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ABSTRACT

Background Onco-immunogenic molecule CD155 is
overexpressed in various tumor microenvironments (TME)
including in colorectal cancer (CRC). Tumor-associated
macrophages (TAMs) are the most abundant immune cells
in CRC TME and play a vital role in CRC progression and
metastasis. Most studies have focused on investigating the
role of CRC cell-specific CD155 on CRC progression, while
the contribution of TAMs-specific CD155 is still unknown.
Here, we sought to investigate the expression pattern of
CD155 in CRC TAMs and its role in tumor immunity and
progression.

Methods CD155 expression patterns in CRC TAMs and
macrophages in paratumor or adjacent normal tissue were
analyzed in 50 patients with CRC using flow cytometry and
in 141 patients with CRC using immunohistochemistry.
The correlation of CD155 expression level in TAMs with
M1 and M2 phenotypic transition was analyzed. The role
of macrophage-specific CD155 in CRC progression and
tumor immune response was investigated in vitro and in
vivo. We further analyzed the effect of CRC cells on the
regulation of CD155 expression in macrophages.

Results CRC TAMs from clinical samples showed
robustly higher expression of CD155 than macrophages
from paratumor and adjacent normal tissues. The CD155
expression level was higher in TAMs of CRC at lll/IV

stages compared with the I/l stages and was negatively
associated with the survival of patients with CRC. CD155*
TAMs showed an M2 phenotype and higher expression of
interleukin (IL)-10 and transforming growth factor (TGF)-j3.
CD155" macrophages promoted CRC cell migration,
invasion, and tumor growth supporting the findings

from the clinical tissue analysis. This effect was mainly
regulated by TGF-B-induced STAT3 activation-mediated
release of matrix metalloproteinases (MMP)2 and MMP9 in
CRC cells. CD1557 bone marrow transplantation in wild-
type mice, as well as CD155— macrophages treatment,
promoted the antitumor immune response in the mice
ectopic CRC model. Additionally, CRC cells released IL-4 to
trigger CD155 expression in macrophages indicating the
regulatory role of CRC cells in the development of CD155*
TAMSs.

Conclusions These findings indicated that CD155"

TAMs are responsible for the M2-phenotype transition,
immunosuppression, and tumor progression in CRC. The

1

specific localization of CD155" TAMs in CRC tissue could
turn into a potential therapeutic target for CRC treatment.

BACKGROUND

Colorectal cancer (CRC) is the third most
diagnosed cancer (10.0%) and the second
leading cause of cancer death (9.4%) world-
wide.! * Data from 2020 showed >1.9million
new CRC cases and 935,000 deaths, repre-
senting approximately 1 in 10 cancer deaths.
In recent years, the development of effective
cancer screening and preventive measures
has successfully improved the outcome of
localized CRC treatment. However, distant
metastasis to vital organs and postoperative
recurrence are the major causes of CRC-
related death.” The tumor microenvironment
(TME) consisting of various non-cancerous
cells, such as regulatory T cells, tumor-
associated macrophages (TAMs), endothe-
lial cells, etc, plays an important role in the
antitumor immune response, angiogenesis,
cancer progression, and metastasis.*° Recent
studies have revealed that CD155 is overex-
pressed in the TME of various cancers, such as
lung cancer, melanoma, and colon cancer.”®
CD155 was originally identified as a poliovirus
receptor expressed on the surface of hema-
topoietic and non-hematopoietic cells.” The
CD155 expression level is associated with the
pathophysiology and therapeutic efficacy in
various cancers, including CRC.'M However,
the cell types expressing CD155 in the CRC
TME and their role in the pathophysiology of
CRC are still unknown.

TAMs are the most abundant immune
cells in the TME and play a vital role in the
progression and immunogenicity of various
cancers including CRC." " The functional
heterogeneities of TAMs are associated with
phenotypic subsets, that is, tumor-inhibiting
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MI-like and tumor-promoting M2-like macrophages.'* '°

Under normal circumstances, the biological function of
M2 macrophages is to inhibit inflammation and promote
tissue repair.'” M2 TAMs enhance cancer cell invasion,
regulate T cell function, and promote tumor progres-
sion.'”” Moreover, M2 macrophages present in TAMs
suppress the antitumor immune response of T cells and
disrupt immune cell interactions resulting in an immuno-
suppressive CRC TME."™ ' A recent study has confirmed
higher CD155 messenger RNA expression in TAMs.”
Similarly, CD155 is overexpressed in CRC tissue and
prevents the apoptosis of cancer cells.”’ However, the
CD155 expression pattern in CRC TAMs and its role in
CRC pathophysiology should still be unraveled.

In this study, we aimed to investigate: (1) the protein
expression pattern of CD155 in CRC TAMs using clinical
tissue samples from CRC patients, (2) the role of CD155
expression levels in macrophages on M1 and M2 polar-
ization in the TME, and (3) the role of CD155 expression
levels in macrophages on the pathophysiology of CRC.

METHODS

Patients with CRC and tissues

This study recruited 50 patients with histologically proven
CRC who underwent surgery at the Third Affiliated
Hospital of Sun Yatsen University between 2019 and
2021. CRC tissue, paratumor intestinal tissue (within 2cm
from the tumor edge), and adjacent normal intestinal
tissue (2cm away from the tumor edge) were collected.
A blood sample (8 mL) from each patient was collected
in an EDTA vial. Patients’ demographic, clinical informa-
tion, and histopathological data were presented in online
supplemental table 1. Patients with preoperative anti-
tumor treatments (neoadjuvant radiotherapy or chemo-
therapy) were excluded. All patient specimens were
obtained with written informed consent. In addition,
paraffin sections of samples from a total of 141 patients
with complete clinical data who were diagnosed with
CRC at Third Affiliated Hospital of Sun Yatsen Univer-
sity between 2009 and 2012 were used to detect CD155
expression on TAMs with immunohistochemistry, and the
clinicopathological parameters were presented in online
supplemental table 1.

Processing of human samples

A standard Ficoll (Biosharp, China) procedure was
utilized to obtain peripheral blood mononuclear cells
(PBMCs).* Tumor-infiltrating mononuclear cells were
isolated as described previously.” Briefly, freshly resected
human colorectal tissue samples (within 2hours) were
minced by scissors into 2—-4mm diameter pieces and
digested in 2.5mg/mL collagenase IV and 2.5mg/mL
DNase containing RPMI 1640 (Gibco) media at 37°C for
lhour. The enzymatic reaction was stopped by adding
phosphate buffered saline (PBS) to a double volume
of the sample. Afterward, the homogenate was filtered
through a 70 pm cell strainer and centrifuged at 1500 rpm

for 5min. To isolate tumor-infiltrating mononuclear cells,
30% and 70% Percoll (Cytiva, USA) was utilized during
centrifugation at 2500 rpm for 20 min. Next, the tumor-
infiltrating mononuclear cells were washed with PBS and
resuspended in RPMI 1640 medium to obtain a single-cell
suspension. The remaining methods can be seen in the
online supplemental material.

Statistical analysis

Data were presented as means+SD. Quantitative data
were analyzed using t-test or one-way analysis of variance.
For flow cytometry data, FlowJo software (Tree Star) was
utilized for every individual sample. The cut-off value
of CD155 integrated optical density was determined by
the median value of CD155 density in macrophages, and
Kaplan-Meier survival curves were plotted using patient
survival data and tested by log-rank test. SPSS V.22.0
(Chicago, USA) and Prism V.7.0 (California, USA) soft-
ware were adopted for data analysis. *p<0.05; **p<0.01;
#Ep<0.001; **#%p<0.0001 and ns, not significant. P value
<0.05 was considered to indicate a statistically significant
difference.

RESULTS

TAMs in CRC tissues showed higher expression of CD155 and
exhibited an M2-phenotype

The CDI155 expression in macrophages was determined
with flow cytometry in paired blood samples, normal
tissues, paratumor tissues, and tumor tissues from 50
patients with CRC. Gating strategies to investigate the
proportion of various immune cells in samples were
presented in online supplemental figure S1. The results
showed that intratumoral macrophages expressed a
higher level of CD155 than non-tumor tissue macro-
phages and peripheral macrophages (figure 1A-C, online
supplemental figure S2A). Tumor tissue showed a higher
number of CD155" TAMs than the paratumor tissue.
Similarly, paratumor tissues showed a higher number of
CD155" TAMs than the adjacent normal intestinal tissue.
In addition, immunofluorescence and immunohisto-
chemistry staining exhibited higher numbers of CD155"
TAMs in CRC tissue than paired adjacent normal intes-
tinal tissue (online supplemental figure S2B-G). The
number of macrophages (CD68" cells) in the TME was
robustly higher than in adjacent normal tissue (online
supplemental figure S2C-G). The percentage of CD155"
TAMs in tumor tissue was higher in patients with CRC
with disease stages III/IV than in those with disease stages
I/1I, indicating the clinical relevance of intratumoral
CD155" TAMs in CRC (figure 1D). The phenotype of
CD155" TAMs was further analyzed based on the levels
of cell surface inhibitory receptors, cytokines, and macro-
phage polarization markers. CD155" TAMs from CRC
tissue showed higher expression of cell surface inhibi-
tory receptors T-cell immunoglobulin and mucin domain
3 (TIM-3), lymphocyte-activation gene 3 (LAG-3), and
programmed cell death protein- 1 (PD-1) (figure 1E).
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Figure 1 CD155" TAMs were predominant in CRC tissue and showed an M2 macrophage phenotype. (A) Representative
FACS images showed the expression patterns of CD155 on macrophages from the paired blood samples, normal tissues,
paratumor tissues, and tumor tissues of patients with CRC (gated on CD68" cells). (B) Quantitative analysis of CD155"
macrophages from the FACS analysis (n=50). (C) Percentage of CD155" macrophages presented in paired blood samples

and tumors, paired normal tissues and tumors, paired paratumor tissues and tumor tissues, and paired normal tissues and
paratumor tissues of patients with CRC (n=50). (D) Percentage of CD155" TAMs in CRC tissue of patients with tumor stages I/
Il and llI/IV. (E) Expression pattern of TIM-3, LAG-3, and PD-1 on CD155- and CD155" TAMs presented in CRC tissues (n=15).
(F) Expression pattern of IL-10, TNF-co, and IL-12 in CD155- and CD155* TAMs presented in CRC tissues (n=15). (G) Expression
pattern of the M1 phenotype marker CD86 and the M2 phenotype marker CD206 in CD155* TAMs (n=50). (H) Kaplan-Meier
analysis of overall survival according to low and high CD155 expression in 141 patients with CRC. Data were presented as
mean=SD. A significant difference between the groups, **p<0.01, **p<0.001, and ***p<0.0001. CRC, colorectal cancer; FACS,
fluorescence activated cell sorter; IL, interleukin; LAG-3, lymphocyte-activation gene 3; ns, no significant difference; PD-1,
programmed cell death protein-1; TAM, tumor-associated macrophages; TIM-3, T-cell immunoglobulin and mucin domain 3;

TNF, tumor necrosis factor.

The expression of the M2 phenotype markers inter-
leukin (IL)-10 and transforming growth factor (TGF)-3
were elevated and the M1 phenotype marker IL-12 was
reduced in CD155" TAMs compared with CD155— TAMs

in human CRC tissues (figure 1F, online supplemental
figure S2E,H). However, the inflammatory marker tumor
necrosis factor-o expression pattern was similar in CD155"
TAMs and CD155- TAMs (figure 1F). We further analyzed
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the typical M1 and M2 cell surface markers in TAMs,
and the M2 marker CD206 was more highly expressed
on CD155" TAMs compared with the M1 marker CD86
(figure 1G).

CD155* TAMs were negatively associated with the survival of
patients with CRC

CD8" T cells are the most powerful effectors in the anti-
cancer immune response. The percentage of CD155"
TAMs was negatively correlated with CD8" T cells in
CRC tissues (online supplemental figure S3). Among the
50 patients with CRC, 3 patients diagnosed with lymph
node metastasis were used for further study. Metastasized
lymph nodes showed a higher number of CD155" TAMs
than the primary tumor (online supplemental figure $4).
These results indicated that CD155" TAMs selectively
accumulate in the CRC tissues and lymph node metasta-
sized tumors with a protumor M2-like phenotype creating
favorable conditions for cancer progression. According to
the median value of CD155 density in TAMs, patients with
CRC who underwent surgery with complete follow-up
data were divided into a CD155" TAMs high group (n=48,
online supplemental table 1) and a CD155" TAMs low
group (n=93, online supplemental table 1), and the read-
outs showed a negative association between the frequency
of CD155" TAMs and the prognosis of patients with CRC
(figure 1H, online supplemental figure S5).

CD155 level in macrophages regulates their phenotypic and
functional transition

We analyzed the biological function of M2 polarized
CD155" macrophages in vitro using the human mono-
cyte cell line THP-1 and the mouse macrophage cell
line RAW264.7. The THP-1 cells were differentiated into
macrophages by incubation with 100 ng/mL 12-myristate
13-acetate (PMA, Sigma, USA) in RPMI 1640 medium for
24hours, and the CD68 expression was determined by
fluorescence activated cell sorter (FACS) (online supple-
mental figure S6A,B). THP-1 and RAWZ264.7-derived
macrophages showed higher expression of CD155 than
the human PBMCs-derived and mouse bone marrow-
derived macrophages, respectively (online supplemental
figure S6C,D). This could be due to the tumor origin
of THP-1 and RAW264.7 cells. Therefore, in this study,
we used THP1 and RAW264.7-derived macrophages as
models of CD155 overexpressing macrophages (CD155")
for in vitro studies. To create CD155 knockdown macro-
phages (CD155-), THP-1 and RAW264.7 cells were
transfected with the sh-CD155 expression virus (online
supplemental figure S6EJF). Then, puromycin was
utilized to select resistant colonies, that is, 2pg/mL for
THP-1 cells and 6pg/mL for RAW264.7 cells (online
supplemental figure S6G,H). The expression of CD155
was downregulated in stable transformants of THP1
(figure 2A-D) and RAW264.7 cells (online supplemental
figure S7A-D) as confirmed by flow cytometry, real time
quantitative PCR (RT-qPCR), and Western blot analysis.

After treatment with lipopolysaccharide (LPS)+inter-
feron (IFN)-y, CD155—- human macrophages showed
a higher M1 polarization concomitant with increased
CD86 expression compared with CD155" macrophages
(figure 2E-G). After treatment with IL-4+IL-13, CD155-
human macrophages showed a reduced M2 polariza-
tion commitment with reduced CD206 expression
(figure 2H-]). A similar trend of CD86 and CD206 expres-
sion was observed in M1 and M2-induced CD155—- mouse
macrophages compared with CD155" macrophages
(online supplemental figure S7E,F). The M1 marker
IL-12 was enhanced in Ml-induced CD155- human
macrophages compared with CD155" human macro-
phages (figure 2K). The protein expression levels of M2
markers IL-10 and TGF- were reduced in M2-induced
CD155- human macrophages compared with CD155"
human macrophages (figure 2L). These results suggested
the role of CD155 levels in the phenotypic transition and
function of macrophages.

CD155* macrophages promoted the migration and invasion of
CRC cells

Macrophages and CRC cells co-culture showed that
CD155- human and mouse macrophages inhibited CRC
cell migration and invasion compared with the respective
CD155" macrophages (figure 3A,B, online supplemental
figure S8A,B). The CD155— macrophages did not affect
the CRC cell cycle and apoptosis compared with CD155"
macrophages (figure 3C,D, online supplemental figure
S8C,D). CD155" macrophages did not affect the CRC cell
proliferation rate (figure 3E, online supplemental figures
S8E and 9A,B). These results indicated the regulatory
role of the CD155 expression level in macrophages on
CRC cell migration and invasion.

CD155* macrophages induced MMPs expression and
activated pSTAT3 signaling in CRC cells

The migratory and invasive potential of CRC cellsis depen-
dent on matrix metalloproteinases (MMPs) anchored on
the cell surface.** Thus, we speculated that MMPs may
play a role in macrophage-mediated CRC invasion and
migration. CRC cells co-cultured with CD155— macro-
phages showed reduced expression of MMP2 and MMP9
compared with the CRC cells co-cultured with CD155"
macrophages (figure 3F,G, online supplemental figure
S8E,G).

STAT3 signaling mediated CRC cell migration and
invasion.” ** CRC cells co-cultured with CD155— macro-
phages showed reduced expression of pSTAT3 compared
with the CRC cells co-cultured with CD155" macrophages.
Inhibition of STAT3 signaling by tofacitinib in CRC cells
during co-culture with CD155" macrophages reduced the
expression of p-STAT3, MMP2, and MMP9 in CRC cells
(figure 3H, online supplemental figures SSH and S9C,D).
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Figure 2 CD155 level in macrophages determined phenotypic transition and function. Expression pattern of CD155 in THP-1
cells, NC-CD155 transfected THP-1 (hCD155%), and sh-CD155 transfected THP-1 (hCD155-) cells analyzed by FACS (A), RT-
gPCR (B), and Western blot analysis (C and D). (E-G) CD86 expression patterns in LPS+IFN-y-treated hCD155" and hCD155-
macrophages. (H-J) CD206 expression patterns in IL-4+IL-13-treated hCD155" and hCD155- macrophages (gated on CD68*
cells). (K) IL-12 and TNF-o protein expression patterns in LPS/IFN-y-treated hCD155" and hCD155- macrophages. (L) IL-10
and TGF- protein expression patterns in IL-4/IL-13-treated hCD155" and hCD155- macrophages. Data were presented as
mean=SD, n=3. A significant difference between the groups, *p<0.05, **p<0.01, **p<0.001, ***p<0.0001. FACS, fluorescence
activated cell sorter; IL, interleukin; IFN, interferon; LPS, lipopolysaccharide; mRNA, messenger RNA; ns, no significant
difference; RT-qPCR, real time quantitative PCR; TGF, transforming growth factor; TNF, tumor necrosis factor.

CD155" macrophage-produced TGF-p promoted the migration

and invasion of CRG cells possibly via activation of the STAT3/
MMPs signaling cascade

TGF-B was overexpressed in M2-induced CD155" macro-
phages compared with CD155— macrophages (figure 2L).
TGF-B, an M2 macrophage phenotype marker, induces
cancer cell invasion.?” * We further analyzed the possible
role of CD155" M2 macrophage-produced TGF-$ on CRC
cell migration and invasion. Inhibition of TGF-f signaling
by galunisertib in CRC cells during co-culture with CD155"
macrophages reduced the expression of pSTAT3, MMP2,
and MMP9Y in CRC cells (figure 3H, online supplemental

figures SSH and S9C,D), as well as the migration and inva-
sion of CRC cells (online supplemental figure S10). Inter-
estingly, the inhibition of STAT3 signaling during CRC
cells and CD155" macrophage co-culture dramatically
reduced the migration and invasion of CRC cells (online
supplemental figure S10). Taken together, we speculated
that CD155" macrophages participated in CRC progres-
sion via TGF-B-mediated activation of the STAT3/MMPs
cascade in CRC cells.
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Figure 3 CD155" macrophages (THP-1-derived) enhanced the migration and invasion of human CRC cells. The migration
(A), invasion (B), cell cycle status (C), apoptosis (D), and proliferation rate (E) of CRC cells (HTC116) during co-cultured with
hCD155* or hCD155- macrophages. Scale bar: 100um. (F and G) MMPs expression in CRC cells during co-cultured with
hCD155* or hCD155- macrophages. (H) Expression pattern of MMPs and pSTAT3/STAT3 in CRC cells during co-cultured with
hCD155* or hCD155- macrophages with or without inhibition of STAT3 or TGF-p signaling. Data were presented as mean+SD,
n=3. A significant difference between the groups, **p<0.01, **p<0.001, and ****p<0.0001. ns, no significant difference.
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CD155" macrophages suppressed CD8" T-cell proliferation antitumor immune response. To investigate whether
and function CD155" macrophages regulated CD8" T-cell func-
CD8" T cells are the most powerful effectors in the tion in the TME, CD8" T cells were isolated using
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interferon; ns, no significant difference.

immunomagnetic beads from healthy subjects or normal
mice (online supplemental figure SI1A-D). CD155" or
CD155- macrophages were co-cultured with anti-CD3/
CD28-stimulated CD8" T cells for 3days. CD155" macro-
phages inhibited and CD155— macrophages enhanced
the proliferation of cytotoxic CDS8" T cells (figure 4A,B,
online supplemental figure S12A,B). IFN-y and granzyme
B (GZMB) are polyfunctional phenotype markers of CD8"
T cells. CD155" macrophages inhibited the expression of
IFN-y and GZMB in cytotoxic CD8" T cells compared with
CD155- macrophages (figure 4C-F, online supplemental
figure S12C-F). The high and low levels of CD155 in
macrophages were not related to CDS8" Tecell apoptosis
(figure 4G,H, online supplemental figure S12G,H).

CRC cells induced CD155 expression in macrophages
The phenotypic transition of macrophages was analyzed
during co-culture with CRC cells. CD14" monocytes

from human peripheral blood and mouse bone marrow
cells were induced to differentiate into macrophages
(figure 5A,B, online supplemental figure S11E,F and
S13A,B).CD155 expression on human and mouse primary
macrophages was relatively low and was not affected
during the period of macrophage transition (online
supplemental figure S14). The expression patterns of
CD155, CD206, and CD86 were analyzed in macrophages
co-cultured with CRC cells, Ml-induced macrophages,
and M2-induced macrophages. Macrophages co-cultured
with CRC and M2-induced macrophages alone showed
higher expression of CD155 than Ml-induced macro-
phages (figure 5C,F, online supplemental figure S13C,F).
M2-induced macrophages showed the highest expression
of CD206 compared with macrophages co-cultured with
CRC cells and Ml-induced macrophages (figure 5D,G,
online supplemental figure S13D,G). Macrophages
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Figure 5 CRC cells triggered CD155 expression in human macrophages. (A) Microscopic images of differentiating
macrophages from human PBMC-derived monocytes. Scale bar: 50 um. (B) CD68 expression pattern during macrophagic
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(F-H) Statistical analysis of CD155 expression, CD206 expression, and the ratio of CD206 to CD86 in macrophages during co-
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co-cultured with CRC cells and M2-induced macrophages
alone showed a similar pattern of CD206:CD86 expres-
sion ratio (figure 5E,H, online supplemental figure
S13E,H). These results indicated that CRC cells increased
the expression of CD155 in macrophages and the M2:M1
ratio creating a favorable TME for cancer growth. IL-4
and IL-13 are the key inducers of M2-like TAM polar-
ization in the TME.* * Our results showed higher
expression of IL-4 in CRC cells than in normal intestinal
epithelial cells (online supplemental figure S15A,C).
There was no obvious difference in IL-13 expression in
CRC cells and normal intestinal epithelial cells (online
supplemental figure S15B,D). Moreover, CD155 expres-
sion decreased in primary macrophages co-cultured with
CRC cells with anti-IL-4 antibody treatment compared
with the macrophages co-cultured with CRC cells without
anti-IL-4 antibody treatment (online supplemental figure
S15E-H). These results suggested that IL-4 secreted by
CRC cells may trigger CD155" macrophage expansion
with a protumor M2-like phenotype.

Bone marrow transplantation from CD155” mice inhibited
ectopic CRC tumor growth in wild-type mice

To explore the protumor effect of CD155" macrophages
in vivo, two subcutaneous CRC models (CT26 cells in
BALB/c and MC-38 cells in C57BL/6 mice) were estab-
lished. Cd155” mice were purchased from Shanghai
Model Organisms (Shanghai, China), and a bone marrow
transplantation (BMT) from these null mice into irradi-
ated wild-type mice (C57BL/6) was performed to popu-
late a BM with CD155 null monocytes (figure 6A-C,
online supplemental figure S16A,B). Then, the subcu-
taneous tumor model was established with MC-38 CRC
cells. online supplemental figures $17,18a Cd155” BMT
mice inhibited tumor growth compared with the wild-type
mice as indicated by the tumor size, weight, and volume
(figure 6D-F). Tumor cells from the Cd155” BMT group
showed lower tumor vessels and proliferation, and a
higher cell apoptosis rate than those from the wild-type
group as indicated by CD31, Ki-67, and Tunel staining
(figure 6G—J). These results indicated the direct role of
CD155" macrophages on CRC progression.

To better understand the tumor growth-promoting
effect of CD155" macrophages, we analyzed the T-cell
subpopulations in tumor tissues. CD155" TAMs expres-
sion was relatively low in the tumor tissue from the Cd155~
“ BMT group compared with the wild-type group (online
supplemental figure S16A,B). The Cd155" BMT group
showed a higher percentage of CD8" T cells than the wild-
type group (figure 7A,B). However, there was no obvious
difference in the percentage of CD4" T cells (figure 7C).
Interestingly, the CD8"/CD4" ratio was increased in the
Cd155” BMT group compared with the wild-type group
(figure 7D). Immunofluorescence staining of tumor
sections showed increased infiltration of CD8" T cells
in tumor tissues of the Cd155” BMT group compared
with that of the wild-type group (figure 7E,F). IFN-y and
GZMB expression was higher in the Cd155” BMT group

than wild-type group (figure 7G—J). Taken together, these
results indicated that the increased infiltration of CD8" T
cells could be a factor for tumor growth inhibition in the
Cd155™ BMT group.

In addition, the proportion of MIl-like TAMs
(CD11b'F4/80"CD86") was increased in the Cd155" BMT
group (figure 7K,L), and the proportion of M2-like TAMs
(CD11b'F4/80"CD206") was decreased in the Cd1557"
BMT group (figure 7M,N) compared with the wild-type
group. Besides, the MMPs, TGF-B, and p-STAT3/STAT3
expression levels were decreased in the Cd155”" BMT
group compared with the wild-type group (figure 70,P,
online supplemental figure S16C-F). The original macro-
phages in BALB/c mice were depleted by clodronate lipo-
some injection intraperitoneally two times a week (online
supplemental figures S17,18a). Similar trends in the
results from Cd155”" BMT mice group were observed in
macrophage ablated BALB/c mice treated with CD155—
macrophage (online supplemental figures S18 and S19).
Collectively, our results suggested that CD155" TAMs
are responsible for tumor cell progression possibly via
suppression of the adaptive anticancer immune response.

DISCUSSION

CD155 is an onco-immunogenic molecule associated with
tumor growth, progression, and metastasis.” Previous
studies have reported the overexpression of CD155 in the
CRC TME.""*! TAMs are the most abundant immune cells
in the CRC TME and play a vital role in CRC progres-
sion and metastasis.”’ However, the CD155 expression
levels in CRC TAMs and the role of CRC TAMs-specific
CD155 in cancer progression and the anticancer immune
response have not been reported yet. We found overex-
pression of CD155 in CRC TAMs compared with macro-
phages in paratumor and adjacent normal tissues. The
CD155 level was higher in TAMs of CRC at III/IV stages
than that at I/1I stages, and the CD155" TAMs were nega-
tively associated with the survival of patients which indi-
cates a positive correlation of CD155 expression levels in
TAMs with CRC progression. In addition, CD155" TAMs
showed an M2 phenotype and enhanced CRC cell migra-
tion, invasion, and tumor growth. Moreover, CD155"
TAMs inhibited CD8" T-cell proliferation and function
as well as the CD8"/CD4" T=cell ratio indicating its role
in cancerinduced immunosuppression. On the other
hand, CRC cells enhanced CD155 expression in macro-
phages indicating the stimulatory role of CRC cells in
the development of CD155" TAMs. Taken together, our
results indicate that CD155" TAMs are responsible for
the M2-phenotype transition, immunosuppression, and
tumor progression in CRC.

CD155 expression was robustly higher in RAW264.7
and THP-1-derived macrophages than in primary
macrophages derived from mouse BM cells and human
monocytes, respectively. Therefore, CD155 was knocked
down in THP-1 and RAW264.7 cells by using a set of
distinct CD155 shRNAs. TIM3, LAG3, and PD-1 are the
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images of tumor tissue sections showed tumor morphology (H&E staining), blood vessels (CD31 IHC), cell proliferation (Ki-

67 IHC), and apoptosis (TUNEL). Scale bar: 50 ym. (H-J) Quantitation of blood vessels, proliferation rate, and apoptosis rate

in tumor tissue sections. Data were presented as mean+SD, n=5. A significant difference between the groups, **p<0.01and

***p<0.001. BM, bone marrow; BMT, bone marrow transplantation; CRC, colorectal cancer; IHC, immunohistochemistry; WT,
wild-type.

key immune checkpoint molecules in immune cells of  than CD155— CRC TAMs. A previous study has reported
various cancers including CRC.*' CD155" CRC TAMs the TAMs-specific overexpression of PD-1 and its inhibi-
showed higher expression of TIM3, LAG3, and PD-1 tory role in phagocytosis and tumor immunity.32 This is
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the first study to report the expression pattern of TIM3,
LAGS3, and PD-1 in CD155" TAMs indicating the possible
role of CD155" TAMs in CRC immunity.

In vitro, LPS+IFN-y treatment in CD155" macrophages
resulted in a reduced expression of CD86 and IL-12
compared with that of CD155— macrophages. In contrast,
IL-4+IL-13 treatment in CD155" macrophages resulted
in a higher expression of CD206, IL-10, and TGF-B
compared with that of CD155— macrophages. The results
from clinical CRC tissues also indicated higher expression
of the M2-specific cytokine TGF- in CRC tissues. Taken
together, CD155" macrophages showed a higher tendency
to polarize toward M2 macrophages. M2 macrophages
in the TME trigger CRC progression and metastasis.”
However, the role of CD155" TAMs in CRC progression
and metastasis has not yet been investigated. Our in vitro
study showed that CD155" macrophages exhibit an M2
phenotype and promote CRC cell migration and inva-
sion. Furthermore, Cd155” BMT robustly inhibited
tumor growth in the CRC ectopic model compared with
wild-type mice, supporting the findings from the clinical
study.

CRC TME showed higher expression of CD155 and
TGF-B, and CD155" macrophages showed robustly higher
expression of TGF-f than the CD155- macrophages.
TAMs have been reported to regulate pancreatic ductal
adenocarcinoma progression via TGF-B signaling.™
Moreover, TGF-B signaling activates STAT3 to promote
cancer invasion and metastasis.”> CD155" macrophages
and CRC cells co-culture activated STAT3 in CRC cells.
STATS3 activation regulated MMP2 and MMP9 expression,
tumor invasion, and metastasis.”® Overexpressed MMPs
in the TME regulated matrix remodeling, angiogenesis,
cell signaling, and migration.”” MMP2 and MMP9 over-
expressed in the serum and TME of CRC and promoted
CRC progression, angiogenesis, and metastasis.”® * In this
study, CD155" macrophages induced MMP2 and MMP9
production in CRC cells. Inhibition of STAT3 signaling
prevented CD155" macrophage-induced MMP2/MMP9
production, migration, and invasion of CRC cells. More-
over, inhibition of TGF-B signaling inhibited STAT3
activation, MMP2/MMP9 expression, migration, and
invasion of CRC cells. Taken together, CD155" macro-
phages promoted CRC progression and invasion via the
TGF-B-mediated STAT3/MMPs axis.

CD8" T cells are the most powerful effectors in the
anticancer immune response. TAMs promoted CD8"
Tecell dysfunction and tumor growth.* M2 macrophage-
released IL-10 in the TME inhibits the CD8" T cell-
dependent response to chemotherapy.*' In contrast, M1
macrophages release IL-12 which enhances the prolifera-
tion and cytotoxic activity of CD8" T cells.* In the current
study, CD155" TAMs showed robustly higher expression
of IL-10 and lower expression of IL-12 than CD155-
TAMs. The CD155 expression level in TAMs is inversely
correlated with the number of CD8" T cells in the CRC
TME. A high CD8'/CD4" T-cell ratio is associated with a
favorable prognosis in various cancers including CRC.****

The number of CD155" TAMs inversely correlated with
the CD8*/CD4" T-cell ratio in the CRC TME. In co-cul-
ture, CD155" macrophages inhibited CDS' T cells’ prolif-
eration and the expression of IFN-yand GZMB compared
with CD155— macrophages. Similarly, Cd155" BMT
increased the CD8" T-cell level, and CD8"/CD4" T cells’
ratio in the CRC ectopic model compared with wild-
type mice. In addition, IFN-y and GZMB levels were also
increased in the Cd155” BMT group compared with the
wild-type group. Our results indicated the possible inhib-
itory role of CD155" TAM-released higher levels of 1L-10
and TGF-B, and reduced level of IL-12 on CD8" Twcell
proliferation and function causing anti-CRC immune
suppression.

Cancer cells created a favorable TME for their growth
and progression by modulating the function of immune
cells.” CRC cells have been reported to promote exosome-
mediated M2 macrophage polarization.*® In this study,
CD155 expression was relatively low and stable during the
monocyte—-macrophage transition. Macrophages co-cul-
tured with CRC cells showed higher CD155 expression
and CD206/CD86 expression ratio. CRC cell-produced
I1-4 increased the M2/M1 TAMs ratio.”” When primary
macrophages are co-cultured with CRC cells with anti-
IL-4 antibody treatment, the increased CD155 expression
can be neutralized. Thus, increased M2/M1 ratio and
CD155 expression in macrophages co-cultured with CRC
cells might be the effect of CRCreleased IL-4. Further in
vivo studies blocking I1-4 signaling is necessary to validate
this hypothesis.

This study extensively analyzed the expression pattern
of CD155 in CRC TAMs and investigated its role in CRC
progression and immunosuppression using clinical
samples, in vitro studies, and mouse ectopic CRC models.
However, we did not investigate the molecular mechanism
of CD155-mediated macrophage polarization, which is
the key limitation of this study.

In conclusion, CD155" TAMs were robustly higherin the
TME than in the peripheral blood and adjacent normal
tissue of patients with CRC. CD155 overexpression in
TAMs correlated with M2 macrophage polarization, CD8"
T-cell proliferation and function, and tumor progression.
In vitro and in vivo studies showed the stimulatory role
of CD155" macrophages in CRC cell migration/inva-
sion and tumor growth but an inhibitory role in tumor
immunity. CRC cells seemed to stimulate CD155 expres-
sion in macrophages and M2 polarization, indicating the
possible role of CD155 in the crosstalk of macrophages
and cancer cells within the CRC TME. Taken together,
CD155" TAMs are responsible for M2-phenotype tran-
sition, immunosuppression, and tumor progression in
CRC. The specific localization of CD155" TAMs in CRC
tissue and paratumor tissue could turn into a potential
therapeutic target for CRC treatment.
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