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Peritoneal carcinomatosis of colorectal cancer is characterized by structural
and functional reorganization of the tumor microenvironment inducing
senescence and proliferation arrest in cancer cells
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ABSTRACT ARTICLE HISTORY
Background: Peritoneal carcinomatosis (PC) is a terminal evolution from primary colorectal cancer (pCRC) Received 29 June 2016
associated with poor patient survival. Impact of the immune cell infiltrate on PC pathogenesis is unknown. Revised 21 September 2016

Therefore, we characterized the immunological tumor microenvironment regarding proliferation, ~ Accepted 23 September 2016
senescence and neovascularization. Methods: Formalin-fixed and paraffin-embedded (FFPE) tissue of PC KEYWORDS

and pCRC was examined by immunohistochemistry. Cells infiltrating resected tissue were isolated and Peritoneal carcinomatosis;
analyzed by flow cytometry. PCR arrays detected the expression of genes relevant for helper T (Ty) cell proliferation; senescence;
responses, like Ty1, Ty2 and Ty17 response. Results: PC tumor cells demonstrate significantly lower tumor milieu; Ty1; Ty17
proliferation rates than pCRC, but show significantly more senescence. PC is surrounded by significantly

increased numbers of cytotoxic active Natural Killer (NK) cells, follicular helper T cells (Try) and B cells,

whereas pCRC shows more CD4" T, cells, CD8* cytotoxic T (T¢) cells, eosinophilic granulocytes, Ty;17 and

regulatory T (T,eg) cells. PC is characterized by significantly increased interferon-y (IFNy), an upregulation

of tumor necrosis factor (TNF) and the NK cell-regulating cytokine interleukin-15 (IL-15). An upregulation

of angiogenesis-related genes, like vascular endothelial growth factor-A (VEGF-A), leads to severe

neovascularization in PC. Correlations of PC results reveal that elevated numbers of interleukin-17 (IL-17)

positive cells are associated with high cancer cell proliferation, whereas high numbers of IFNy positive

cells correlate with more tumor cells in senescence. Conclusion: The cellular immune reaction is modified

during metastasis, inducing senescence in PC tumor cells. Immune surveillance in PC is facilitated by NK

cells and high levels of IFNy and TNF. Counteracting this effect, Try and B cells combined with VEGF-A

enhancement promote neovascularization in PC (lllustration 1).
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lllustration 1. Overview of immune response in primary CRC and PC.
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During metastasis from primary CRC to PC the immune cell infiltrate changes, accompanied by the
induction of senescence in PC cancer cells (marked red): In pCRC, the antitumor immune response is
facilitated by CD41Ty cells, CD8*T¢ cells and PRG2" eosinophilic granulocytes. The premetastatic niche
development is promoted by T4 cells and T,17 cells producing systemic factors like VEGF-A, TGF-g and
TNF. Along with Ty and B cells, as with a pro-tumor immune response, they support metastatic formation
and lead to severe neovascularization in PC. This is counterbalanced by the IL-15-induced activation and
proliferation of NK cells. The secreted cytokines IFNy and TNF mediate immunosurveillance.

Abbreviations: ACTB, S-actin; AEC, 3-amino-9-ethylcarbazole; B, B cells; CCL11, chemokine ligand 11; CD, cluster of
differentiation; CDK, cyclin dependent kinase; CDKN2A, cyclin-dependent kinase Inhibitor 2A; Cl, confidence interval;
CRS, cytoreductive surgery; CXCR5, CXC chemokine receptor 5; DAB, 3, 3’-diaminobenzidinetetrahydrochlorhydrate;
DNA, DNA; EGF, epidermal growth factor; FACS, fluorescence activated cell sorting; FCS, fetal calf serum; FFPE, for-

malin-fixed and paraffin-embedded; Foxp3, forkhead box P3; H3K9me3, tri-methyL-histone H3; HBSS, Hank’s Bal-
anced Salt Solution; HIPEC, hyperthermic intraperitoneal chemotherapy; HPF, high-power field; HRP, horseradish
peroxidase; IFNy, interferon-y; IL, interleukin; ILC, innate lymphoid cells; IL-15, interleukin-15; Ki-67, Kiel-67; mRNA,
mRNA; MHC, major histocompatibility complex; NK cells, natural killer cells; PC, peritoneal carcinomatosis; PCNA,
proliferating cell nuclear antigen; PCR, polymerase chain reaction; pCRC, primary colorectal cancer; PRG2, proteogly-
can 2; p21Cip‘, cyclin-dependent kinase inhibitor 1; RNA, ribonucleic acid; RPMI, Roswell Park Memorial Institute;
RUNXT, runt-related transcription factor 1; SD, standard deviation; STAT, signal transducers and activators of tran-
scription; Tc cells, cytotoxic T cells; T cells, follicular helper T cells; TGF- 8, transforming growth factor-g; Ty cells,
helper T cells; TNF, tumor necrosis factor; T,.q cells, regulatory T cells; UICC, union internationale contre le cancer;

VEGF-A, vascular endothelial growth factor-A

Introduction

Peritoneal carcinomatosis (PC) is a frequent terminal evolution
from primary colorectal cancer (pCRC).! Current multimodal
therapies contain the combination of cytoreductive surgery,
hyperthermic intraperitoneal chemotherapy and systemic che-
motherapy, but cannot provide consistent long-term survival.**
Currently, no marker exists to predict which patients benefit
from these aggressive treatments.

PC develops from tumor propagation per continuitatem
or due to contamination during resection of the primary
tumor. Neoplastic cells spread transcoelomic, attach to the
mesothelial surface and invade the peritoneal surface to
become vascularized.” Especially the postoperative inflam-
mation and the immunological modifications involved in
wound healing seem to aggravate the implantation of tumor
cells.®

“Tumor-promoting inflammation” and “avoiding immune
destruction” are emerging hallmarks of cancer’ and the link
between tumor-associated inflammation and tumor progres-
sion is recognized.® In pCRC, a distinct immune response is
involved in tumor development and progression.” The produc-
tion of pro-inflammatory cytokines potentially leads to muta-
tions in oncogenes and tumor suppressor genes (Adenomatous
polyposis coli (APC) gene, tumor suppressor p53 and Kirsten
rat sarcoma viral oncogene (KRAS)).'® Immunosurveillance is
executed by cytotoxic T (Tc) cells, natural killer (NK) cells and
helper T (Ty) cells.® In this regard, coordinated Tyl and T¢
lymphocyte infiltration in pCRC is associated with favorable
clinical outcome,''? whereas infiltration with Tgy17 cells is
linked to poor prognosis."

The impact of immune cells on pCRC tumorigenesis and
prognosis is recognized, but unclear for PC of colorectal origin.
Therefore, we characterized the microenvironment of PC com-
pared with pCRC. This study demonstrates that the cellular
immune reaction is modified during peritoneal metastasis,
inducing senescence in PC tumor cells.

Results

Cancer cells of peritoneal carcinomatosis show less
proliferation and increased senescence

Since the impact of the tumor microenvironment on PC
tumorigenesis is unclear, we determined proliferation and
senescence by immunohistochemical staining. To evaluate pro-
liferation rates (PR) Ki-67, proliferating cell nuclear antigen
(PCNA) and cyclin D1 were used as markers. Senescence rates
(SR) were determined by the senescence markers tri-methyr-
histone H3 (H3K9me3), cyclin-dependent kinase inhibitor 1
(p21“?Y)  and cyclin-dependent kinase Inhibitor 2A
(CDKN2A), which codes for the protein p16™**A, With PC
patients having a short-life expectancy, we expected highly pro-
liferating cancer cells, which are often a feature of aggressive
cancers.'* Surprisingly, our results revealed the contrary, where
tumor cells in PC demonstrate significantly lower PR than
tumor cells in pCRC, but show significantly higher numbers of
senescent cells (Table 1) (Figs. 1A and B; for 10 x magnification
of all immunohistochemical staining see Supporting Figs. 1A-
O). A positive correlation between the two markers for prolifer-
ation Ki-67 and cyclin D1 emphasizes the concordance of these
results (p = 0.034; n = 34). These findings indicate that the
tumor microenvironment in the peritoneum facilitates senes-
cence in cancer cells after metastasis of pCRC to PC has
occurred.

Metastasis of primary colorectal cancer to peritoneal
carcinomatosis is accompanied by distinct changes in the
immune cell infiltrate

To determine the immune cell infiltrate of the tumor
microenvironment, human samples of PC and pCRC were
stained for cluster of differentiation 4 (CD4%), CD8™,
CD20, CD79a, CD138, CXC chemokine receptor 5
(CXCR5) and proteoglycan 2 (PRG2) by immunohis-
tochemistry. The PC tumor microenvironment is dominated
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Table 1. Significantly lower proliferation and significantly higher senescence rates in PC cancer cells compared with pCRC.

PC (Rate/HPF)

pCRC (Rate/HPF)

Cell Division Rate Mean =+ SD 95% Cl n Mean + SD 95% Cl n p
Proliferation
Ki-67 0.16 £ 0.10 0.12-0.19 35 0.30 £0.15 0.24-0.37 23 0.0006
PCNA 0.17 £0.10 0.14-0.21 39 048 £0.13 043 £ 0.52 39 <0.0001
Cyclin D1 0.10 £ 0.04 0.09-0.12 39 0.20 £ 0.07 0.18-0.22 41 <0.0001
Senescence
H3K9me3 0.39+0.18 0.33-0.45 37 0.05 £ 0.09 0-0.11 10 <0.0001
p21¢P! 0.23 £ 0.09 0.20-0.26 39 0.16 £ 0.12 0.12-0.20 42 0.0005
CDKN2A 0.60 £+ 0.12 0.56-0.64 40 0.22 £0.12 0.18-0.26 42 <0.0001

Abbreviations: PC, peritoneal carcinomatosis; pCRC, primary colorectal cancer; Rate, ratio of positive stained cancer cells divided by all cancer cells; HPF, high-power field;
SD, standard deviation; Cl, confidence interval; Ki67, PCNA and cyclin D1 as proliferation markers; H3K9me3, pZ1C'p1 and CDKN2A as senescence markers.

by significantly higher numbers of CXCR5™ follicular helper
T (Tgy) cells, CD20" B cells and a tendency to more
CD79a" and CDI138" plasma cells in comparison with
pCRC. Whereas pCRC shows significantly higher levels of
CD4" Ty cells, and also elevated levels of CD8' T cells
and PRG2" eosinophilic granulocytes compared with PC
(Table 2) (Figs. 2A-F). Fluorescence activated cell sorting
(FACS) analyses of CD4" and CD8* expression support
these findings (Supporting Fig. 2A). To verify these results
polymerase chain reaction (PCR) arrays were performed
(Figs. 3A and B; for summary of all PCR array results see
Supporting Figs. 3A-D). Concordant with our immunobhis-
tochemistry results arrays revealed a downregulation of the
Tc cell marker CD8A and chemokine ligand 11 (CCL11) in
PC, compared with pCRC. CCL11 is able to activate eosino-
phils and induce eosinophilic chemotaxis. In addition, the
arrays reveal strong upregulation of interleukin-15 (IL-15)
in PC, compared with pCRC. IL-15 regulates NK cell acti-
vation and proliferation. In this regard, via immunohis-
tochemistry, we were able to show that the area
surrounding PC is dominated by significantly higher num-
bers of CD57% NK cells, compared with pCRC (Table 2)
(Fig. 4A).

To investigate how cytotoxicity evolves regarding spatiotem-
poral changes of the tumor microenvironment, FACS analyses
of NK cells in different tumor stages were performed. Primary
CRC without metastasis (pCRC), primary CRC with synchro-
nous PC by time of diagnosis (sPC), and metachronous PC
(mPC) were tested as different entities. First, overall increased
numbers of CD561 NK cells in sPC and mPC, compared with
PCRC, are detectable (Fig. 4B). Regarding cytotoxicity of NK
cells, augmented perforin® and interferon-y (IFNy)-secreting
CD56" cells were located in sPC and mPC. Additionally, NK
cells in sPC and mPC showed expression of the degranulation
marker CD107a (Supporting Fig. 2C). These findings demon-
strate substantially more cytotoxic active NK cells are present
in synchronous and metachronous PC, compared with primary
CRC.

In summary, cellular immune reactions are modified in the
process of metastasis. Tumor immunity changes from a Ty; and
T cell-dominated antitumor immune response in pCRC to a B
and Tgy cell-mediated pro-tumor immune response in PC,
counterbalanced by cytotoxic effects executed by NK cells.

After metastatic formation tumor immune surveillance
is facilitated by high levels of IFNy and TNF

Previous studies show that the balance of IL-17 and IFNy
affects tumor activity of colitis-associated CRC.">'® To identify
cytokines potentially influencing cancer cell division rates,
human samples of PC and pCRC were stained for IFNy, IL-
17A and forkhead box P3 (Foxp3). Foxp3 functions as a tran-
scription factor of regulatory T (T,g) cells, which play a role in
CRC pathogenesis and metastasis.'””'® IL-17 promotes tumori-
genesis, whereas IFNy acts against tumors.

Primary CRC reveals significantly higher levels of IL-
177Ty17 cells and F0xp3+Treg cells than PC (Table 2)
(Figs. 5A and B). FACS analyses of CD3"CD4*Foxp3™
lymphocyte expression (Supporting Fig. 2B) and PCR array
results (Fig. 3A) support these findings. In contrast, PC
shows significantly increased numbers of IFNy™ cells, com-
pared with pCRC (Table 2) (Fig. 5C). We verified these
results with PCR arrays (Figs. 3A and B), demonstrating an
upregulation of genes encoding for IFNy and tumor necro-
sis factor (TNF) in PC. The different IL-17 subtypes (IL17-
A, -C, -D, -F) are present at the same levels in both groups,
but their receptors (IL-17R) are upregulated in pCRC com-
pared with PC.

In the presence of TNF, IFNy leads to growth arrest by
inducing senescence in tumor cells."”” In support of this idea,
we were able to show a significant positive correlation between
patients with high levels of IFNy and increased numbers of
senescent cells (p = 0.035; n = 35).

Therefore, Tyy17 and T, cells at the primary tumor site
(pCRC) seem to support tumor progression and metastasis. After
metastatic formation has occurred (PC), local tumor immune
surveillance is facilitated by high levels of IFNy and TNF.

Severe neovascularization characterizes the peritoneal
carcinomatosis tumor microenvironment

Tumor metastasis and invasiveness is associated with neovascu-
larization induced by hypoxia. The above mentioned PCR
arrays reveal an upregulation of angiogenesis-related genes like
vascular endothelial growth factor-A (VEGF-A), CD34, runt-
related transcription factor 1 (RUNXI), transforming growth
factor-$1 (TGF-p1) and TGF-B3 in samples of PC (Figs. 3A
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Figure 1. High senescence and low proliferation rates of tumor cells in peritoneal carcinomatosis. (A) Immunohistochemical staining for Ki-67, PCNA and cyclin D1 reveal
significantly lower tumor cell proliferation rates in PC (n = 35 (Ki-67), n = 39 (PCNA), n = 39 (cyclin D1)) compared with pCRC (n = 23 (Ki-67), n = 39 (PCNA), n = 41
(cyclin D1)). (B) H3K9me3, p21P" and CDKN2A staining reveal a significantly higher tumor cell senescence rates in PC (n = 37 (H3K9me3), n = 39 (p219P"), n = 40
(CDKN2A)) compared with pCRC (n = 10 (H3K9me3), n = 42 (p21c'p1), n = 42 (CDKN2A)). Proliferation rates and senescence rates are defined by the ratio of positive
stained cancer cells to all cancer cells per HPF. Cells were counted in five HPF per patient (20 x magnification; Mean and SD are marked in graph; ***p < 0.001); PC, peri-
toneal carcinomatosis; pCRC, primary colorectal cancer; HPF, high-power field.

and B). TGF-8 mediates neovascularisation and influences the angiogenesis. CD34 is expressed on capillary endothelium and
balance of Ty17 and T, cells. RUNX1 regulates the differenti- haematopoietic precursors. To prove that PC is more vascular-
ation of haematopoietic stem cells into mature blood cells. ized than pCRC, human samples were stained for CD34. PC
VEGF-A increases vascular permeability and induces reveals significantly more angiogenesis than pCRC (Table 3)
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Table 2. Significant differences in the immune cell infiltrate and the effector cytokines of PC compared with pCRC.

PC (Cells/HPF) pCRC (Cells/HPF)

Immune Cells Markers Mean =+ SD 95% Cl n Mean =+ SD 95% Cl n p
Try cells CXCR5 53+£18 41-66 10 21£10 13-29 9 0.0009
B cells CD20 51+£32 27-74 10 14+11 6-22 10 0.0029
Plasma cells CD79a 63 £ 43 32-94 10 31+£28 11-51 10 0.0544

(D138 45439 16-73 10 21+£20 7-35 10 0.0887
Ty cells D4 55+24 38-72 10 286 + 144 175-397 9 <0.0001
Tc cells D8 77 £ 45 44-109 10 124 + 88 61-187 10 0.2150
Eosinophils PRG2 0+2 0-0 10 1+1 0-2 10 0.0019
NK cells CD57 26 £ 11 18-34 10 13+6 9-17 10 0.0068
Treg Foxp3 4+2 2-5 10 14+9 8-21 10 0.0013
Cytokines IL-17 37 +47 21-52 36 64 + 54 47-81 43 0.0002

IFNy 35422 25-46 20 4+4 3-6 20 <0.0001

Abbreviations: PC, peritoneal carcinomatosis; pCRC, primary colorectal cancer; HPF, high-power field; SD, standard deviation; Cl, confidence interval; Ty, follicular helper T
cells; Ty, helper T cells; T, cytotoxic T cells; NK, natural killer cells; T,eq, regulatory T cells; IL-17, interleukin-17; IFNy, interferony.

(Fig. 5D). These results demonstrate that PC tumor cells and
the surrounding immune infiltrate stimulate the production of
angiogenetic factors, resulting in severe neovascularization.

Tumor cell division rates of peritoneal carcinomatosis are
influenced by the balance of IFNy and IL-17

To investigate how the unique immunological tumor microen-
vironment of PC impacts tumor progression, immunohisto-
chemical results were correlated with tumor cell senescence
and proliferation. Remarkably, elevated IL-17 levels in PC
show a significant positive correlation with increased tumor
cell PR (p = 0.04; n = 34), whereas high levels of IFNy demon-
strate a significant positive correlation with elevated levels of
senescent cells (p = 0.035; n = 35). Furthermore, statistical
analyses of PC samples revealed a negative correlation between
the cell-cycle inhibitor and marker for senescence CDKN2A
and the marker for capillary endothelium CD34 (p = 0.026; n
= 9). This suggests, depending on the tumor microenviron-
ment, either severe neovascularization or senescent tumor cells
dominate PC. Proliferation and SR were independent of PC
extent, as neither Ki-67 nor H3K9me3 correlated with patient
peritoneal cancer index. Therefore, the balance of IL-17 and
IFNy influences tumor cell division rates and tumor progres-
sion, depending on the most predominant cytokine.

Discussion

It is known that the pathogenesis and prognosis of pCRC are
influenced by the associated immune cell infiltrate,'™'"'* but
this is unclear for PC of colorectal origin. Our current studies
were conducted to characterize the immunological tumor
microenvironment of PC and its impact on cancer cell prolifer-
ation and neovascularisation. With PC associated with short
life expectancy, one would suspect highly proliferating cells
being a feature of an aggressive tumor. Surprisingly, our results
demonstrate the contrary, where cancer cells in PC are senes-
cent and show proliferation arrest compared with pCRC.

Cell proliferation is a biological process to maintain tissue
homeostasis. We assessed proliferation activity in PC and CRC
by proliferation markers (Ki-67, PCNA and cyclin D1).*° The
Ki-67 antigen is expressed during the late G1, S, G2 and M

phase of the cell cycle, whereas resting cells (GO phase) lack Ki-
67 expression.”’ PCNA is expressed during the DNA synthesis
and is a cofactor for the DNA polymerase, which is elevated
during the G1/S phase of the cell cycle.”* Cyclin D1 is a regula-
tory subunit of cyclin-dependent kinases 4 (CDK4) and CDK®,
whose activity is required for cell cycle G1/S transition.”**
Each of the proliferation markers demonstrated a significant
proliferation arrest in PC compared with CRC, suggesting that
the cell cycle is delayed in PC by the action of several control
stages. A low number of proliferating cells, as found in PC, sug-
gests growth arrest in cancer cells, probably due to cellular
senescence.

Senescent cells are metabolically active, but in growth arrest,
usually with a G1 DNA content, and fail to initiate DNA replica-
tion. This is caused by the expression of cell-cycle inhibitors, like
cyclin-dependent kinase inhibitors p21“*' and p16™** . A
pivotal hallmark of senescence is senescence-associated hetero-
chromatin foci (SAHF). SAHF regions are enriched in chromatin
repression marks like trimethylation of lysine 9 in histone 3
(H3K9me3).”**” H3K9me3 plays a key role in cancer immune
surveillance by T cells and has been described as responsible for
immune evasion and progression in colon carcinoma.*®
CDKN2A codes for the protein p16™<*4, which inhibits CDK4
and CDK6 and thereby blocks transition from G1 to S-phase.”*°
p16™ % also has been shown to have a causative role in SAHF
formation.” p21“P' mediates the p53-dependent cell cycle G1
phase arrest in response to a variety of stress stimuli by inhibit-
ing the activity of CDK2 or CDK4 complexes.”” All these senes-
cence markers (H3k9me3, CDKN2A and p21“P") demonstrated
significantly higher SR in PC compared with CRC. Senescent
tumor cells have been shown to be subject to enhanced immu-
nosurveillance.” In summary, this set of data suggests that PC
cells have evolved senescence as tumor escape mechanism lead-
ing to evasion from chemotherapeutic treatment.

The tumor microenvironment of PC is characterized by sig-
nificantly increased numbers of NK cells. NK cells play a crucial
role in tumor immunosurveillance, where they control tumor
growth, dissemination and recurrence®* by releasing cytotoxic
granzymes, [FNy, TNF-« and the pore-forming protein per-
forin, inducing programmed cell death.”® By secreting IFNy,
the infiltrating NK cells in PC are highly cytotoxic active and
appear simultaneously with high levels of TNF. Braumdiiller
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Figure 2. Distinct changes in the immune cell infiltrate accompany the metastasis of primary colorectal cancer to peritoneal carcinomatosis. (A) Immunohistochemical
staining of PC shows significantly higher levels of CXCR5*Tg, cells (n = 10) compared with pCRC (n = 9). (B) Significantly higher numbers of CD20" B cells (n = 10) are
detected in PC in comparison with pCRC (n = 10). (C) PC demonstrates a tendency to higher levels of CD79a™ (n = 10) and CD138™ (n = 10) plasma cells in comparison
with pCRC (n = 10). (D) Significantly higher levels of CD4* T, cells (n = 9) appear in pCRC compared with PC (n = 10). (E) pCRC reveals a tendency to elevated numbers
of CD8™T¢ cells (n = 10) compared with PC (n = 10). (F) Samples of pCRC show significantly higher numbers of PRG2" eosinophilic granulocytes (n = 10) compared with
samples of PC (n = 10). Cells were counted in five HPF per patient (20x magnification; Mean and SD are marked in graph; n.s. p > 0.05; “p < 0.01; **p < 0.007;

skt

et al. identified that the combined action of the Tyl-derived
IFNy and TNF directly induces permanent growth arrest in
cancer cells.'” Therefore, NK cell induced senescence is a
potential mechanism of immune cell-facilitated tumor surveil-
lance in PC.

Furthermore, our findings potentially explain why current
chemotherapeutic agents used in PC treatment, particularly

p < 0.0001); PC, peritoneal carcinomatosis; pCRC, primary colorectal cancer; HPF, high-power field.

targeting rapidly dividing cells, are not as effective as they are
in pCRC. We therefore suggest that the Ki-67 index in resected
tissues from exploratory laparotomy could serve as prolifera-
tion marker to determine which of the advanced tumor patients
would likely benefit from cytoreductive surgery combined with
hyperthermic intraperitoneal chemotherapy. In breast cancer,
immunohistochemical assessment of Ki-67 has successfully
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Figure 4. Peritoneal carcinomatosis reveals higher levels of cytotoxic active NK cells compared with primary colorectal cancer. (A) Significantly elevated numbers of
CD57*NK cells (n = 10) were detected by immunohistochemistry in samples of PC in comparison with samples of pCRC (n = 10). Cells were counted in five HPF per
patient (20 x magpnification; Mean and SD are marked in graph; **p < 0.01); PC, peritoneal carcinomatosis; pCRC, primary colorectal cancer; HPF, high-power field. (B)
Flow cytometry analyses of CD56™, CD56 " Perforin™, CD56TIFNy™ and CD567CD107a™ cells reveal higher expressions in synchronous and metachronous PC compared

with pCRC. Dotplots show T cells pre-gated on CD45" and CD3™ cells.

been used for the prognosis and prediction of chemotherapeu-
tic responsiveness.”®

We also investigated how the immune cell infiltrate changes
during the progression from pCRC to PC. Bindea et al. empha-
size that immune reactions evolve with tumor progression.”” T
cell subpopulations are highly expressed at early CRC stages. In
contrast, the density of B, Try and antigen-presenting cells
increases with late tumor stages. With PC being defined as
UICC stage IV of CRC it shows high levels of Tgy, B and
plasma cells, but significantly fewer CD4* Ty and CD8" T cells
compared with pCRC, consistent with the study of Bindea et al.
Try cells support the differentiation of antigen-specific B cells
into memory and plasma cells. Increased Tgy cell activity is

involved in lymphoma development.*® B cells promote tumor
progression via STAT3 regulated-angiogenesis.*

Looking at immune responses facilitating metastasis, IL-17"
Tyul7 cells and Foxp3™ T, cells are significantly higher in
PCRC. Ty17 cell recruitment to the primary tumor site inhibits
antitumor immunity and enhances metastasis.'®** Supporting
this theory, IL-17 deficiency prevents metastasis in colon cancer
models.*! Treq cells suppress NK and CD8" T cells, increasing
tumor growth, invasion and migration from the primary tumor
site.*> Additional studies are needed to investigate the impact
of intestinal permeability and bacterial translocation on perito-
neal metastasis, considering this is known in colorectal cancer
and late stages of liver disease.*>**
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Figure 5. Composition of the tumor microenvironment changes during metastasis from primary colorectal cancer to peritoneal carcinomatosis. (A) Immunohistochemical
staining shows significantly higher numbers of IL-17A*T,;17 cells in pCRC (n = 43) compared with PC (n = 36). (B) Significantly higher levels of Foxp3+Treg cells (n = 10)
were found in pCRC compared with PC (n = 10). (C) Significantly elevated numbers of IFN}/Jr cells (n = 20) were detected in PC in comparison with pCRC (n = 20). (D)
Significantly more capillary endothelium was found in samples of PC (n = 10) compared with samples of pCRC (n = 10). Cells were counted and area of capillary endothe-
lium was measured in five HPF per patient (20 x magnification; Mean and SD are marked in graph; **p < 0.01; ***p < 0.001; ****p < 0.0001); PC, peritoneal carcinoma-

tosis; pCRC, primary colorectal cancer; HPF, high-power field.

Primary tumors effect distant sites to become pre-metastatic
niches by producing systemic factors like VEGF-A, TGF-8 and
TNE.** PC being rich in VEGF-A, TGF-8 and TNF indicates a
successful pre-metastatic niche development that has pro-
gressed to metastatic formation. This is mediated by the lack of
Tyl cells in PC, supporting epithelial tumor seeding,* the
abundance of TNF, promoting tumor growth in experimental
models of colitis-associated cancer,”” and by TGF-B, facilitating
tumor growth, invasion and metastasis in advanced stages of
CRC.*® All of these factors, and the mentioned high levels of B
and Tgy cells, support neovascularization.

Table 3. Significantly more angiogenesis in PC compared with pCRC.

Tumor angiogenesis is mediated by several key angiogenic
mediators, such as VEGF-A, and is crucial for the growth and
dissemination of tumor cells. VEGF-A is induced by hypoxia
and is a target of the TGF-8 signaling pathway.*’ Consistent
with this mechanism our results show significantly more neo-
vascularization in the PC microenvironment. Additionally, a
negative correlation between CD34 enrichment and high SR
was observed. This is congruent with a study of Foersch et al.,
demonstrating, that the lack of VEGFR2 signaling in colorectal
cancer cells is accompanied by an upregulation of various
markers for cellular senescence.™

PC (Sq Inch/HPF)

Angiogenesis Mean £+ SD 95% Cl n

pCRC (Sq Inch/HPF)

Mean £ SD 95% Cl n p

(D34 49134 25-73 10

09405 0.5-15 10 0.0089

Abbreviations: PC, peritoneal carcinomatosis; pCRC, primary colorectal cancer; Sq Inch, area of capillary endothelium in square inches; HPF, high-power field; SD, standard

deviation; Cl, confidence interval.
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Therefore, VEGF-A antibodies are a promising approach to
treat PC patients. Monoclonal antibodies against VEGF- (Beva-
cizumab) and EGF-receptors (Cetuximab) are currently being
used in metastatic CRC, depending on molecular markers
(KRAS and BRAF mutations),”’ and have already shown a

PR =

characteristic staining of the whole slide. Negative and positive
stained tumor cells were counted via Image] (National Insti-
tutes of Health, USA) cell counter function. For determination
of the PR, we analyzed the proliferation markers Ki-67, PCNA
and cyclin D1. The PR is defined as:

number of proliferating cancer cells

benefit in long-term survival.”>>* Further studies are needed to
determine, if blocking angiogenic mediators could improve
long-term survival, especially for the subgroup of PC patients,
who show an extended level of neovascularization.

~ number of proliferating cancer cells + number of non — proliferating cancer cells

For determination of the SR, we analyzed the senescence
markers H3K9me3, p21“?' and CDKN2A. The SR is defined
as:

number of senescent cancer cells

SR =

In summary (Illustration 1), our studies reveal that metasta-
sis of primary CRC to PC is accompanied by changes in the
immune cell infiltrate inducing senescence. Angiogenesis-
related factors promote extensive neovascularization. The bal-
ance between anti- and pro-tumor effects influences cancer cell
division rates.

Methods
Patients

FFPE samples of patients (n = 38) who had tumor surgery on PC
of colorectal origin between 2004 and 2008 were analyzed. The
control group consisted of patients (n = 45) who had tumor sur-
gery between 2004 and 2011 on pCRC without a diagnosed metas-
tasis. FACS analysis was performed with samples of patients (n =
8) treated with tumor surgery in 2014. The study was conducted
at the Department of Surgery, University Medical Center Regens-
burg, Germany, according to the principles of Helsinki and
approved by the Local Ethics Committee (No. 14-101-0014).

Immunohistochemistry

FFPE samples were stained with anti-human antibodies for
CXCR5 (Sigma-Aldrich, HPA042432), IFNy (Abcam,
ab25101), PRG2 (Sigma-Aldrich, HPA038515), Ki-67 (Abcam,
ab16667), H3K9me3 (Cell Signaling, #9733S), PCNA (Cell Sig-
naling, #13110), p21“'" (Cell Signaling, #2947), cyclin D1 (Cell
Signaling, #2978), CDKN2A (Abcam, ab54210), CD34 (Ven-
tana, 790-2927), Foxp3 (eBioscience, 14-4776) and IL-17 (R&D
Systems, AF-317-NA). Immunohistochemical staining for
CD4%, CD8*, CD57, CD20, CD79a and CD138 were provided
by the Department of Pathology, University Medical Center
Regensburg. For quantifying positive cell staining five high-
power fields (HPFs; 20 x magnification) were counted per slide
by two independent examiners.

To define proliferation and SR each tumor slide was manu-
ally scanned with a microscope at 20x magnification. We cap-
tured five areas per slide (five HPFs) with each showing a

number of senescent cancer cells + number of non — senescent cancer cells

RNA isolation and PCR array

RNA was extracted from FFPE samples using the RNeasy FFPE
Kit (Qiagen, Hilden, Germany), as described by the manufac-
turer. A pool of 10 PC samples was compared with a pool of 10
pCRC samples. Expression of genes relevant for Tyl, T2 and
Tul7 cell responses were determined with RT* Profiler PCR
Arrays (Qiagen) using RT? SYBR Green qPCR Mastermix
(Qiagen) and the LightCycler 480 Real-Time PCR System
(Roche Diagnostics, Mannheim, Germany).

Flow cytometry

Single cell suspensions of tumors were stained with anti-human
antibodies specific for CD45 (BD, 560777), CD3 (Miltenyi Bio-
tec, 130-094-363), CD4 (Miltenyi Biotec, 130-094-153 and 130-
094-963), CD8 (Miltenyi Biotec, 130-096-561), CD56 (Beck-
man Coulter, IM2474), CD107a (Miltenyi Biotec, 130-095-
520), IFNy (eBioscience, 11-7319-82), Foxp3 (eBioscience, 25-
1178-42) and perforin (eBioscience, 25-9994-42). Analyses
were performed using a FACSCanto II flow cytometer (BD).

Statistical analysis

Normal distributed data was evaluated by standard two-tailed
Student’s t-tests. Wilcoxon-Mann-Whitney tests were used for
data not showing a normal distribution. Pearson’s correlation,
with bivariate analysis, was used for correlation analysis. Statis-
tics were evaluated with SPSS Statistics software (SPSS GmbH
Software, Munich, Germany). Graph Pad Prism was used to
calculate standard deviation (SD) and 95% confidence interval
(CI) of experimental data sets. p-values < 0 .05 are considered
marginally significant and labeled with an asterisk (*).

For further information regarding methods see Supporting
Material.
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