicted in online supplemental
figure S2A-C and figure 5A,B, we also found varying

A

60

40

20

proportion of all BDCA-2+ cells [%]

w

proportion of all BDCA-2+ cells [%]

80

60 mean = 30.0%

40

proportion of all CD8+ cells [%]

Figure 5 A proportion of colon cancer-infiltrating
plasmacytoid dendritic cells (pDCs) and CD8" T cells displays
an activated phenotype. (A) The percentage of BDCA-2*
pDCs expressing interferon regulatory factor 7 (IRF7) and/

or granzyme B (GrzB) for each of the 10 analyzed tissues

is demonstrated. (B) The results are presented as mean
value+SD of the percentage of IRF7-expressing and/or GrzB-
expressing pDCs in the 10 tissues. (C) The percentage of
CD8* T cells expressing GrzB for each of the 10 analyzed
tissues is depicted.

percentages of pDCs expressing the cytotoxic effector
molecule GrzB in the analyzed tissues (mean: 12.1%,
range: 2.5%-23.1%). When investigating the functional
status of infiltrating CDS8" T cells, we detected a significant
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proportion of colon cancer-infiltrating GrzB" CD8" T cells
(mean: 30.0%, range: 9.0%-71.0%) as shown in online
supplemental figure S2A-C and figure 5C. Tumor stroma
regions with a colocalization of IRF7" pDCs and GrzB'
CDS8" T cells were observed in all analyzed colon cancer
tissues (online supplemental figure S2A—C). These results
provide evidence that activated colon cancer-infiltrating
pDCs may contribute to an efficient antitumor response
by the production of soluble molecules such as type I IFN
and GrzB as well as the stimulation of GrzB" CD8" T cells.

pDCs are a component of colon cancer-associated TLS

TLS are ectopic, organized lymphoid formations, which
can occur in tumor tissues and are considered to play an
important role in modulating adaptive antitumor immu-
nity.33 ¥ Here, we identified colon cancer-associated TLS
by multiplex immunofluorescence stainings based on the
occurrence of CD4" cells, CD8" T cells, and CD20" B cells
and their organization in a lymph node-like structure.
When investigating a potential correlation between the
TLS density and clinical parameters of patients, we found
that a higher TLS frequency is associated with improved
PFS and OS of patients with colon cancer (online supple-
mental figure S3). Moreover, pDCs were detectable in
colon cancer-associated TLS and were mainly located in
the T cell zone (figure 6A-C). To explore the functional
status of TLS-associated pDCs, we performed a multipara-
metric immunofluorescence staining of colon cancer
samples using antibodies against BDCA-2, IRF7, CD3,
CD4, and CD20. For this, tissue samples containing an
appropriate number of TLS-associated pDCs from seven
patients with colon cancer with a good prognosis were
used. When analyzing 156 TLS across these tissues, we
found that a relevant proportion (mean: 28.4%; range:
5.7%-55.1%) of TLS-associated pDCs shows a nuclear
IRF7 expression and is preferentially located close to CD4"
T cells (online supplemental figure S4). These results
demonstrate that pDCs are a cellular component of the
TLS-associated T cell zone in colon cancer. Moreover, a
proportion of these pDCs displays an activated pheno-
type, indicating that pDCs may participate in the induc-
tion and regulation of tumor-directed T cell responses.

DISCUSSION

Recent studies highlight the importance of the tumor
immune contexture for the prognosis of patients with
colorectal cancer.'™ Thus, high densities of CD4" Thl
cells and CD8" T cells in the tumor center and the inva-
sive margin were associated with improved survival of
patients with colorectal cancer.”” ** Recently, a multi-
center study has been initiated to assess the prognostic
value of tumor-infiltrating T cell numbers in patients with
colon cancer.”” Patients with a so-called high Immuno-
score, which is characterized by a high frequency of CD3"
and CD8" T cells in the tumor center and the invasive
margin, had the longest survival and the lowest risk of
recurrence. These results suggest that the Immunoscore

pan-cytokeratin
. T cell zone

Figure 6 Plasmacytoid dendritic cells (pDCs) are a cellular
component of colon cancer-associated tertiary lymphoid
structures (TLS). (A-C) Multiplex immunofluorescence
stainings of colon cancer tissues for CD4 (green), CD8
(orange), CD20 (yellow), FoxP3 (magenta), pan-cytokeratin
(cyan), and BDCA-2 (red) were performed. (A) As a
representative example, the spatial distribution of BDCA-2*
pDCs within colon cancer-associated TLS is shown. (B-C)
The localization of BDCA-2* pDCs in the TLS-associated T
cell zone is depicted. Original magnification was x200.

may represent a reliable estimate of the risk of disease
recurrence and support its implementation in the classifi-
cation of colon cancer. In addition to T cells, the clinical
impact of colorectal cancer-infiltrating macrophages has
been explored. A pooled analysis of various studies has
shown that a high density of colorectal cancer-infiltrating
macrophages is associated with favorable OS.™

Previous studies revealed that DCs, as key regulators of
innate and adaptive antitumor immunity, are a compo-
nent of the immune architecture in colorectal cancer
and may influence the clinical outcome of patients.
Thus, it has been reported that S-100" DCs are detect-
able in almost all colorectal specimens and are mainly
located in the tumor stroma.””™*' Increased densities of
tumor epithelium-infiltrating S-100" DCs were associ-
ated with higher numbers of intraepithelial CD4" and
CD8" T cells.” When investigating the clinical impact
of colorectal cancer-infiltrating DCs, it has been demon-
strated that a higher frequency of S-100" DCs is correlated
with prolonged survival of patients.” ** * However, other
studies did not find a statistically significant association
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between colorectal cancer-infiltrating S-100° DCs and
improved prognosis.* *! It has also been reported that
DCs expressing the maturation marker CD83 are detect-
able in colorectal cancer and are located predominantly
in the invasive margin of the cancer stroma, often in clus-
ters with lymphocytes.*” * In addition, a lower number
of CD83" DCs was found in locally advanced tumors.*
Whereas all these findings rely on the detection of general
marker molecules that are not selectively expressed by
DGCs, studies investigating the frequency and clinical
impact of distinct human DC subsets in colon cancer
tissues are rather limited.

In the present study, we explored the frequency of
colon cancer-infiltrating BDCA-2" (CLEC4C) pDCs and
their correlation with clinicopathological characteris-
tics of patients. We found that pDCs are detectable in all
primary tumor tissues, indicating that pDCs represent an
immune contexture component of colon cancer. Notably,
a higher density of infiltrating pDCs was linked to lower
tumor stages and to improved PFS and OS of patients with
colon cancer. This was further substantiated by publicly
available gene expression datasets of a large cohort of
colorectal cancer specimens, demonstrating that the
expression of CLEC4C was correlated with prolonged OS
of patients. These findings are in line with a recent study,
indicating that a higher z-score for a pDC subset-specific
gene signature is linked to an increased probability of
disease-free survival for patients with luminal breast
cancer.” Similar findings have been reported for blood-
circulating pDGCs in breast cancer, where higher levels of
pDCs represented a positive prognostic indicator.* In
contrast, previous studies revealed that a higher density of
pDCs is associated with poor clinical outcome for patients
with head and neck, breast, hepatocellular, and ovarian
cancer.'?' %0

When exploring the underlying mechanisms for this
correlation, it has been shown that head and neck cancer
can efficiently suppress the ability of infiltrating pDCs to
produce IFN-ot upon activation with a TLR9 agonist, which
may be based on the tumor-induced downregulation of
TLRY expression.' This finding was further substantiated
by studies demonstrating a reduced capacity of ovarian
cancer- and breast cancer-associated pDCs to produce
IFN-0, upon stimulation.”’ *’ Breast cancer-derived trans-
forming growth factor  and tumor necrosis factor o were
shown to impair the IFN-o. production of pDCs by blocking
IRF7 expression and nuclear translocation.*® In addition,
it has been reported that breast cancer-associated pDCs
efficiently promote the expansion of Tregs."’

To gain novel insights into the role of colon cancer-
infiltrating pDCs that may explain the correlation between
a higher pDC frequency and better survival, we explored
a potential colocalization of pDCs with CD8" T cells. Acti-
vated CD8" T cells are characterized by the production
of pro-inflammatory cytokines and an extraordinary cyto-
toxic potential. Due to these functional properties, CD8"
T cells play an essential role in antitumor immunity. We
demonstrated that a higher number of pDGCs is located

close to CD8" T cells in tumor stroma. When further
analyzing the phenotype of colon cancer-infiltrating
pDCs, we found a relevant proportion of activated pDCs
that were characterized by the nuclear expression of IRF7,
representing a master transcription factor for the induc-
tion of type I IFN production.” '’ ** A lower percentage
of pDCs expressing the cytotoxic effector molecule GrzB
was also detected. Furthermore, we observed a significant
proportion of colon cancer-infiltrating GrzB" CD8" T cells.
The colocalization of IRF7" pDCs and GrzB" CD8" T cells
in various tumor regions provides evidence that activated
pDCs may contribute to the stimulation of tumor-reactive
CD8" cytotoxic T cells. These observations indicate that
the tumor microenvironment plays an important role in
shaping the functional properties (tolerogenic vs acti-
vated) of infiltrating pDCs that may influence the regula-
tion of tumor growth and the prognosis of patients.

Tumor-associated TLS are characterized by features
of lymph nodes including a T-cell zone with DCs and a
germinal center with follicular DCs and proliferating B
cells, indicating that these lymphoid structures may play
an important role in modulating adaptive antitumor
immunity.** * Previous studies have indicated that a
higher frequency of TLS is associated with better prog-
nosis of patients with cancer.' * In addition, accumulating
evidence suggests that TLS essentially contribute to the
therapeutic efficacy of CPI in patients with tumor.” Thus,
it has been demonstrated that higher numbers of tumor-
associated TLS are detectable in treatment responders
and are correlated with increased survival of patients
with cancer receiving CPI therapy.”™ When focusing
on the localization and phenotype of TLS-associated
DCs in patient-derived tumor tissues, a high frequency
of TLS-associated DCs expressing the maturation marker
lysosomal-associated membrane protein has been linked
to a strong infiltration of T cells in non-small cell lung
cancer.” The density of mature DC was also associated
with expression of genes related to T-cell activation, Th1
phenotype, and cytotoxic orientation. Moreover, a high
number of TLS-associated DCs correlated with long-term
survival of patients. Here, we observed that pDCs are
present in colon cancer-associated TLS and are preferen-
tially located close to CD4" T cells within the T cell zone.
When investigating the potential role of TLS-associated
pDCs, we found that a significant proportion pDCs shows
a nuclear IRF7 expression, which is characteristic for an
activated phenotype. These findings indicate that TLS-
associated pDCs may participate in the induction and
regulation of CD4" T cell responses. CD4" effector T
cells can essentially contribute to antitumor immunity
by enhancing the capacity of DCs to induce CD8" T cell
responses and by providing help for the expansion of
CDS8" T cells directly.” In addition, they can kill tumor
cells and promote the differentiation of B cells into
antibody-producing plasma cells.

In summary, we found that pDCs are present in all
primary tumor tissues and that a higher density of infil-
trating pDCs is associated with lower tumor stages and
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improved PFS and OS of patients with colon cancer.
Moreover, a lower pDC density was significantly and
independently linked to worse prognosis, indicating that
infiltrating pDCs may represent a novel prognostic factor
for patients with colon cancer. In addition, we demon-
strated that a proportion of colon cancer-associated pDCs
displays a nuclear expression of IRF7, which is character-
istic for an activated phenotype. In various tumor stroma
regions, IRF7" pDCs were located in the neighborhood
of GrzB* CD8" T cells. Furthermore, our studies revealed
that a higher number of colon cancer-associated TLS
is linked to better prognosis and that pDCs are a novel
component of the T cell zone of TLS. A proportion of
the TLS-associated pDCs showed a nuclear IRF7 expres-
sion and was preferentially located close to CD4" T cells.
The colocalization of pDCs and T cells in tumor stroma
and TLS may lead to the induction and maintenance of
efficient T cell-mediated antitumor responses and may
contribute to the association between high pDC frequen-
cies and better prognosis for patients with colon cancer.
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