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Neoadjuvant radiochemotherapy (nRCT) can significantly influence the tumor immune

architecture that plays a pivotal role in regulating tumor growth. Whereas, various

studies have investigated the effect of nRCT on tumor-infiltrating T cells, little is known

about its impact on the frequency and activation status of human dendritic cells (DCs).

Plasmacytoid DCs (pDCs) essentially contribute to the regulation of innate and adaptive

immunity and may profoundly influence tumor progression. Recent studies have revealed

that higher pDC numbers are associated with poor prognosis in cancer patients. 6-sulfo

LacNAc-expressing monocytes (slanMo) represent a particular proinflammatory subset

of human non-classical blood monocytes that can differentiate into DCs. Recently, we

have reported that activated slanMo produce various proinflammatory cytokines and

efficiently stimulate natural killer cells and T lymphocytes. slanMo were also shown to

accumulate in clear cell renal cell carcinoma (ccRCC) and in metastatic lymph nodes from

cancer patients. Here, we investigated the influence of nRCT on the frequency of rectal

cancer-infiltrating pDCs and slanMo.When evaluating rectal cancer tissues obtained from

patients after nRCT, a significantly higher density of pDCs in comparison to pre-nRCT
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tissue samples was found. In contrast, the density of slanMo was not significantly

altered by nRCT. Further studies revealed that nRCT significantly enhances the

proportion of rectal cancer-infiltrating CD8+ T cells expressing the cytotoxic effector

molecule granzyme B. When exploring the impact of nRCT on the phenotype of rectal

cancer-infiltrating pDCs and slanMo, we observed that nRCT markedly enhances the

percentage of inducible nitric oxide synthase (iNOS)- or tumor necrosis factor (TNF)

alpha-producing slanMo. Furthermore, nRCT significantly increased the percentage

of mature CD83+ pDCs in rectal cancer tissues. Moreover, the proportion of pDCs

locally expressing interferon-alpha, which plays a major role in antitumor immunity, was

significantly higher in post-nRCT tissues compared to pre-nRCT tumor specimens. These

novel findings indicate that nRCT significantly influences the frequency and/or phenotype

of pDCs, slanMo, and CD8+ T cells, which may influence the clinical response of rectal

cancer patients to nRCT.

Keywords: plasmacytoid dendritic cells, 6-sulfo LacNAc+ monocytes, CD8+ T cells, tumor immune architecture,

radiochemotherapy, rectal cancer

INTRODUCTION

Colorectal cancer is one of the most common malignancies in
the United States with an estimated incidence of 140,250 cases
and an estimated number of 50,630 deaths in 2018 (1). Previous
reports have provided evidence that the immune contexture plays
a major role for the clinical outcome of colorectal cancer patients
(2). Thus, it has been shown that high densities of CD45RO+ T
helper (Th) 1 cells and CD8+ T cells are associated with improved
survival of colorectal cancer patients (3, 4). However, patients
with high expression of Th17 genes had a poor prognosis. These
results led to the development of a so-called “immunoscore” for
an optimized tumor classification (5).

Neoadjuvant radiochemotherapy (nRCT) followed by total
mesorectal excision constitutes the current standard of care for
locally advanced rectal cancers (6, 7). nRCT can efficiently reduce
tumor size, resulting in a higher rate of sphincter-preserving
surgical interventions, and an increased rate of R0-resections. In
addition, this treatment modality decreases the local recurrence
rate. Recent findings have revealed that nRCT can significantly
influence the tumor immune contexture, affecting the tumor
responsiveness to this treatment modality (2, 8–11). Thus, it
has been reported that several chemotherapeutic agents as well
as radiotherapy can efficiently stimulate antitumor immune
responses by triggering immunogenic cell death in tumor cells
(12, 13). This process is characterized by the translocation
of intracellular calreticulin to the surface of tumor cells and
the release of high-mobility-group box 1. Surface-exposed
calreticulinmarkedly enhances the phagocytosis of tumor cells by
dendritic cells (DCs) that play a crucial role in the induction and
regulation of antitumor immunity (14). Released high-mobility-
group box 1 from chemo- or radiotherapy-treated tumor cells
promote the maturation and activation of DCs, resulting in
an efficient processing and presentation of tumor-associated
antigens and the stimulation of potent tumor-directed T-cell
responses. In addition to immunogenic cell death induction,

radiotherapy has been shown to reduce the surface expression
of CD47, which acts as an antiphagocytosis signal to promote
immune evasion (15). Inhibition of CD47 function significantly
augments the engulfment of tumor cells by DCs, resulting
in effective antitumor responses (16). In contrast to these
immunostimulatory effects, radiotherapy, and chemotherapeutic
agents can also induce immunosuppressive effects. They include
the increase of tumor-infiltrating regulatory T cells and myeloid-
derived suppressor cells, which produce immunosuppressive
molecules (8, 9, 17). These immune cell subsets can profoundly
impair the functional properties of effector T cells and can
promote tumor growth and resistance.

Plasmacytoid DCs (pDCs) represent an important subset of
human blood DCs that are capable of producing large amounts of
interferon (IFN)-α upon stimulation (18, 19). In addition, pDCs
can efficiently enhance the antitumoral capabilities of natural
killer (NK) cells and T lymphocytes (20, 21). Based on these
functional properties, stimulated pDCs can promote antitumor
responses in vivo. Thus, the intratumoral administration of
activated pDCs led to tumor regression in a B16 melanoma
mouse model (22). Furthermore, it has been demonstrated in an
orthotopic murine mammary tumor model that the intratumoral
application of a toll-like receptor 7 ligand results in the activation
of tumor-associated pDCs and tumor regression (23). In a
clinical trial, intranodal injections of activated pDCs loaded
with tumor-associated antigen-derived peptides in patients with
metastatic melanoma induced specific CD8+ and CD4+ T cell
responses (24). However, pDCs can also act as tolerogenic cells
by suppressing T cell responses (19, 25). Previous studies have
shown that pDCs infiltrate a variety of human cancers including
head and neck, breast and ovarian cancer, and that a higher
density is associated with poor clinical outcome (26–28). In
addition, it has been demonstrated that tumor-infiltrating pDCs
produce reduced amounts of IFN-α upon activation and can
efficiently promote the expansion of regulatory T cells (29).
6-sulfo LacNAc (slan) monocytes (slanMo, formerly termed
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M-DC8+ DCs or slanDCs) are a subset of human non-classical
blood monocytes, which can differentiate into DCs (30–40).
Previously, we have reported that slanMo produce high levels
of various proinflammatory cytokines and display a marked
capability to handle IgG-complexed antigens (31, 32, 37). We
have also demonstrated that slanMo mediate direct cytotoxicity
against tumor cells (38, 39). Further studies have revealed that
they efficiently induce neoantigen-specific CD4+ T cells, activate
tumor-reactive CD8+ T cells, and promote the polarization of
naïve CD4+ T lymphocytes into Th1 or Th17/Th1 cells (30–
32, 36). Moreover, slanMo have been shown to stimulate IFN-γ
production and cytotoxic activity of NK cells (39, 40).

In the present study, we determined the impact of nRCT on
the frequency of rectal cancer-infiltrating pDCs, slanMo, CD3+

T cells, total CD8+ T lymphocytes, and GrzB-expressing CD8+

T cells. Furthermore, we analyzed the impact of nRCT on the
percentage of rectal cancer-associated slanMo locally producing
inducible nitric oxide synthase (iNOS) or tumor necrosis
factor (TNF)-α, which play an important role in regulating
tumor growth. Following recent findings, indicating that IFN-
α essentially contributes to the antitumor effects mediated by
RCT, the influence of nRCT on the proportion of rectal cancer-
infiltrating pDCs locally expressing this cytokine was evaluated.

MATERIALS AND METHODS

Patients and Study Design
This is a retrospective study including 60 rectal cancer patients
treated with nRCT followed by surgery at the University Hospital
Carl Gustav Carus of Dresden between 2001 and 2013. From 20
of these patients, tumor biopsies prior to nRCT were available.
Additionally, a cohort of 28 primarily resected rectal cancer
patients without nRCT was matched according to gender, age,
and TNM-stage. Table 1 summarizes the clinicopathological
characteristics of the study population.

Immunohistochemistry
Formalin-fixed and paraffin-embedded tissue sections were
cut into 3–5µm sections. Subsequently, these sections were
deparaffinized in xylene (2 × 15min, VWR International,
Fontenay-sous-Bois, France) and hydrated by washes of graded
ethanol (Berkel AHK, Ludwigshafen, Germany) to water (B.
Braun, Melsungen, Germany). Tissue sections were boiled in
citrate buffer (Zytomed Systems GmbH, Berlin, Germany) at
pH 6.0 for 20min for antigen retrieval. Subsequently, tissues
were stained overnight at 4◦C with either the polyclonal goat
anti-BDCA-2 antibody (1:200, R&D Systems, Minneapolis,
MN, USA) to evaluate pDCs (41) or the monoclonal mouse
anti-slan antibody DD2 (1:10, Institute of Immunology,
Faculty of Medicine Carl Gustav Carus, Technische Universität
Dresden, Dresden, Germany) to analyze slanMo (32, 34–36).
Then, tissues used for pDC staining were incubated with a
mouse anti-goat antibody solution (Thermo Fisher Scientific,
Rockford, IL, USA) for 60min. Afterwards, all tissues were
incubated with dextran-labeled antibodies against mouse
immunoglobulins (Dako, Glostrup, Denmark) for 30min. pDCs
and slanMo were visualized by the alkaline phosphatase-based

EnVisionTM detection system according to the manufacturer’s
instructions (Dako). All tissue sections were counterstained
with Mayer’s hematoxylin (Merck, Darmstadt, Germany). For
pDC quantification, positively stained cells were counted in
three different high power fields (HPF) of a section by using
AxioVision 4.8.1.0 (Zeiss, Jena, Germany) and the mean value
was determined. The mean number of pDCs per HPF (area:
0.237 mm²) was converted to square millimeter. For slanMo,
slides were digitized by an iScan Coreo slide scanner (Ventana
Medical Systems, Oro Valley, AZ, USA) and evaluated using the
same HPF method.

To determine the frequency of rectal cancer-infiltrating CD3+

T cells, CD8+ T cells, and granzyme B (GrzB)-expressing
CD8+ T cells, formalin-fixed, and paraffin-embedded tissue
sections were deparaffinized in xylene BenchMark XT (Ventana
Medical Systems) and then exposed to the Cell Conditioning
1 solution for antigen retrieval (Ventana Medical Systems).
Two double immunohistochemical stainings were performed:
CD3 / Ki67 and CD8 / GrzB. For the first double reaction,
the monoclonal mouse anti-CD3 antibody (clone 2GV6, ready-
to-use, Ventana Medical Systems) and the monoclonal mouse
anti-Ki67 antibody (clone Mib-1, 1:50, Dako) were used. For
the second double staining, the monoclonal mouse anti-CD8
antibody (clone C8/144B, 1:10, Dako) and themonoclonal mouse
anti-GrzB antibody (clone GrzB-7, 1:10, Dako) were applied. All
tissue sections were counterstained with Mayer’s hematoxylin.
Subsequently, the tissue sections were digitized by an iScan
Coreo slide scanner, followed by T-cell quantification by using
the Image viewer v. 3.1 (Ventana Medical Systems). Positively
stained T lymphocytes were counted in three different HPF of
a section and the mean value was determined. The mean number
of T cells per HPF (area: 0.237 mm²) was converted to square
millimeter. To determine the percentage of GrzB-expressing
CD8+ T lymphocytes, between 65 and 576 CD8+ T cells per
tissue section were evaluated dependent on their frequency in the
three HPF.

Immunofluorescence Staining
Tissues were deparaffinized, hydrated, and heat-treated as
described above. After antigen retrieval, tissue sections were
incubated overnight with primary antibody solutions containing
goat anti-human BDCA-2 (1:50, R&D Systems) and either mouse
anti-human CD83 (clone 1H4b, 1:100, Abcam, Cambridge,
UK) or mouse anti-human IFN-α (clone F-7, 1:500, Santa
Cruz Biotechnology, Heidelberg, Germany). Subsequently, tissue
sections were incubated with a rabbit anti-goat antibody solution
(1:100, Abcam) for 10min. Afterwards, secondary antibody
solution containing donkey anti-rabbit AF488 (1:100, Abcam)
and donkey anti-mouse AF546 (1:100, Thermo Fisher Scientific)
was applied for 30 min.

For staining of slanMo, tissue sections were incubated
overnight with primary antibody solutions containing rabbit
anti-human TNF-α (1:100, Abcam) and mouse anti-human DD2
(1:20), followed by 30min of incubation with the secondary
antibodies goat anti-mouse IgM biotin (1:100, SouthernBiotech,
Birmingham, AL, USA) and fluorescence-labeled goat anti-
rabbit IgG AF488 (1:100, Thermo Fisher Scientific). Finally,
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TABLE 1 | Clinicopathological characteristics of the rectal cancer patients.

nRCTx (n = 40) Therapy-naïve (n = 28) Matched group (n = 20)

Patients (n) % Patients (n) % Patients (n) %

AGE

Median

(range)

61.1 years

(44.1–78.2)

64.5 years

(22.1–76.5)

59.5 years

(40.7–72.6)

GENDER

Male 31 77.5 19 67.9 13 65.0

Female 9 22.5 9 32.1 7 35.0

pT

1 2 5.0 3 10.7 0 0.0

2 9 22.5 9 32.1 6 30.0

3a 14 35.0 10 35.7 9 45.0

3b 12 30.0 6 21.4 4 20.0

4 3 7.5 0 0.0 1 5.0

pN

0 25 62.5 20 71.4 17 85.0

1 9 22.5 8 28.6 1 5.0

2 6 15.0 0 0.0 2 10.0

nCT

5-FU 30 75.0 14 70.0

5-FU +

Oxaliplatin

6 15.0 2 10.0

Others 4 10.0 4 20.0

nRCT

55.8Gy 1 2.5 2 10.0

50.4Gy 39 97.5 18 90.0

Streptavidin AF546 (1:500, Thermo Fisher Scientific) was applied
for 15min. To determine iNOS expression in rectal cancer-
infiltrating slanMo, tissue sections were incubated with a mouse
anti-human iNOS antibody (1:50, BD Biosciences, San Jose, CA,
USA) for 60min, followed by the application of a goat anti-
mouse IgG (1:400, Abcam) and fluorescence-labeled donkey anti-
goat AF488 antibody (1:100, Thermo Fisher Scientific), each for
20min. Mouse serum (1:100, Dako) was applied for 10min to
prevent unspecific binding of the following antibody. For the
detection of slanMo, mouse anti-human DD2 antibody (1:2) was
applied for 60min. Afterwards the tissues were incubated with
a secondary antibody solution containing goat anti-mouse IgM
Biotin (1:100, SouthernBiotech), followed by the application of
fluorophore AF546 labeled Streptavidin (1:500, Thermo Fisher
Scientific), each for 20min. Then, tissues were mounted with
4,6 diamidino-2-phenylindole-containing AKLIDES R© ANA plus
medium (Medipan, Dahlewitz/Berlin, Germany), coverslipped,
and analyzed with a Keyence fluorescence microscope BZ-9000
(Keyence, Osaka, Japan). To determine the percentage of CD83+

and IFN-α+ pDCs or iNOS+ and TNF-α+ slanMo, between
20 and 50 cells per tissue section were evaluated dependent on
their frequency.

For additional experiments, immunofluorescence multiplex
staining was accomplished by using the Opal kit and the
Vectra imaging platform (Perkin Elmer, Hopkinton, MA, USA).
Tissues were deparaffinized and hydrated as described above.

Antigen retrieval was performed in AR6 or AR9 buffer (both
from PerkinElmer) using microwave treatment. Afterwards, the
Opal kit was used according to the manufacturer’s instructions
(PerkinElmer). Therefore, tissue sections were blocked for
10min with the Antibody Dilutent/Block (PerkinElmer), then
incubated with the primary antibody for one hour, followed
by 10min incubation with a horseradish peroxidase-conjugated
secondary antibody (PerkinElmer). In case of goat anti-
human primary antibodies, another 10min incubation with
a bridge mouse anti-goat antibody (1:100, Thermo Fisher
Scientific) was required prior to the application of the
secondary antibody. Finally, a TSA fluorophore was added
to the tissue sections for 10 minutes. Subsequent stripping
of the primary together with secondary antibodies was
performed by microwave treatment. In between all the steps
mentioned above, except prior to the primary antibody
application, tissue sections were washed for 2 x 3min
in TBST buffer. Every incubation step took place in a
humidified chamber on a rocking platform at room temperature.
Blocking, incubation with primary and secondary antibody,
visualization by a TSA fluorophore and microwave treatment
were repeated for each primary antibody. Finally, all tissue
slides were counterstained with spectral DAPI (PerkinElmer)
for 5min, washed with TBST buffer and with autoclaved
water for 2min, and then coverslipped with fluoromount
medium (SouthernBiotech).
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For the four-color Opalmultiplex staining, primary antibodies
directed against CD8 (clone C8/144B, 1:100, Dako, high pH
retrieval), BDCA-2 (goat polyclonal, 1:100, R&D Systems, low
pH retrieval), and panCK (clone AE1/AE3, 1:100, Thermo Fisher
Scientific, low pH retrieval) were used and visualized by the
TSA fluorophores 570 (1:100), 650 (1:100), and 690 (1:100, all
from PerkinElmer), respectively. For the two-color Opal staining,
the BDCA-2 primary antibody was used together with the
polyclonal goat anti-human CXCL10, CCL4, or CCL5 primary
antibody (1:100, all from R&D Systems, low pH retrieval) and
combined with the TSA fluorophores 650 (1:100) and 570
(1:100), respectively. Acquisition of the multispectral images
was performed with the Vectra 3.5 Automated Imaging System
(Perkin Elmer). Spectral unmixing was done in inForm R© using
a library built from single stained tissue slides for each primary
antibody-TSA fluorophore combination. ImageJ software was
then used for final image processing.

Statistical Analysis
Statistical analysis was performed using unpaired student’s t-test
for the evaluation of pDCs and slanMo in non-matched tissues
of untreated and nRCT-treated rectal cancer patients. Paired
student’s t-test was used for the analysis of pDCs, slanMo, and
T cells in matched pre-nRCT and post-nRCT tumor tissues.
Values of ∗p ≤ 0.05; ∗∗p ≤ 0.01; ∗∗∗ p ≤ 0.001 were considered
as significant.

RESULTS

nRCT Significantly Increases the
Frequency of pDCs in Rectal Cancer
pDCs essentially contribute to the regulation of innate and
adaptive immunity and may play an important role in
the immune defense against tumors. Recently, it has been
demonstrated that pDCs are present in a variety of primary

FIGURE 1 | pDCs are abundant in tissues from non-treated and nRCT-treated rectal cancer patients. Immunohistochemical stainings were performed to detect pDCs

in tissue specimens from non-matched untreated (n = 28) and nRCT-treated (n = 40) rectal cancer patients. As representative examples, the presence of infiltrating

pDCs in a histologically confirmed, (A,B) untreated and (C,D) treated rectal cancer tissue is demonstrated. Scale bars are (A,C) 100µm or (B,D) 50µm, respectively.
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human tumor entities (26–28). However, little is known about
the impact of nRCT on the density of tumor-infiltrating pDCs.
Here, we address this issue by analyzing the frequency of
pDCs in paraffin-embedded tissue specimens from non-treated
(n = 28) and nRCT-treated (n = 40) rectal cancer patients
(non-matched) with different clinicopathological characteristics
(Table 1). BDCA-2+ pDCs were present in all non-treated and
nRCT-treated rectal cancer tissue specimens (Figures 1A–D and
data not shown) at varying frequencies. pDCs were preferentially
located in the tumor stroma, where they were not equally
distributed. Whereas some regions are characterized by an
accumulation of pDCs (Figures 1A–D), other regions contained
only low pDC numbers. Interestingly, the number of pDCs
was significantly higher in the nRCT-treated cohort (219.3 ±

106.6 pDCs/mm²) than in the untreated cohort (160.3 ± 48.7
pDCs/mm²) as depicted in Figure 2A. In further experiments,
matched pre-nRCT and post-nRCT tumor specimens from 18
rectal cancer patients were analyzed. pDC infiltration increased
>10% after nRCT in 15 out of 18 patients (Figure 2B). As
shown in Figure 2C, the frequency of pDCs was significantly
higher in the nRCT-treated cohort (172.0 ± 89.6 pDCs/mm²) in
comparison to the untreated cohort (99.2 ± 44.1 pDCs/mm²),
confirming the results obtained with the non-matched cohorts.

nRCT Does Not Significantly Modulate the
Frequency of Rectal Cancer-Infiltrating
slanMo
Previous studies have demonstrated that slanMo accumulate
in primary tumor tissues of clear cell renal cell carcinoma
(ccRCC) patients and in metastatic lymph nodes from cancer
patients (42, 43). In the present study, we investigated whether
infiltrating slanMo are detectable in rectal cancer tissues and
whether nRCT can modulate their frequency. When analyzing
the tissue specimens from non-treated and nRCT-treated rectal
cancer patients (non-matched), we found that slanMo are present
in 27 out of 28 non-treated and in all 40 nRCT-treated tissues
(Figures 3A–D and data not shown) at varying frequencies.
slanMo were preferentially located in the tumor stroma. In
contrast to pDCs, nRCT only slightly increased the density
of slanMo in the treated cohort (18 ± 13.8 slanMo/mm²)
compared to the untreated (13.4 ± 7.8 slanMo/mm²) cohort
(Figure 3E). These findings were confirmed when evaluating
matched pre-nRCT and post-nRCT tumor specimens from
20 rectal cancer patients. Again, nRCT did not significantly
modulate the frequency of rectal cancer-infiltrating slanMo
(pre-nRCT: 12.4 ± 7.4 slanMo/mm², post-nRCT: 14.6 ± 6.6
slanMo/mm²) as depicted in Figure 3F.

nRCT Significantly Enhances the
Proportion of GrzB-Expressing CD8+ T
Cells in Rectal Cancer
Recent studies have demonstrated that tumor-infiltrating T cells
play an important role for the clinical outcome of colorectal
cancer patients (2–5). Based on these findings, we explored the
impact of nRCT on the frequency of rectal cancer-infiltrating

FIGURE 2 | pDC infiltration is significantly higher in nRCT-treated rectal cancer

tissues. (A) Immunohistochemical stainings were performed to evaluate the

frequency of infiltrating pDCs in tissue specimens from non-matched,

untreated and nRCT-treated rectal cancer patients. (B,C) In addition, pDC

density in matched pre-nRCT or post-nRCT tumor specimens from 18 rectal

cancer patients was analyzed. (A) The number of pDCs in non-matched

untreated (n = 28) compared to nRCT-treated (n = 40) rectal cancer tissues is

depicted. The results are presented as mean value ± SD of rectal

cancer-infiltrating pDCs. Asterisks indicate a statistically significant difference

(**p < 0.01). (B) pDC number in 18 matched pre-nRCT or post-nRCT tumor

specimens is depicted for each patient. (C) pDC frequency in 18 matched

pre-nRCT or post-nRCT tumor specimens is presented as mean value ± SD.

Asterisks indicate a statistically significant difference (**p < 0.01).

CD3+ T lymphocytes, total CD8+ T lymphocytes, and GrzB-
expressing CD8+ T cells in matched pre-nRCT and post-nRCT
tumor samples of 18 patients. As demonstrated in Figure 4A,
the number of rectal cancer-infiltrating CD3+ T cells was not
significantly altered by nRCT (pre-nRCT: 1598.1 ± 842.4 CD3+

T cells/mm², post-nRCT: 1228.8 ± 671.6 CD3+ T cells/mm²).
In contrast, nRCT significantly increased the frequency of total
CD8+ T cells in the nRCT-treated cohort (429.9 ± 284.2 CD8+

T cells/mm²) compared to the untreated cohort (286.8 ± 162.6
CD8+ T cells/mm²) as depicted in Figure 4B. The number of
the CD8+ T cells was increased in 14 out of 18 post-nRCT
tumor samples (data not shown). In 12 out of these 14 tissues,
a simultaneous accumulation of CD8+ T cells and pDCs was
detected. Within the total rectal cancer-infiltrating CD8+ T cell
compartment, CD8+ T lymphocytes expressing the cytotoxic
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FIGURE 3 | nRCT does not significantly alter slanMo frequency in rectal cancer tissues. (A–F) Immunohistochemical stainings were conducted to determine the

density of infiltrating slanMo in tissue specimens from non-matched and matched untreated and nRCT-treated rectal cancer patients. (A–D) As representative

examples, the presence of infiltrating slanMo in an (A,B) untreated and (C,D) treated rectal cancer tissue is shown. Scale bars are (A,C) 100µm or (B,D) 50µm,

respectively. (E) The number of slanMo in non-matched untreated (n = 28) compared to nRCT-treated (n = 40) rectal cancer tissues is depicted. The results are

presented as mean value ± SD of rectal cancer-infiltrating slanMo. (F) The frequency of slanMo in 20 matched pre-nRCT or post-nRCT tumor specimens is

demonstrated. The results are presented as mean value ± SD of rectal cancer-infiltrating slanMo.

effector molecule GrzB were also detectable (Figures 4C–F).
Notably, the percentage of GrzB+ CD8+ T cells was significantly
higher in the nRCT-treated cohort (57.5± 14.4%GrzB+ CD8+ T
cells) in comparison to the untreated cohort (44.2± 9.4% GrzB+

CD8+ T cells) as shown in Figure 4G. Following these findings,
we explored whether CD8+ T cells co-localize with pDCs in four
nRCT-treated rectal cancer tissues. As demonstrated in Figure 5,
regions containing a high density of pDC and CD8+ T cells were
detectable in all analyzed rectal cancer tissues.

nRCT Increases the Proportion of iNOS- or
TNF-α-Expressing slanMo in Rectal Cancer
iNOS and TNF-α were shown to mediate either tumor-
promoting or antitumor effects and may therefore influence
the efficacy of nRCT in cancer patients (44, 45). Following our
previous findings that iNOS- and/or TNF-α-expressing slanMo
are detectable in tissue specimens of patients with various
inflammatory disorders (35, 36, 46), we investigated whether
nRCT modulates the percentage of iNOS- or TNF-α-producing
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FIGURE 4 | nRCT significantly increases the proportion of rectal cancer-infiltrating GrzB+ CD8+ T cells. (A–G) Immunohistochemical stainings were performed to

explore the frequency of rectal cancer-infiltrating CD3+ T lymphocytes, total CD8+ T lymphocytes, and GrzB+ CD8+ T cells in matched pre-nRCT and post-nRCT

tumor samples. The frequency of (A) CD3+ cells and (B) CD8+ T cells in 18 matched pre-nRCT or post-nRCT tumor specimens is presented as mean value ± SD.

Asterisks indicate a statistically significant difference (*p < 0.05). (C–F) As representative examples, the presence of infiltrating GrzB+ CD8+ T cells in an (C,D)

untreated and (E,F) nRCT-treated rectal cancer tissue is demonstrated. Scale bars are (C,E) 100µm or (D,F) 50µm, respectively. (G) The percentage of

GrzB-expressing CD8+ T cells in 18 matched pre-nRCT or post-nRCT tumor specimens is presented as mean value ± SD. Asterisks indicate a statistically significant

difference (**p < 0.01).

slanMo in matched pre-nRCT and post-nRCT tumor specimens
of 10 patients. While iNOS+ slanMo were present in 9 out of 10
post-nRCT rectal cancer tissues, TNF-α+ slanMowere detectable

in 7 out of 10 tumor tissues obtained after treatment at varying
percentages (Figures 6A–D). In contrast, iNOS+ slanMo were
only found in 2 out of 10 pre-nRCT rectal cancer tissues, while
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FIGURE 5 | Co-localization of pDC and CD8+ T cells in nRCT-treated rectal

cancer tissues. Immunofluorescence multiplex staining was performed to

detect a co-localization of pDC and CD8+ T cells in four post-nRCT tumor

samples. As a representative example, an image of a tissue region containing

high numbers of rectal cancer-infiltrating pDC and CD8+ T cells is shown.

Scale bar is 100µm.

TNF-α+ slanMo were absent in these tissues (Figures 6C,D).
As depicted in Figure 6E, the proportion of iNOS+ slanMo
was significantly higher in post-nRCT tumor tissues (26 ± 24%
iNOS+ slanMo) compared to pre-nRCT tumor specimen (1 ±

2% iNOS+ slanMo). In addition, nRCT significantly increased
the percentage of slanMo locally expressing TNF-α in rectal
cancer tissues (Figure 6F).

nRCT Significantly Increases the
Proportion of CD83+ pDCs in Rectal
Cancer
To investigate whether nRCT influences the maturation status
of rectal cancer-infiltrating pDCs, we analyzed the proportion
of pDCs expressing the maturation marker CD83 in matched
pre-nRCT and post-nRCT tumor samples of 18 patients. CD83+

pDCs were detectable in all post-nRCT rectal cancer tissues,
but only in 11 out of 18 tumor tissues before nRCT at varying
percentages (Figures 7A,B). In 13 post-nRCT rectal cancer
tissues, ≥30% of pDCs expressing CD83 were present, providing
evidence that these tissues can contain a marked proportion
of mature pDCs (Figure 7B). As shown in Figure 7C, the
percentage of CD83+ pDCs was significantly higher in post-
nRCT tumor tissues (36.7± 18.9% CD83+ pDCs) in comparison
to pre-nRCT tumor specimens (3.2 ± 4.2% CD83+ pDCs),

indicating that nRCT can profoundly enhance the proportion of
mature pDCs in rectal cancer tissues.

nRCT Significantly Enhances the
Percentage of IFN-α-Expressing pDCs in
Rectal Cancer
Activated pDCs are major producers of IFN-α, which may
essentially contribute to the antitumor effects mediated by
radio- and chemotherapy (18, 19). Following these findings, we
determined the impact of nRCT on the proportion of IFN-α-
expressing pDCs in matched pre-nRCT and post-nRCT tumor
samples of 18 patients.Whereas, IFN-α+ pDCs were only present
in 11 out of 18 pre-nRCT rectal cancer tissues, infiltrating pDCs
locally expressing IFN-α were found in all post-nRCT tumor
samples at varying percentages (Figures 8A,B). In 16 post-nRCT
rectal cancer tissues, ≥30% of IFN-α+ pDCs were detectable
(Figure 8B). The percentage of IFN-α+ pDCs was significantly
higher in post-nRCT tumor tissues (52.0± 20.5% IFN-α+ pDCs)
compared to pre-nRCT tumor specimen (5.5 ± 8.1% IFN-α+

pDCs) as depicted in Figure 8C. These results provide evidence
that nRCT can profoundly increase the proportion of pDCs
locally expressing IFN-α in rectal cancer tissues.

Rectal Cancer-Infiltrating pDCs Express
the Chemokines CXCL10 and CCL4
Recently, it has been shown that pDCs are able to produce various
chemokines such as CCL4, CCL5, and CXCL10 (19, 47) that can
promote the migration of T cells to tumor sites. Following these
observations, we investigated the presence of pDCs expressing
these chemokines in 9 pre-nRCT and 18 post-nRCT tumor
specimens of the matched cohort. Whereas, CXCL10- or CCL4-
expressing pDCs were not found in pre-nRCT tumor samples,
CXCL10+ pDCs were detectable in 14 out of 18 and CCL4+

pDCs in 12 out of 18 post-nRCT tumor samples (Figures 9A,B).
CCL5-expressing pDCs were not present in these tumor tissues
(data not shown). These results imply that pDCs can contribute
to the secretion of important chemokines for T-cell migration to
rectal cancer tissues after nRCT.

DISCUSSION

Recent studies have revealed that DCs, as key regulators of
innate and adaptive immunity, are a component of the immune
architecture in colorectal cancer and may influence the clinical
outcome of patients. When exploring the presence of human
DCs in colorectal cancer, it has been reported that S-100+

DCs are detectable in almost all colorectal specimens and are
mainly located in the tumor stroma (48–50). Increasing numbers
of S-100+ DCs infiltrating tumor epithelium correlated with
higher numbers of intraepithelial CD4+ and CD8+ T cells (49).
Whereas, several studies provided evidence that a higher density
of S-100+ DCs was associated with improved survival of patients
(48, 51–53), other studies did not find a statistically significant
correlation between S-100+ DC infiltration and a favorable
clinical outcome (49, 50). In addition, it has been shown that
DCs expressing the maturation marker CD83 are present in
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FIGURE 6 | nRCT significantly increases the proportion of iNOS- and TNF-α-producing slanMo in rectal cancer tissues. (A–F) Immunofluorescence stainings were

performed to evaluate the presence and percentage of iNOS- and TNF-α-expressing slanMo in matched pre-nRCT or post-nRCT tumor specimens from 10 rectal

cancer patients. (A,B) As representative examples, images of (A) single iNOS or slan and (B) single TNF-α or slan stainings as well as merged images are depicted.

Original magnification was x400. (C,D) Percentage of (C) iNOS- and (D) TNF-α-expressing slanMo in matched pre-nRCT or post-nRCT tumor specimens is shown for

each patient. The results are presented as mean value ± SD of the proportion of (E) iNOS- or (F) TNF-α-expressing slanMo in matched pre-nRCT or post-nRCT

tumor specimens. Asterisks indicate a statistically significant difference (*p < 0.05, **p < 0.01).

colorectal cancer (53–55). These DCs were found predominantly
in the invasive margin, often in clusters with lymphocytes (55).
Gulubova et al. demonstrated that patients with locally advanced
tumors had significantly lower infiltration of CD83+ DCs in
tumor stroma and in the invasive margin (53). Whereas all these
findings are based on the detection of general marker molecules
for DCs, studies investigating the presence of distinct human DC
subsets in colon cancer tissues are rather limited.When exploring

the density and distribution of pDCs in rectal cancer, we found
that pDCs are present in all non-treated rectal cancer specimens
at varying frequencies and are preferentially located in the
tumor stroma. These results further substantiate recent studies,
indicating that pDCs are detectable in colorectal cancer (51,
56). Previously, we and others have determined the presence of
slanMo in primary tumor samples and derivedmetastases. Vermi
et al. have found an accumulation of slanMo in metastatic lymph
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FIGURE 7 | nRCT increases the proportion of mature pDCs in rectal cancer tissues. (A–C) Immunofluorescence stainings were conducted to analyze the presence

and percentage of CD83-expressing pDCs in matched pre-nRCT or post-nRCT tumor specimens from 18 rectal cancer patients. (A) As representative example,

images of single CD83 or BDCA-2 stainings as well as merged images are depicted. Original magnification was x400. (B) Percentage of CD83-expressing pDCs in

matched pre-nRCT or post-nRCT tumor specimens is depicted for each patient. (C) The results are presented as mean value ± SD of the percentage of CD83+

pDCs in matched pre-nRCT or post-nRCT tumor specimens. Asterisks indicate a statistically significant difference (***p < 0.001).

nodes from cancer patients (42). In addition, we have detected
slanMo in the majority of primary tumor specimens, metastatic
lymph nodes, and distant metastases from ccRCC patients (43).
Further findings have revealed that ccRCC-infiltrating slanDCs
display a tolerogenic phenotype and that higher slanDC numbers
are associated with a reduced survival of ccRCC patients (43).
More recently, it has been shown that slanMo are also present
in bone marrow specimens of multiple myeloma patients and

in various types of non-Hodgkin lymphomas (57, 58). In the
present study, we observed that slanMo are detectable in almost
all non-treated rectal cancer specimens at varying frequencies
and are preferentially located in the tumor stroma. The slanMo
frequency is markedly lower in comparison to rectal cancer-
infiltrating pDCs, but higher compared to RCC-infiltrating
slanMo (43). So far, only little is known about the impact of nRCT
on the frequency of tumor-infiltrating DCs. When exploring
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FIGURE 8 | nRCT significantly enhances the percentage of IFN-α-expressing pDCs in rectal cancer tissues. (A–C) Immunofluorescence stainings were performed to

determine the presence and percentage of IFN-α-expressing pDCs in matched pre-nRCT or post-nRCT tumor specimens from 18 rectal cancer patients. (A) As

representative example, images of single IFN-α or BDCA-2 stainings as well as merged images are shown. Original magnification was x400. (B) Percentage of

IFN-α-expressing pDCs in matched pre-nRCT or post-nRCT tumor specimens is depicted for each patient. (C) The results are presented as mean value ± SD of the

proportion of IFN-α+ pDCs in matched pre-nRCT or post-nRCT tumor specimens. Asterisks indicate a statistically significant difference (***p < 0.001).

the influence of nRCT on the number of infiltrating pDCs
and slanMo in rectal cancer, we found a significantly higher
number of pDCs in nRCT-treated tissue specimens, whereas the
frequency of slanMo remained stable after nRCT.

CD4+ and CD8+ T lymphocytes are important effector cells
of adaptive antitumor immunity. CD8+ effector T cells efficiently
recognize and destroy tumor cells. CD4+ effector T cells enhance
the ability of DCs to induce CD8+ T cell responses. They also
provide help for the maintenance and expansion of CD8+ T cells

and can eliminate tumor cells directly. In addition, CD4+ T cells
are able to promote the differentiation of B cells into antibody-
producing plasma cells. Based on these properties, tumor-
infiltrating effector T cells efficiently influence tumor growth
and play an essential role for the clinical outcome of colorectal
cancer patients (2–5). Here, we explored the impact of nRCT
on the frequency of rectal cancer-infiltrating T lymphocytes in
matched pre-nRCT and post-nRCT tumor samples. We found
that nRCT significantly increases the number of total CD8+ T
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FIGURE 9 | Rectal cancer-infiltrating pDCs can express CXCL10 and CCL4. (A,B) Immunofluorescence stainings were conducted to analyze the presence of

CXCL10- or CCL4-expressing pDCs in 9 pre-nRCT and 18 post-nRCT tumor specimens of the matched cohort. As representative examples, images of single (A)

CXCL10 and BDCA-2 or single (B) CCL4 and BDCA-2 stainings as well as merged images are shown. Original magnification was x200.

cells as well as the percentage of CD8+ T cells expressing GrzB
in the nRCT-treated cohort. These results are in agreement with
previous studies, indicating that nRCT can significantly enhance
the density of infiltrating CD8+ T cells in rectal cancer. Thus, it
has been reported that the frequency of rectal cancer-infiltrating
CD8+ T cells and the proportion of GrzB+ CD8+ T cells is
markedly increased by nRCT (59–62). In addition, a high density
of CD8+ T cells prior to treatment was associated with a good
response to nRCT and was linked to a better clinical outcome
(59–61). However, McCoy et al. did not observe an association
between the frequency of rectal-cancer infiltrating CD8+ T cells
prior to treatment and response to nRCT (63).

iNOS and TNF-α are important molecules that have an impact
on carcinogenesis and cancer progression and may influence
the clinical response of patients to various treatment modalities.
Both molecules play a dual role in cancer by mediating tumor-
promoting or antitumor effects (44, 45). Thus, iNOS and TNF-
α were shown to promote tumor proliferation, angiogenesis,
invasiveness, and metastasis. Further studies have revealed that
these molecules can also efficiently impair tumor growth by
various mechanisms such as the inhibition of proliferation, the
induction of apoptosis, and the recruitment of tumor-reactive
T cells (44, 45). Previously, we have identified slanMo as
inflammatory, iNOS- and/or TNF-α-expressing cells in tissues
specimens of patients with psoriasis, lupus erythematosus, or
graft-vs.-host disease (35, 36, 46). Here, we determined the
impact of nRCT on the percentage of iNOS- or TNF-α-expressing
slanMo in matched pre-nRCT and post-nRCT rectal cancer
specimens. iNOS+ or TNF-α+ slanMo were rare or absent in
pre-nRCT tissues. However, nRCT significantly augmented the
proportion of infiltrating slanMo locally expressing iNOS- or

TNF-α in rectal cancer. The nRCT-mediated increase of iNOS-
producing slanMo is in line with a recent study, demonstrating
that low dose irradiation induces iNOS expression in melanoma-
infiltrating mouse macrophages, resulting in an enhanced
recruitment of T cells (64). In addition, Klug et al. observed
that low dose irradiation leads to an accumulation of iNOS+

macrophages and intraepithelial T cells in tissue specimens of
pancreatic cancer patients (64).

Type I IFN play a key role in antitumor immunity (65). They
promote the maturation and antigen-presenting capacity of DCs
as well as their migration to lymph nodes. Furthermore, type
I IFN stimulate the release of proinflammatory cytokines by
macrophages and improve the tumor-directed cytotoxic activity
mediated by CD8+ T cells and NK cells. Accumulating evidence
indicates that type I IFN can essentially contribute to the
beneficial effects mediated by chemotherapy and radiotherapy
(9, 66). Thus, it has been demonstrated that the efficacy of
anthracycline-based chemotherapy against established tumor in
mice is critically dependent on type I IFN (66). Furthermore, it
has been reported that radiotherapy increases the intratumoral
type I IFN expression in mice (67). Type I IFN were shown
to enhance the cross-priming and T-cell stimulatory capacity of
tumor-infiltrating DCs leading to tumor regression (67). pDCs
are major producers of type I IFN following stimulation with
toll-like receptor 7 and 9 agonists (18, 19). However, recent
studies have revealed that tumor-infiltrating pDCs are defective
at producing type I IFN in response to toll-like receptor agonists
(26, 28, 29). When analyzing matched pre-nRCT and post-nRCT
rectal cancer specimens, we found that only a small proportion
of IFN-α-expressing pDCs is detectable prior nRCT. Notably,
nRCT profoundly increased the proportion of pDCs locally
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expressing IFN-α. Together with our finding that nRCT also
enhances the percentage of CD83+ pDCs, these results reveal that
nRCT promotes the maturation and IFN-α production of rectal
cancer-infiltrating pDCs.

pDCs are capable of producing various chemokines such as
CCL4, CCL5, and CXCL10, which attract T cells to sites of
infection and inflammation (19, 47). In addition, it has been
reported that these chemokines play an essential role for the
trafficking of T cells to tumor tissues. Thus, it has been shown
that the expression of CCL4, CCL5, and CXCL10 in melanoma
metastases is associated with the recruitment of CD8+ T cells
(68). Moreover, a recent study has revealed that CCL5 and
CXCL10 expressed by colorectal cancer tissues promote the
migration of GrzB+ CD8+ T cells (69). When investigating
the expression of these chemokines by rectal cancer-infiltrating
pDCs, we observed that CCL4- or CXCL10-expressing pDCs are
present in the majority of post-nRCT tumor specimens, whereas
they are absent in pre-nRCT tissue samples. These findings
indicate that nRCT can induce CXCL10 and CCL4 expression in
rectal cancer-infiltrating pDCs. In addition, they imply that pDCs
can contribute to the production of important chemokines for
T-cell migration to rectal cancer tissues after nRCT.

Taken together, we found that nRCT significantly increases the
percentage of rectal cancer-infiltrating slanMo locally expressing
iNOS and TNF-α, which can either mediate tumor-promoting or
antitumor effects and may affect the efficacy of nRCT in rectal
cancer patients. Moreover, we demonstrated for the first time that
nRCT results in an accumulation of pDCs as well as an increased
proportion of CD83- and IFN-α-expressing pDCs in rectal
cancer. In addition, the density of infiltrating GrzB+ CD8+ T
cells was significantly enhanced by nRCT. These findings indicate
that nRCT can harness antitumor responses by converting
immature, non-activated pDCs into mature, inflammatory cells
and by increasing the frequency of CD8+ T cells expressing the

cytotoxic effector molecule GrzB. Activated pDCs and GrzB+

CD8+ T cells may contribute to the beneficial effect of nRCT in
rectal cancer patients.

ETHICS STATEMENT

This study was carried out in accordance with the
recommendations of the ethical committee at the Faculty
of Medicine Carl Gustav Carus of the Technische Universität
Dresden, Germany. All subjects gave written informed consent
in accordance with the Declaration of Helsinki. The protocol
was approved by the ethical committee at the Faculty of
Medicine Carl Gustav Carus of the Technische Universität
Dresden, Germany.

AUTHOR CONTRIBUTIONS

FeW, UH, FrW, and IP performed experiments, analyzed data,
and wrote the manuscript. RW, MaK, KF, and MA performed
experiments and analyzed data. US, AJ, and AT analyzed data and
wrote the manuscript. AB, CR, JW, KS, ET, MeK, GF, MB, MPB,
DA, and GB analyzed data and revised the article. MS designed
research, interpreted the data, and wrote the manuscript.

FUNDING

This study was supported in part by grants from the Faculty
of Medicine Carl Gustav Carus of the Technische Universität
Dresden, Germany to RW and from the German Research
Foundation (DFG, SCHA 1693/1-1, and SFB TR 156) to KS.

ACKNOWLEDGMENTS

We thank Bärbel Löbel for excellent technical assistance.

REFERENCES

1. Siegel RL,Miller KD, Jemal A. Cancer statistics, 2018.CACancer J Clin. (2018)
68:7–30. doi: 10.3322/caac.21442

2. Fridman WH, Zitvogel L, Sautès-Fridman C, Kroemer G. The immune
contexture in cancer prognosis and treatment. Nat Rev Clin Oncol. (2017)
14:717–34. doi: 10.1038/nrclinonc.2017.101

3. Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B, Lagorce-
Pagès C, et al. Type, density, and location of immune cells within human
colorectal tumors predict clinical outcome. Science. (2006) 313:1960–4.
doi: 10.1126/science.1129139

4. Pagès F, Kirilovsky A, Mlecnik B, Asslaber M, Tosolini M, Bindea
G, et al. In situ cytotoxic and memory T cells predict outcome in
patients with early-stage colorectal cancer. J Clin Oncol. (2009) 27:5944–51.
doi: 10.1200/JCO.2008.19.6147

5. Pagès F, Mlecnik B, Marliot F, Bindea G, Ou FS, Bifulco C, et al. International
validation of the consensus immunoscore for the classification of colon
cancer: a prognostic and accuracy study. Lancet. (2018) 391:2128–39.
doi: 10.1016/S0140-6736(18)30789-X

6. Kalyan A, Rozelle S, Benson A. Neoadjuvant treatment of rectal cancer: where
are we now? Gastroenterol Rep. (2016) 4:206–9. doi: 10.1093/gastro/gow017

7. Li Y, Wang J, Ma X, Tan L, Yan Y, Xue C, et al. A review of neoadjuvant
chemoradiotherapy for locally advanced rectal cancer. Int J Biol Sci. (2016)
12:1022–31. doi: 10.7150/ijbs.15438

8. Barker HE, Paget JT, Khan AA, Harrington KJ. The tumour
microenvironment after radiotherapy: mechanisms of resistance and
recurrence. Nat Rev Cancer. (2015) 15:409–25. doi: 10.1038/nrc3958

9. Weichselbaum RR, Liang H, Deng L, Fu YX. Radiotherapy and
immunotherapy: a beneficial liaison? Nat Rev Clin Oncol. (2017) 14:365–79.
doi: 10.1038/nrclinonc.2016.211

10. Derer A, Frey B, Fietkau R, Gaipl US. Immune-modulating properties of
ionizing radiation: rationale for the treatment of cancer by combination
radiotherapy and immune checkpoint inhibitors. Cancer Immunol

Immunother. (2016) 65:779–86. doi: 10.1007/s00262-015-1771-8
11. Galluzzi L, Buqué A, Kepp O, Zitvogel L, Kroemer G. Immunological effects

of conventional chemotherapy and targeted anticancer agents. Cancer Cell.
(2015) 28:690–714. doi: 10.1016/j.ccell.2015.10.012

12. Obeid M, Tesniere A, Ghiringhelli F, Fimia GM, Apetoh L, Perfettini JL, et al.
Calreticulin exposure dictates the immunogenicity of cancer cell death. Nat
Med. (2007) 13:54–61. doi: 10.1038/nm1523

13. Apetoh L, Ghiringhelli F, Tesniere A, Obeid M, Ortiz C, Criollo A, et al.
Toll-like receptor 4-dependent contribution of the immune system to
anticancer chemotherapy and radiotherapy. Nat Med. (2007) 13:1050–9.
doi: 10.1038/nm1622

14. Steinman RM, Banchereau J. Taking dendritic cells into medicine. Nature.
(2007) 449:419–26. doi: 10.1038/nature06175

15. Vermeer DW, Spanos WC, Vermeer PD, Bruns AM, Lee KM, Lee JH.
Radiation-induced loss of cell surface CD47 enhances immune-mediated

Frontiers in Immunology | www.frontiersin.org 14 March 2019 | Volume 10 | Article 602

https://doi.org/10.3322/caac.21442
https://doi.org/10.1038/nrclinonc.2017.101
https://doi.org/10.1126/science.1129139
https://doi.org/10.1200/JCO.2008.19.6147
https://doi.org/10.1016/S0140-6736(18)30789-X
https://doi.org/10.1093/gastro/gow017
https://doi.org/10.7150/ijbs.15438
https://doi.org/10.1038/nrc3958
https://doi.org/10.1038/nrclinonc.2016.211
https://doi.org/10.1007/s00262-015-1771-8
https://doi.org/10.1016/j.ccell.2015.10.012
https://doi.org/10.1038/nm1523
https://doi.org/10.1038/nm1622
https://doi.org/10.1038/nature06175
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Wagner et al. Radiochemotherapy Alters Tumor-Infiltrating Dendritic Cells

clearance of human papillomavirus-positive cancer. Int J Cancer. (2013)
133:120–9. doi: 10.1002/ijc.28015

16. Liu X, Pu Y, Cron K, Deng L, Kline J, Frazier WA, et al. CD47 blockade
triggers T cell-mediated destruction of immunogenic tumors.NatMed. (2015)
21:1209–15. doi: 10.1038/nm.3931

17. Kanterman J, Sade-Feldman M, Biton M, Ish-Shalom E, Lasry A, Goldshtein
A, et al. Adverse immunoregulatory effects of 5FU and CPT11 chemotherapy
on myeloid-derived suppressor cells and colorectal cancer outcomes. Cancer
Res. (2014) 74:6022–35. doi: 10.1158/0008-5472.CAN-14-0657

18. Gilliet M, CaoW, Liu YJ. Plasmacytoid dendritic cells: sensing nucleic acids in
viral infection and autoimmune diseases.Nat Rev Immunol. (2008) 8:594–606.
doi: 10.1038/nri2358

19. Swiecki M, Colonna M. The multifaceted biology of plasmacytoid dendritic
cells. Nat Rev Immunol. (2015) 15:471–85. doi: 10.1038/nri3865

20. Salio M, Cella M, Vermi W, Facchetti F, Palmowski MJ, Smith CL, et al.
Plasmacytoid dendritic cells prime IFN-gamma-secreting melanoma-specific
CD8 lymphocytes and are found in primary melanoma lesions. Eur J

Immunol. (2003) 33:1052–62. doi: 10.1002/eji.200323676
21. Hanabuchi S, Watanabe N, Wang YH, Wang YH, Ito T, Shaw J, et al. Human

plasmacytoid predendritic cells activate NK cells through glucocorticoid-
induced tumor necrosis factor receptor-ligand (GITRL). Blood. (2006)
107:3617–23. doi: 10.1182/blood-2005-08-3419

22. Liu C, Lou Y, Lizée G, Qin H, Liu S, Rabinovich B, et al. Plasmacytoid
dendritic cells induce NK cell-dependent, tumor antigen-specific T cell cross-
priming and tumor regression in mice. J Clin Invest. (2008) 118:1165–75.
doi: 10.1172/JCI33583

23. Le Mercier I, Poujol D, Sanlaville A, Sisirak V, Gobert M, Durand I,
et al. Tumor promotion by intratumoral plasmacytoid dendritic cells
is reversed by TLR7 ligand treatment. Cancer Res. (2013) 73:4629–40.
doi: 10.1158/0008-5472.CAN-12-3058

24. Tel J, Aarntzen EH, Baba T, Schreibelt G, Schulte BM, Benitez-Ribas D,
et al. Natural human plasmacytoid dendritic cells induce antigen-specific
T-cell responses in melanoma patients. Cancer Res. (2013) 73:1063–75.
doi: 10.1158/0008-5472.CAN-12-2583

25. Sharma MD, Baban B, Chandler P, Hou DY, Singh N, Yagita H, et al.
Plasmacytoid dendritic cells from mouse tumor-draining lymph nodes
directly activate mature Tregs via indoleamine 2, 3-dioxygenase. J Clin Invest.

(2007) 117:2570–82. doi: 10.1172/JCI31911
26. Hartmann E, Wollenberg B, Rothenfusser S, Wagner M, Wellisch D, Mack B,

et al. Identification and functional analysis of tumor-infiltrating plasmacytoid
dendritic cells in head and neck cancer. Cancer Res. (2003) 63:6478–87.

27. Treilleux I, Blay J-Y, Bendriss-Vermare N, Ray-Coquard I, Bachelot
T, Guastalla J-P, et al. Dendritic cell infiltration and prognosis of
early stage breast cancer. Clin Cancer Res. (2004) 10:7466–474.
doi: 10.1158/1078-0432.CCR-04-0684

28. Labidi-Galy SI, Sisirak V, Meeus P, Gobert M, Treilleux I, Bajard A,
et al. Quantitative and functional alterations of plasmacytoid dendritic cells
contribute to immune tolerance in ovarian cancer. Cancer Res. (2011)
71:5423–34. doi: 10.1158/0008-5472.CAN-11-0367

29. Sisirak V, Faget J, Gobert M, Goutagny N, Vey N, Treilleux I, et al. Impaired
IFN-α production by plasmacytoid dendritic cells favors regulatory T-cell
expansion that may contribute to breast cancer progression. Cancer Res.

(2012) 72:5188–97. doi: 10.1158/0008-5472.CAN-11-3468
30. Schäkel K, Mayer E, Federle C, Schmitz M, Riethmüller G, Rieber EP. A

novel dendritic cell population in human blood: one-step immunomagnetic
isolation by a specific mAb (M-DC8) and in vitro priming of cytotoxic T
lymphocytes. Eur J Immunol. (1998) 28:4084–4093. doi: 10.1002/(SICI)1521-
4141(199812)28:12<4084::AID-IMMU4084>3.0.CO;2-4

31. Schäkel K, Kannagi R, Kniep B, Goto Y, Mitsuoka C, Zwirner J, et al. 6-
Sulfo LacNAc, a novel carbohydrate modification of PSGL-1, defines an
inflammatory type of human dendritic cells. Immunity. (2002) 17:289–301.
doi: 10.1016/S1074-7613(02)00393-X

32. Schäkel K, von Kietzell M, Hänsel A, Ebling A, Schulze L, Haase M, et al.
Human 6-sulfo LacNAc-expressing dendritic cells are principal producers
of early interleukin-12 and are controlled by erythrocytes. Immunity. (2006)
24:767–77. doi: 10.1016/j.immuni.2006.03.020

33. Van Leeuwen-Kerkhoff N, Lundberg K, Westers TM, Kordasti S, Bontkes HJ,
de Gruijl TD, et al. Transcriptional profiling reveals functional dichotomy

between human slan+ non-classical monocytes and myeloid dendritic cells.
J Leukoc Biol. (2017) 102:1055–68. doi: 10.1189/jlb.3MA0117-037R

34. Baran W, Oehrl S, Ahmad F, Döbel T, Alt C, Buske-Kirschbaum
A, et al. Phenotype, function and mobilization of 6-sulfo LacNAc-
expressing monocytes in atopic dermatitis. Front Immunol. (2018) 9:1352.
doi: 10.3389/fimmu.2018.01352

35. Olaru F, Döbel T, Lonsdorf AS, Oehrl S, Maas M, Enk AH, et al.
Intracapillary immune complexes recruit and activate slan-expressing
CD16+ monocytes in human lupus nephritis. JCI Insight. (2018) 3:96492.
doi: 10.1172/jci.insight.96492

36. Hänsel A, Günther C, Ingwersen J, Starke J, Schmitz M, Bachmann M,
et al. Human slan (6-sulfo LacNAc) dendritic cells are inflammatory dermal
dendritic cells in psoriasis and drive strong Th17/Th1 T-cell responses. J
Allergy Clin Immunol. (2011) 127:787–94. doi: 10.1016/j.jaci.2010.12.009

37. Döbel T, Kunze A, Babatz J, Tränkner K, Ludwig A, Schmitz M, et al. FcγRIII
(CD16) equips immature 6-sulfo LacNAc-expressing dendritic cells (slanDCs)
with a unique capacity to handle IgG-complexed antigens. Blood. (2013)
121:3609–18. doi: 10.1182/blood-2012-08-447045

38. Schmitz M, Zhao S, Schäkel K, Bornhäuser M, Ockert D, Rieber EP. Native
human blood dendritic cells as potent effectors in antibody-dependent cellular
cytotoxicity. Blood. (2002) 100:1502–4.

39. Schmitz M, Zhao S, Deuse Y, Schäkel K, Wehner R, Wöhner H, et al.
Tumoricidal potential of native blood dendritic cells: direct tumor cell killing
and activation of NK cell-mediated cytotoxicity. J Immunol. (2005) 174:4127–
34. doi: 10.4049/jimmunol.174.7.4127

40. Wehner R, Löbel B, Bornhäuser M, Schäkel K, Cartellieri M, Bachmann
M, et al. Reciprocal activating interaction between 6-sulfo LacNAc(+)
dendritic cells and NK cells. Int J Cancer. (2009) 124:358–66. doi: 10.1002/ijc.
23962

41. Dzionek A, Sohma Y, Nagafune J, Cella M, Colonna M, Facchetti F, et al.
BDCA-2, a novel plasmacytoid dendritic cell-specific type II C-type lectin,
mediates antigen capture and is a potent inhibitor of interferon alpha/beta
induction. J Exp Med. (2001) 194:1823–34. doi: 10.1084/jem.194.12.1823

42. Vermi W, Micheletti A, Lonardi S, Costantini C, Calzetti F, Nascimbeni
R, et al. slanDCs selectively accumulate in carcinoma-draining lymph
nodes and marginate metastatic cells. Nat Commun. (2014) 5:3029.
doi: 10.1038/ncomms4029

43. Toma M, Wehner R, Kloß A, Hübner L, Fodelianaki G, Erdmann K, et al.
Accumulation of tolerogenic human 6-sulfo LacNAc dendritic cells in renal
cell carcinoma is associated with poor prognosis. Oncoimmunology. (2015)
4:e1008342. doi: 10.1080/2162402X.2015.1008342

44. Burke AJ, Sullivan FJ, Giles FJ, Glynn SA. The yin and yang of
nitric oxide in cancer progression. Carcinogenesis. (2013) 34:503–12.
doi: 10.1093/carcin/bgt034

45. Waters JP, Pober JS, Bradley JR. Tumor necrosis factor and cancer. J Pathol.
(2013) 230:241–8. doi: 10.1002/path.4188

46. Sommer U, Larsson B, Tuve S, Wehner R, Zimmermann N, Kramer M, et al.
Proinflammatory human 6-sulfo LacNAc-positive dendritic cells accumulate
in intestinal acute graft-versus-host disease.Haematologica. (2014) 99:e86–89.
doi: 10.3324/haematol.2013.101071

47. Sozzani S, Vermi W, Del Prete A, Facchetti F. Trafficking properties of
plasmacytoid dendritic cells in health and disease. Trends Immunol. (2010)
31:270–7. doi: 10.1016/j.it.2010.05.004

48. Ambe K,Mori M, Enjoji M. S-100 protein-positive dendritic cells in colorectal
adenocarcinomas. Distribution and relation to the clinical prognosis. Cancer.
(1989) 63:496–503. doi: 10.1002/1097-0142(19890201)63:3<496::AID-
CNCR2820630318>3.0.CO;2-K

49. Dadabayev AR, Sandel MH, Menon AG, Morreau H, Melief CJM, Offringa
R, et al. Dendritic cells in colorectal cancer correlate with other tumor-
infiltrating immune cells. Cancer Immunol Immunother. (2004) 53:978–86.
doi: 10.1007/s00262-004-0548-2

50. Sandel MH, Dadabayev AR, Menon AG, Morreau H, Melief CJ, Offringa
R, et al. Prognostic value of tumor-infiltrating dendritic cells in colorectal
cancer: role of maturation status and intratumoral localization. Clin Cancer

Res. (2005) 11:2576–82. doi: 10.1158/1078-0432.CCR-04-1448
51. Nagorsen D, Voigt S, Berg E, Stein H, Thiel E, Loddenkemper C.

Tumor-infiltrating macrophages and dendritic cells in human colorectal
cancer: relation to local regulatory T cells, systemic T-cell response

Frontiers in Immunology | www.frontiersin.org 15 March 2019 | Volume 10 | Article 602

https://doi.org/10.1002/ijc.28015
https://doi.org/10.1038/nm.3931
https://doi.org/10.1158/0008-5472.CAN-14-0657
https://doi.org/10.1038/nri2358
https://doi.org/10.1038/nri3865
https://doi.org/10.1002/eji.200323676
https://doi.org/10.1182/blood-2005-08-3419
https://doi.org/10.1172/JCI33583
https://doi.org/10.1158/0008-5472.CAN-12-3058
https://doi.org/10.1158/0008-5472.CAN-12-2583
https://doi.org/10.1172/JCI31911
https://doi.org/10.1158/1078-0432.CCR-04-0684
https://doi.org/10.1158/0008-5472.CAN-11-0367
https://doi.org/10.1158/0008-5472.CAN-11-3468
https://doi.org/10.1002/(SICI)1521-4141(199812)28:12<4084::AID-IMMU4084>3.0.CO;2-4
https://doi.org/10.1016/S1074-7613(02)00393-X
https://doi.org/10.1016/j.immuni.2006.03.020
https://doi.org/10.1189/jlb.3MA0117-037R
https://doi.org/10.3389/fimmu.2018.01352
https://doi.org/10.1172/jci.insight.96492
https://doi.org/10.1016/j.jaci.2010.12.009
https://doi.org/10.1182/blood-2012-08-447045
https://doi.org/10.4049/jimmunol.174.7.4127
https://doi.org/10.1002/ijc.23962
https://doi.org/10.1084/jem.194.12.1823
https://doi.org/10.1038/ncomms4029
https://doi.org/10.1080/2162402X.2015.1008342
https://doi.org/10.1093/carcin/bgt034
https://doi.org/10.1002/path.4188
https://doi.org/10.3324/haematol.2013.101071
https://doi.org/10.1016/j.it.2010.05.004
https://doi.org/10.1002/1097-0142(19890201)63:3<496::AID-CNCR2820630318>3.0.CO;2-K
https://doi.org/10.1007/s00262-004-0548-2
https://doi.org/10.1158/1078-0432.CCR-04-1448
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Wagner et al. Radiochemotherapy Alters Tumor-Infiltrating Dendritic Cells

against tumor-associated antigens and survival. J Transl Med. (2007) 5:62.
doi: 10.1186/1479-5876-5-62

52. Nakayama Y, Inoue Y, Minagawa N, Katsuki T, Nagashima N, Onitsuka
K, et al. Relationships between S-100 protein-positive cells and
clinicopathological factors in patients with colorectal cancer. Anticancer

Res. (2003) 23:4423–26.
53. GulubovaMV, Ananiev JR, Vlaykova TI, Yovchev Y, Tsoneva V,Manolova IM.

Role of dendritic cells in progression and clinical outcome of colon cancer. Int
J Colorectal Dis. (2012) 27:159–69. doi: 10.1007/s00384-011-1334-1

54. Schwaab T, Weiss JE, Schned AR, Barth RJ Jr. Dendritic cell
infiltration in colon cancer. J Immunother. (1991) 24:130–7.
doi: 10.1097/00002371-200103000-00007

55. Suzuki A, Masuda A, Nagata H, Kameoka S, Kikawada Y, Yamakawa M, et al.
Mature dendritic cells make clusters with T cells in the invasive margin of
colorectal carcinoma. J Pathol. (2002) 196:37–43. doi: 10.1002/path.1018

56. Gai XD, Song Y, Li C, Lei YM, Yang B. Potential role of plasmacytoid dendritic
cells for FOXP3+ regulatory T cell development in human colorectal
cancer and tumor draining lymph node. Pathol Res Pract. (2013) 209:774–8.
doi: 10.1016/j.prp.2013.08.011

57. Lamarthée B, de Vassoigne F, Malard F, Stocker N, Boussen I, Médiavilla
C, et al. Quantitative and functional alterations of 6-sulfo LacNac
dendritic cells in multiple myeloma. Oncoimmunology. (2018) 7:e1444411.
doi: 10.1080/2162402X.2018.1444411

58. Vermi W, Micheletti A, Finotti G, Tecchio C, Calzetti F, Costa S,
et al. slan+ monocytes and macrophages mediate CD20-dependent B-cell
lymphoma elimination via ADCC and ADCP. Cancer Res. (2018) 78:3544–59.
doi: 10.1158/0008-5472.CAN-17-2344

59. Shinto E, Hase K, Hashiguchi Y, Sekizawa A, Ueno H, Shikina A,
et al. CD8+ and FOXP3+ tumor-infiltrating T cells before and after
chemoradiotherapy for rectal cancer. Ann Surg Oncol. (2014) 21(Suppl
3):S414–21. doi: 10.1245/s10434-014-3584-y

60. Teng F, Mu D, Meng X, Kong L, Zhu H, Liu S, et al. Tumor infiltrating
lymphocytes (TILs) before and after neoadjuvant chemoradiotherapy and its
clinical utility for rectal cancer. Am J Cancer Res. (2015) 5:2064–74.

61. Teng F, Meng X, Kong L, Mu D, Zhu H, Liu S, et al. Tumor-
infiltrating lymphocytes, forkhead box P3, programmed death ligand-1, and
cytotoxic T lymphocyte-associated antigen-4 expressions before and after
neoadjuvant chemoradiation in rectal cancer. Transl Res. (2015) 166:721–
32.e1. doi: 10.1016/j.trsl.2015.06.019

62. Jarosch A, Sommer U, Bogner A, Reißfelder C, Weitz J, Krause M,
et al. Neoadjuvant radiochemotherapy decreases the total amount of tumor
infiltrating lymphocytes, but increases the number of CD8+/Granzyme

B+ (GrzB) cytotoxic T-cells in rectal cancer. Oncoimmunology. (2017)
7:e1393133. doi: 10.1080/2162402X.2017.1393133

63. McCoy MJ, Hemmings C, Anyaegbu CC, Austin SJ, Lee-Pullen TF, Miller
TJ, et al. Tumour-infiltrating regulatory T cell density before neoadjuvant
chemoradiotherapy for rectal cancer does not predict treatment response.
Oncotarget. (2017) 8:19803–13. doi: 10.18632/oncotarget.15048

64. Klug F, Prakash H, Huber PE, Seibel T, Bender N, Halama N, et al. Low-dose
irradiation programs macrophage differentiation to an iNOS+/M1 phenotype
that orchestrates effective T cell immunotherapy. Cancer Cell. (2013) 24:589–
602. doi: 10.1016/j.ccr.2013.09.014

65. Zitvogel L, Galluzzi L, Kepp O, Smyth MJ, Kroemer G. Type I
interferons in anticancer immunity. Nat Rev Immunol. (2015) 15:405–14.
doi: 10.1038/nri3845

66. Sistigu A, Yamazaki T, Vacchelli E, Chaba K, Enot DP, Adam J, et al. Cancer
cell-autonomous contribution of type I interferon signaling to the efficacy of
chemotherapy. Nat Med. (2014) 20:1301–9. doi: 10.1038/nm.3708

67. Burnette BC, Liang H, Lee Y, Chlewicki L, Khodarev NN, Weichselbaum RR,
et al. The efficacy of radiotherapy relies upon induction of type I interferon-
dependent innate and adaptive immunity. Cancer Res. (2011) 71:2488–96.
doi: 10.1158/0008-5472.CAN-10-2820

68. Harlin H, Meng Y, Peterson AC, Zha Y, Tretiakova M, Slingluff
C, et al. Chemokine expression in melanoma metastases associated
with CD8+ T-cell recruitment. Cancer Res. (2009) 69:3077–85.
doi: 10.1158/0008-5472.CAN-08-2281

69. Zumwalt TJ, Arnold M, Goel A, Boland CR. Active secretion of CXCL10
and CCL5 from colorectal cancer microenvironments associates with
GranzymeB+ CD8+ T-cell infiltration. Oncotarget. (2015) 6:2981–91.
doi: 10.18632/oncotarget.3205

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Wagner, Hölig, Wilczkowski, Plesca, Sommer, Wehner, Kießler,

Jarosch, Flecke, Arsova, Tunger, Bogner, Reißfelder, Weitz, Schäkel, Troost, Krause,

Folprecht, Bornhäuser, Bachmann, Aust, Baretton and Schmitz. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Immunology | www.frontiersin.org 16 March 2019 | Volume 10 | Article 602

https://doi.org/10.1186/1479-5876-5-62
https://doi.org/10.1007/s00384-011-1334-1
https://doi.org/10.1097/00002371-200103000-00007
https://doi.org/10.1002/path.1018
https://doi.org/10.1016/j.prp.2013.08.011
https://doi.org/10.1080/2162402X.2018.1444411
https://doi.org/10.1158/0008-5472.CAN-17-2344
https://doi.org/10.1245/s10434-014-3584-y
https://doi.org/10.1016/j.trsl.2015.06.019
https://doi.org/10.1080/2162402X.2017.1393133
https://doi.org/10.18632/oncotarget.15048
https://doi.org/10.1016/j.ccr.2013.09.014
https://doi.org/10.1038/nri3845
https://doi.org/10.1038/nm.3708
https://doi.org/10.1158/0008-5472.CAN-10-2820
https://doi.org/10.1158/0008-5472.CAN-08-2281
https://doi.org/10.18632/oncotarget.3205
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Neoadjuvant Radiochemotherapy Significantly Alters the Phenotype of Plasmacytoid Dendritic Cells and 6-Sulfo LacNAc+ Monocytes in Rectal Cancer
	Introduction
	Materials and Methods
	Patients and Study Design
	Immunohistochemistry
	Immunofluorescence Staining
	Statistical Analysis

	Results
	nRCT Significantly Increases the Frequency of pDCs in Rectal Cancer
	nRCT Does Not Significantly Modulate the Frequency of Rectal Cancer-Infiltrating slanMo
	nRCT Significantly Enhances the Proportion of GrzB-Expressing CD8+ T Cells in Rectal Cancer
	nRCT Increases the Proportion of iNOS- or TNF-α-Expressing slanMo in Rectal Cancer
	nRCT Significantly Increases the Proportion of CD83+ pDCs in Rectal Cancer
	nRCT Significantly Enhances the Percentage of IFN-α-Expressing pDCs in Rectal Cancer
	Rectal Cancer-Infiltrating pDCs Express the Chemokines CXCL10 and CCL4

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


