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SUMMARY

T cells function not only as an essential component of host cancer immunosurveillance but also
as a regulator of colonic inflammation, a process that promotes colorectal cancer. Programmed
death-ligand 1 (PD-L1) is a T cell-negative regulator, but its role in regulation of T cell functions
in the context of colorectal cancer is unknown. We report that global deletion of Cd274 results in
increased colonic inflammation, PD-1* T cells, and inflammation-driven colorectal tumorigenesis
in mice. Single-cell RNA sequencing (SCRNA-seq) analysis revealed that PD-L1 suppresses
subpopulations of programmed cell death protein 1 (PD-1)*Nrp1!° regulatory T (Treg) cells

and interleukin (IL) 6% neutrophils in colorectal tumor. Treg cells produce transforming growth
factor (TGF) B to recruit IL6™ neutrophils. Neutrophils produce IL6 to inhibit activation of
tumor-specific cytotoxic T lymphocytes (CTLs) and primary CTLs. Accordingly, IL6 blockade
immunotherapy increases CTL activation and suppresses colon tumor growth /7 vivo. Our findings
determine that PD-L1 restrains PD-1*Nrp1'°TGFB* Treg cells to suppress 1L6* neutrophil tumor
recruitment to sustain CTL activation to control inflammation-driven colorectal tumorigenesis.

In brief

Poschel et al. observed that loss of host PD-L1 function leads to increased inflammation-driven
colorectal tumorigenesis in mice. Mechanistically, loss of PD-L1 expands the PD-1*Nrp1'°TGFp*
Treg to recruit IL6™ neutrophils to inhibit CTL activation. PD-L1 therefore functions as a
suppressor of inflammation-driven colorectal tumor via restraining PD-1*Nrp1'°TGF* Treg cells.
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INTRODUCTION

The programmed death-ligand 1 (PD-L1) binds to the programmed cell death protein 1
(PD-1) to inhibit T and myeloid cell activation.1~> In human cancer patients and tumor-
bearing mice, PD-L1 expression is elevated and engages PD-1 expressed on T cells to
activate intrinsic SH2 domain-containing tyrosine phosphatase 2 (SHP2) to dephosphorylate
T cell receptor (TCR) and co-stimulatory receptor CD28 to inhibit T cell activation.5.” PD-
L1 also binds to PD-1 expressed on myeloid cells to reprogram myeloid cell metabolism,
regulate myeloid cell differentiation, and repress type | interferon (IFN-1) expression to
impair CTL tumor recruitment.2~* The PD-(L)1 pathway therefore acts as an immune
checkpoint that negatively regulates T cell activation and recruitment in the tumor
microenvironment to promote tumor immune escape. PD-(L)1 immune checkpoint inhibitor
(ICI) immunotherapy has been developed to re-activate the dysfunctional T cells and has
shown durable efficacy in human cancer immunotherapy.8 However, human colorectal
cancer, except for the small subset of microsatellite instability high (MSI-H) colorectal
cancer,® does not respond to PD-(L)1 ICI immunotherapy.8 The mechanism underlying
colorectal cancer non-response to PD-(L)1 ICI immunotherapy is currently unknown.

It has been shown that tumor cell PD-L1 (tPD-L1) alone is sufficient to suppress T cell
activation to promote tumor growth in subcutaneous colon tumor-bearing mice.1° It has also
been shown that host immune cell PD-L1, including PD-L1 of dendritic cells (DCs) and
macrophages, plays the dominant role in suppressing T cell activation to promote tumor
immune evasion in subcutaneous tumor-bearing mice.11-1 These findings thus indicate
that the response of T cells to PD-L1 may depend on the host tumor microenvironment.16-
19 Furthermore, these findings in preclinical subcutaneous tumor mouse models do not
correlate with human cancer patient response to ICl immunotherapy. Meta-analysis of

17 phase 11l randomized clinical trials of 11,166 patients indicates that tPD-L1 level is

the strongest predictor of a better overall survival of squamous cell carcinoma to ICI
immunotherapy,20 but the combined tPD-L1 and immune cell PD-L1 level is the strongest
predictor of better response to ICI immunotherapy in patients with adenocarcinoma.2% Meta-
analysis of 17 clinical trials of 1,746 patients with metastatic breast cancer revealed that
tPD-L1-positive patient had a longer overall survival after ICl immunotherapy.2! These
findings thus indicate that the response of T cells to PD-L1 may depend on the tumor type
and microenvironment,16-19

A unique feature of colorectal cancer is the anatomical location of the tumor in the colon
epithelium, which is in a continual state of low-grade inflammation,22 a process that
promotes tumor development. Furthermore, colonic inflammation and colitis are immune-
related adverse effects of the PD-(L)1 ICI immunotherapy in human cancer patients.23-

25 Administering Fc-fused PD-L1 protein abrogates colonic inflammation and colitis in
experimental colitis mouse models?® and inflammation-inducing agents cause significantly
more severe colonic inflammation and colitis in PD-L1 knockout (KO) mice than in wild-
type (WT) mice.2” PD-L1 therefore also functions as an essential suppressor of colonic
inflammation and colitis.
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We report here that PD-L1 functions as a tumor suppressor under inflammatory conditions
in the cellular context of colorectal cancer. We determine that PD-L1 restrains the

PD-1*Nrp1/°TGFB*Treg/IL6" neutrophils cellular pathway to sustain T cell activation and
host cancer immunosurveillance to suppress inflammation-driven colorectal tumorigenesis.

Global PD-L1 deficiency promotes inflammation-driven colorectal tumorigenesis

Analysis of single-cell RNA sequencing (scRNA-seq) datasets of non-neoplastic human
tissues revealed that PD-L1 is expressed in both epithelial cells and immune cells with

the highest expression level in Langerhans cells, syncytiotrophoblasts, granulocytes, and
extravillous trophoblasts (Figure 1A). To determine the specific cell types that express
PD-L1 in human colon cancer, three representative human colon tumor tissues were stained
with PD-L1-specific antibody by immunohistochemical analysis. PD-L1 is expressed in both
tumor cells and tumor-infiltrating leukocytes (Figure S1A). We then extracted ScCRNA-seq
dataset of human colon cancer patients28 and analyzed PD-L1 expression profile in human
colon tumor in the single-cell level. Low level of PD-L1 is detected in subsets of immune
cells, including B, T, natural killer (NK), innate lymphoid cells (ILCs), and stromal cells.
Tumor cells are the most heterogeneous cell population that express PD-L1. Mast cells
account for a small fraction of tumor-infiltrating immune cells but express high level of
PD-L1. Myeloid cells constitute a large population of tumor-infiltrating immune cells and
express the highest level of PD-L1 (Figure 1B). Among the myeloid cell subpopulations,
monocytes, macrophages and mregDC express high level of PD-L1 (Figure 1C).

Analysis of colorectal tissues of tumor-free mice determined that PD-L1 protein is located
on the surfaces of colorectal epithelial cells and colorectal resident immune cells (Figure
1D). To determine the relative functions of cell type-specific PD-L1 in colorectal cancer,

we made use of the azoxymethane (AOM) and dextran sodium sulfate (DSS)-induced
inflammation-driven colorectal cancer mouse model.2® In the mouse colorectal tumor tissue,
PD-L1 protein is present on the surfaces of both tumor cells and tumor-infiltrating immune
cells (Figure 1E). Further analysis revealed that myeloid cells account for a large fraction

of the tumor-infiltrating immune cells and express PD-L1 (Figure 1E). Taken together, these
findings determine that this inflammation-driven colorectal tumor mouse model resembles
human colorectal cancer in the PD-L1 expression profile.

Myeloid cell PD-L1 has been shown to promote tumor immune evasion in transplanted
subcutaneous tumor mouse models.12:28:30-32 syhcutaneous tumor models are excellent
models but may not resemble the colon tumor microenvironment since it is distant

from the colon. To determine myeloid PD-L1 function in colorectal tumorigenesis under
pathophysiological conditions, we created mice with PD-L1 deletion only in myeloid cells
by crossing Cd274 floxed mouse33 to Lyz-Cre and Mrp8-Cre mice, respectively. Lyz-Cre
generated mice with PD-L1 deletion only in myeloid cells and Mrp8-Cre mice generate mice
with PD-L1 deletion only in neutrophils. Colorectal tumors were then induced in these mice
using AOM-DSS procedure. Analysis of the colorectal tissues determined that knocking out
PD-L1 in myeloid cells or neutrophils has no significant effect on colorectal tumorigenesis
(Figure 1F). We then sought to knock out PD-L1 in all immune cells using adoptive transfer
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of bone marrow (BM) cells from the PD-L1 KO micel3 to lethally irradiated WT recipient
mice to create PD-L1 KO chimera mice.3* Similar to what was observed in myeloid

and neutrophil PD-L1 KO mice, deletion of PD-L1 in immune cells has no significant
effect on colorectal tumorigenesis (Figure 1G). It has also been reported that tumor cell
PD-L1 alone is sufficient to promote tumor immune evasion in a subcutaneous transplanted
colon tumor mouse model.1% We then created mice with PD-L1 deletion only in colorectal
epithelial cells. PD-L1 deletion in colorectal epithelial cells also has no significant effect on
colorectal tumorigenesis (Figure 1F). It has also been reported that both tumor cells and host
PD-L1 are required for suppression of host anti-tumor immune response,13 and our above
findings suggest that colon epithelial cell/tumor cell PD-L1 and host immune cell PD-L1
may compensate each other to promote tumor immune evasion. To test this hypothesis,

we induced colorectal tumor in mice with global PD-L1 deletion. Strikingly, instead of

the expected decrease in tumorigenesis, global deletion of PD-L1 significantly increased
colorectal tumor nodule number and tumor size as compared to WT mice in this sporadic
and inflammation-driven colorectal tumorigenesis mouse model (Figures 1F and 1H).

PD-L1 controls colonic inflammation and restrains PD-1* T cell expansion in colorectal
tumor-bearing mice

PD-L1 KO mice exhibit severe colonic inflammation and inflammation-associated colitis
when treated with the inflammation-inducing agent DSS.2” PD-L1 protein inhibits colonic
inflammation and colitis in mice.26 A major adverse effect of PD-(L)1 ICl immunotherapy
in human cancer patients is colonic inflammation.23 We observed that PD-L1 KO mice
exhibit significant greater body weight loss (Figure 2A) as compared to WT mice when
treated with AOM and DSS. Histological analysis of colorectal tissues revealed that PD-L1
KO mice exhibit a greater degree of colonic inflammation as measured by inflammation
score (Figure 2B).34 At day 21, colorectal adenomas form in WT mice, whereas adenomas
with high-grade dysplasia (HGD) and adenocarcinoma /7 situ (AlS) were observed in PD-L1
KO mice (Figure 2B). At day 79, adenomas with HGD and AIS were observed in WT mice
(Figure 2B). These observations indicate that host PD-L1 controls colonic inflammation to
suppress inflammation-driven colorectal tumorigenesis in mice.

We then analyzed PD-1 level in T cells in tumor-bearing mice. Flow cytometry analysis
indicates that tumor-bearing WT and PD-L1 KO mice have significantly more PD-1* cells
in both CD4* and CD8" T cell populations in the spleens (Figures S1B and S1C). This
observation indicates that loss of PD-L1 leads to a significant expansion of PD-1* T cells in
colorectal tumor-bearing mice.

A high-resolution cellular landscape of PD-L1-deficient mouse colorectal tumor

The above findings determine that loss of PD-L1 function promotes inflammation-driven
colorectal tumorigenesis despite its well-known function in activating functionally exhausted
T cells. To elucidate the mechanisms underlying PD-L1 function as a suppressor in
inflammation-driven colorectal tumor, we dissected tumor tissues from WT and PD-L1

KO mice and analyzed the tumor by scRNA-seq (Figure 3A). A total of 24,000 single

cells passed quality control and were annotated using canonical lineage markers. This
high-level annotation was further confirmed using reference gene signatures.3> Uniform
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manifold approximation and projection (UMAP) visualization identified 28 unique cell
clusters/population in the colorectal tumor tissues (Figure 3B) with unique gene signatures
(Figure S2A). PD-1 transcripts are present in two cell clusters (Figure S2B). Consistent
with the higher PD-1 protein level in T cells of PD-L1 KO mice than in WT mice (Figure
S1), PD-1 transcript level is also higher in these two clusters in PD-L1 KO mice than in
WT mice (Figure S2B). Only one exon in the Cd274 gene was deleted in the PD-L1 KO
micel3 and PD-L1 transcripts are detected in 18 cell clusters. PD-L2 transcripts are detected
in the same 18 cell clusters as PD-L1 (Figure S2B). Tumors from the WT and PD-L1 KO
mice exhibit similar cellular clusters (Figure 3B). Nearest-neighbor clustering identified 12
cell populations (Figure 3C) and each cell population has unique gene signatures (Figures
3D and S3A). Among these 12 cell populations, B cell abundance decreased dramatically
whereas neutrophils and T cells increased. Further analysis of the immune cell population
validated the decreased B cells and increased neutrophils and T cell populations in colorectal
tumors from PD-L1 KO mice (Figure 3D). PD-1 transcript is primarily detected in NK/T
cells, and PD-L1 and PD-L2 are expressed in all major immune cell subpopulations (Figure
S3B). PD-1 level is higher in NK/T cells in PD-L1 KO tumor-bearing mice than in WT
tumor-bearing mice (Figure S3B). Our findings thus determine that decreased B cells, and
increased neutrophils and T cells, are hallmarks of inflammation-driven colon cancer in
mice.

PD-L1 suppresses Nrp1!© regulatory T cell accumulation and TGF@ production

Given the function of PD-L1 as a potent inhibitor of T cells in the tumor
microenvironment1:36:37 and our above observation that PD-L1 KO tumor-bearing mice
have increased PD-1* T cell accumulation, we then analyzed T cell subpopulations in

the single-cell level. Clustering analysis demarcated populations of CD4*, CD8*, y6 T,

and regulatory T (Treg) cells. Surprisingly, the levels of CD4* and CD8" T cells are not
significantly increased in the PD-L1 KO colorectal tumor (Figures 4A and 4B). Treg and

v8 T cells are the major populations of T cells, and Treg cell level increased dramatically

in the PD-L1 KO colorectal tumor (Figures 4A and S1D). Among the Treg cells, the major
change is increase of Nrp1!® subset in PD-L1 KO mice as compared to WT mice (Figure
4B). These Nrp1!° Treg cells co-express PD-1 (Figures 4C and 4D). Flow cytometry analysis
of the AOM-DSS-induced mouse colorectal tumors in PD-L1 KO mice determined that only
0%-11.2% of Treg cells are Nrp1*. Among the Nrp1!9~ Treg cells, 93.2%-96.7% are PD-1*
(Figures 4E-4G). Analysis of human colon tumor scRNA-seq datasets revealed that 0.29%
of tumor-infiltrating Treg cells are Nrp1* and 11.48% of Treg cells express PD-1 (Figures
4H-4)). Flow cytometry analysis shows that 3.8%-33.9% tumor-infiltrating Treg cells are
Nrpl* and 18.9%-87.4% of tumor-infiltrating NRP1!° Treg cells are PD-1* in human colon
cancer patients (Figures 4K and 4L). A consequence of PD-(L)1 blockade is increased Treg
cell accumulation.38-40 Consistent with this phenomenon, the level of PD-1* Treg cells is
significantly higher in colorectal tumor-bearing PD-L1 KO mice than in WT mice (Figure
S1D).

PD-L1 deficiency increases neutrophil accumulation and IL6 production

Neutrophils are a highly heterogeneous population in human cancer patients and tumor-
bearing mice.#142 Our above finding revealed that loss of PD-L1 leads to expansion of
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tumor-associated neutrophils in colorectal tumor. To determine whether PD-L1 regulates
neutrophil subpopulation differentiation, neutrophil subsets were further identified. Five
unique neutrophil clusters were identified (Figures 5A and 5B). However, PD-L1 deficiency
did not significantly change neutrophil subset clusters (Figures 5A and 5B), indicating that
PD-L1 deficiency leads to expansion of the total neutrophils in colorectal tumor but not
unique subsets of neutrophils. Analysis of spleen cells of the AOM-DSS-induced colorectal
tumor validated the significant increase of neutrophils in mice with global Ca’274 deletion
(Figure 5C) and in the chimera mice (Figure 5D). However, mice with Cd274 deletion only
in colorectal epithelial cells or myeloid cells have similar levels of neutrophils to the WT
mice (Figure 5C).

IL6 protein level is significantly elevated in the tumor-bearing PD-L1 KO mice and chimera
mice as compared to the WT mice (Figures 5E and 5F). The level of inflammatory
cytokine IL17 is not significantly different between WT and PD-L1 KO mice (Figure

S4). The levels of interferon gamma (IFN+y) and tumor necrosis factor alpha (TNFa.), two
cytokines produced by activated T cells, are also not significantly different between WT
and PD-L1 KO mice (Figure S4). Only the levels of chemokines, including Cxcl1 and T
cell chemoattractant Cxcl9 and Cxcl10, are significantly different between WT and PD-L1
KO tumor-bearing mice (Figure S4). Consistent with the neutrophil profiles, tumor-bearing
mice with Cd274 deletion only in colorectal epithelial cells or myeloid cells have no
significant change in IL6 protein level in the peripheral blood (Figure 5E). These findings
establish a correlation between neutrophil accumulation level and IL6 protein level in the
WT and PD-L1-deficient tumor-bearing mice, suggesting that neutrophils are producers of
IL6 in the colorectal tumor-bearing mice. To test this hypothesis, we injected colon tumor
cells to mouse cecal wall to establish orthotopic colon tumor. Analysis of the colon tumor
identified a distinct population of neutrophils, and the majority of the neutrophils express
IL6 (Figure 5G). Analysis of human peripheral blood samples revealed that CD11b*CD15*
neutrophils express IL6 (Figure 5H) and neutrophils are much more abundant in colorectal
cancer patient blood in healthy donor blood (Figure 51). Analysis of human colon tumor
tissues revealed that tumor-infiltrating neutrophils express high levels of IL6 (Figure 5J). We
therefore conclude that PD-L1 deficiency results in expansion of neutrophils in colorectal
tumor, and tumor-infiltrating neutrophils are major producers of IL6 protein.

Treg cells recruit IL6* neutrophils via secreting TGFB

Emerging experimental data indicate that TGFp works in concert with PD-L1 to maintain
T cells in a dysfunctional state.* TGF is a cytokine that not only regulates Treg
differentiation but is also expressed in Treg cells.**45 scRNA-seq analysis of the immune
cell subsets revealed that TGFp transcript is expressed in various cell types in WT and
PD-L1 KO mouse colon tumors (Figure S5A). Tgfb1 is expressed in PD-1* Nrp1!° Treg
cells in the AOM-DSS-induced colorectal tumor (Figures 6A and 6B). Flow cytometry
analysis determined that 90.4%-94.1% of PD-1*Nrp1!® Treg cells are TGFB™* in mouse
colorectal tumor (Figure 6C).

Analysis of human colon cancer patient ScRNA-seq datasets8 validated that TGFB1 is
expressed in various immune cell populations, including Treg cells (Figures S5B-S5E).
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Further analysis revealed that TGFB1 is highly expressed in tumor-infiltrating Treg cells in
human colon tumor (Figures S5C and S5E). TGFB1 is expressed in the NRP1!° proliferating
Treg cells in human colon tumor (Figures S5F and S5G). Correlation analysis indicates

that TGFB1 is co-expressed in PD-1*NRP1!° Treg cells (Figures S5F and S5G) and
approximately 3.4% PD-1*NRP1!° Treg cells express TGFB1 in human colon tumor (Figure
6D). Flow cytometry analysis shows that 26.7%—100% of tumor-infiltrating PD-1*NRP1!°
Treg cells express TGFB in human colon tumor (Figure 6E).

We then sought to test the hypothesis that Treg cells use TGFp to recruit neutrophils. Naive
T cells were purified from mouse spleens and cultured /n vitroto induce differentiation

into Treg cells. The /n vitro-differentiated Treg cells are mostly Nrp1!'° and express high
levels of TGFp (Figure 6F). The cultured Treg cells secrete TGFB (Figure 6G). Neutrophils
were then purified from tumor-bearing mice (Figure S5H) and cultured in Transwells in
Treg cell-conditioned medium with or without TGFp neutralization monoclonal antibody
(mAb). Blocking TGF significantly decreased neutrophil migration (Figure 6H). Similarly,
TGFp protein significantly increased neutrophil migration (Figure 61). Tumor-associated
neutrophils are known to have potent suppressive activity against T cell activation.17:46-

48 To determine whether neutrophils suppress T cell activation through IL6, we first
co-cultured neutrophils with the antigen-specific 2/20 CTL line and analyzed T cell
proliferation. Neutrophils inhibited T cell proliferation in a cell dose-dependent manner
(Figure 6J). To determine whether neutrophils suppress T cell proliferation through IL6,

IL6 neutralization mAb was then added to the co-culture. IL6 blockade increased T cell
activation in the neutrophil and T cell co-culture (Figure 6K). To further determine 1L6
function in T cell activation, we cultured purified splenic T cells in anti-CD3 and anti-CD28-
coated plates in the presence of IL6. Analysis of T cell proliferation indicates that IL6
inhibited T cell activation (Figure 6L). Taken together, our findings determine that Treg cells
produce TGFp to recruit neutrophils and neutrophils secrete IL6 to inhibit T cell activation.

IL6 blockade immunotherapy suppresses colon tumor growth in vivo

To determine whether the above /n vitro findings can be translated to /7 vivo tumor

growth regulation /n vivo, we injected CT26 tumor cells to the cecal wall of syngeneic
mice to establish orthotopic colon tumor. CT26 is a microsatellite stable (MSS) subtype

of colon tumor cell line.*9 The AOM-DSS-induced colorectal tumor has no mutations

of the DNA mismatch repair genes and is also a DNA mismatch repair-proficient MSS
colorectal tumor subtype.®® To block neutrophil function, the CT26 tumor-bearing mice
were treated with Ly6G neutralization mAb. Analysis of tumor tissues from the tumor-
bearing mice shows that Ly6G blockade therapy effectively depleted neutrophils (Figures
7A and 7B). However, repeated attempts at neutrophil neutralization did not significantly
change CD8™* T cell tumor infiltration level (Figure 7C) and tumor growth (Figure 7D). We
then tested IL6 blockade. Treatment of the CT26 tumor-bearing mice with IL6 neutralization
mADb significantly increased tumor-infiltrating CD8" T cells (Figure 7E) and significantly
suppressed tumor growth (Figure 7F). We then tested I1L6 blockade in PD-L1 KO colon
tumor and observed that IL6 neutralization also inhibited PD-L1 Ko colon tumor growth
in vivo (Figures 7G and 7H). Next, we treated the AOM-DSS-induced colon tumor-bearing
mice with IL6 neutralization mAb. IL6 blockade also increased CD8" T cell activation and
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colorectal tumorigenesis (Figures 71 and 7J). We therefore conclude that IL6 inhibits T cell
activation to promote colorectal tumor immune evasion.

DISCUSSION

Colorectal cancer was the first human neoplasia found to be under immunosurveillance
more than a decade ago.>! The type, density, and location of tumor-infiltrating immune
cells correlate with tumor initiation, progression, and recurrence.52 Human colorectal
tumors are therefore a type of highly immunogenic cancer.>! However, human colorectal
cancer is the third most commonly diagnosed human cancer, suggesting that the host
immunosurveillance may be impaired in the colon epithelium and colorectal tumor
microenvironment, resulting in tumor immune escape during colorectal tumorigenesis
despite high tumor immunogenicity. A consequence of PD-(L)1 blockade immunotherapy
is increased Treg cell accumulation, which promotes tumor progression.38-40 In this study,
we observed that loss of PD-L1 function results in expansion of PD-1" Treg cells. Treg
cells are major suppressors of colonic inflammation and colitis.>3>4 However, we observed
that, despite increased Treg cells in the inflamed colon and colorectal tumor, PD-L1 KO
mice exhibited increased colonic inflammation. It appears that Nrp1 is required for Treg
immune suppressive function and stability. Nrp1hi Treg exhibits higher suppressive activity
than Nrp1!° Treg cells.55-57 In this study, we observed that loss of host PD-L1 increased
PD-1*Nrp1l°TGFB* Treg cells. The Nrp1!® Treg cells might have no significant activity in
suppression of colonic inflammation and colitis®®~57 but suppresses tumor-reactive CTLs.

We determined that PD-1*Nrp1!°Treg cells secrete TGF to recruit IL6* neutrophils to the
colorectal tumor. Neutrophils have both pro- and anti-tumor activity.#142:58 Consistent with
this phenomenon, neutrophil blockade with the Ly6G-specific mAb has no effect on colonic
inflammation and colitis.> It is therefore possible that neutrophil blockade may block

both pro- and anti-tumor neutrophils. IL6 is a key suppressor of the anti-tumor immune
response.1748.60.61 \\e observed that IL6 blockade significantly suppressed colon tumor
growth. We further determined that IL6 directly inhibits T cell activation. It is therefore
possible that Ly6G™~ neutrophils may contribute to IL6 production. It is also possible that
other cells, such as tumor cells, may also produce IL6, which may compensate neutrophil-
produced IL6 function in IL6 blockade immunotherapy. Consistent with this notion, the
levels of IFNy and TNFa proteins, two effectors of activated T cells, are not increased in
PD-L1 KO tumor-bearing mice as compared to WT mice. In this regard, loss of PD-L1 in
colorectal cancer results in expansion of PD-1*Nrp1'°TGFB* Treg cells that recruit 1L6*
neutrophils, and neutrophils produce IL6 to inhibit activation of CD8" T cells even though
PD-L1 is absent. Our findings therefore indicate that the expanded PD-1*Nrp1!°® Treg/IL6*
neutrophil cellular axis apparently overpowers the PD-L1 loss of function-activated CD8" T
cells to permit colorectal tumor immune escape, resulting in PD-L1 function as a suppressor
of inflammation-driven colorectal tumor.

Approximately 85%—-90% of human colorectal cancer is the MSS type, and only about
10%-15% of human colorectal cancer is the MSI-H subtype.52 Strikingly, membrane-bound
PD-L1 protein is only present in MSI-H subset of human colorectal cancer.63 Considering
the unique anatomic location of human colon, which is under a constant low-grade
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inflammation,22:64 the loss of PD-L1 protein in MSS human colorectal cancer and the higher
MSS colorectal cancer frequency as compared to MSI-H subtype in humans suggest that
PD-L1 might function as a suppressor in human MSS colorectal cancer, which remains a
hypothesis to be tested.

Limitations of the study

This study focused on the inflammation-driven colorectal tumor in mice. IL6 is known to
suppress T cell activation to promote tumor immune evasion.1”:61 It is therefore likely that
IL6 inhibition of T cell activation and tumor growth is a general phenomenon for both
inflammation-driven and sporadic tumors. However, whether the PD-1*Nrp1/°TGFB* Treg
cells function to suppress T cells and whether PD-L1 acts as a suppressor of this subset of
Treg cells in non-inflammation-driven colorectal tumor in mice remain to be determined.
In human colon cancer patients, although the majority of tumor-infiltrating Treg cells are
NRP1!°, the level of PD-1* cells in the NRP1!° Treg cells ranges from 18.9% to 87.4%,
and the level of TGFB™ cells in the PD-1*NRP1!° Treg cells ranges from 26.7% to 100%.
Considering that the unique anatomic location of colon that is under a constant low-grade
inflammation, 2264 it is possible that the PD-1*NRP1I°TGF@* Treg cells may contribute
to colorectal tumor development in humans, especially in the MSS subtype of human
colorectal cancer, which remains to be determined.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Kebin Liu: Kliu@augusta.edu.

Materials availability—Materials generated in this study is available upon request to the
lead contact.

Data and code availability

. SsCRNA-seq data generated in this studies are deposited in the National
Institutes of Health Gene Expression Omnibus (GEO) database (GEO:
GSE246038, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE150743)
and are publicly available.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—BALB/c and C57BL/6 were purchased from Jackson Laboratory (Bar Harbor,

ME) and Charles River Laboratories. Cd274™/™ mice were created as described
previously.33 LyzCre (B6.129P2-Lyz2M1(re)Ifo/3) and the Mrp8Cre (B6.Cg-Tg(S100A8-
cre,-EGFP)11lw/J) were obtained from the Jackson Laboratory (Bar Harbor, ME). Cd2747/~
mice were provided by Genentech!3 (South San Francisco, CA). Use of animal studies were
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approved by Augusta University (Protocol #2008-0162) and Charlie Norwood VA Medical
Center Institutional Animal Care and Use Committees (Protocol #1314554-16).

Human colorectal tumor specimens—Human colorectal tumor specimens and
peripheral blood specimens were obtained from Charlie Norwood VA Medical Center and
the Cooperative Human Tissue Network (CHTN) Sothern Division (Duke University School
of Medicine). Use of human tumor tissues and peripheral blood was approved by Augusta
University and Charlie Norwood VA Medical Center Institutional Review Boards.

Cell lines—CT26 cell line was obtained from American Type Culture Collection (ATCC)
(Manassas, VA). CT26.Scramble and CT26.PD-L1 KO cell lines were generated as
previously described. AH1 antigen-specific T cells (2/20 CTLs) were generated and
maintained as previously described.5® The 2/20 CTLs (1.3x10° cells/ml) were cultured with
AH1 peptide (SPSYVYHQF, 1 ug/mL), recombinant IL-2 protein (10 Units/ml), and lethally
irradiated BALB/c mouse spleen cells (1/36 spleen/ml) weekly in 24-well palte. Cell lines
were tested bi-monthly for mycoplasma and were mycoplasma-free at time of experiments.

METHOD DETAILS

The AOM-DSS spontaneous colorectal tumor model—Mice were injected with
azoxymethane (AOM) 10 mg/kg body weight, intraperitoneally, once. The day after AOM
injection, mice were given dextran sodium sulfate (DSS), 2%, in the drinking water for 1
week. The DSS was then replaced with drinking water for 2 weeks. The DSS was repeated
twice for a total of 3 cycles. Mice were maintained on normal drinking water until being
sacrificed. Mice were weighed every 3—4 days and checked daily for survival. Colon tissues
were harvested and cleaned thoroughly with PBS. The colons were cut open longitudinally.
Both male and female mice were used for all genotypes. All mice were genotyped prior to
the experiment.

Tumor cell transplant—Tumor cells were cultured in RPMI160 with 10% FBS for 24 h,
and then harvested with trypsin and washed three times with PBS to remove residual media.
Tumor cells were resuspended in PBS and injected subcutaneously into the right flank or
orthotopically into the cecal wall of mice.

In vivo blockade—Tumor cells were implanted orthotopically to the cecum using an
insulin syringe (5x104 cells/mouse). Treatment began on days 3—10. Mice received 200 ug
of the blockade mAbs every 3 days via ip injection.

scRNA-sequencing—Colons were collected from the tumor-bearing mice. Tumor
nodules were dissected from the colon and digested with collagenase/hyaluronidase/DNasel
solution to RPMI11640 medium at 37°C for 30 min with continuous agitation by stir bar

and needle aspiration. Live cells were subsequently isolated by lymphocyte separation
medium gradient centrifugation. Single cell isolation and library generation were performed
by 10xGenomic protocol. Single-cell RNA sequencing reads were mapped to the mouse
reference genome and processed into gene expression matrices with CellRanger (10x
Genomics; version 6.1.2). Subsequent analysis was conducted with Seurat (v4.3) in R.
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Cells were subsetted to those with <15% mitochondrial reads and 200-6000 RNA features.
Doublets were identified and discarded using DoubletFinder. Four scRNA-seq data sets were
merged and integrated using Seurat Canonical Correlation Analysis (CCA) algorithm. Cells
then underwent nearest-neighbor clustering; clusters were annotated by CelliD and manual
review. For immune cell subtypes-specific analysis, cells of each subtype were subsetted and
re-integrated using CCA or Harmony (for T, NK and ILC cells). Seurat and scCustomize
were used to generate various plots for visualization.

Tumor and colon digestion—Tumors were manually dissected and digested using a
collagenase/hyaluronidase/DNase | solution in scintillation vials with magnetic stir rods to
break up the tissue. Tissues are digested for 25 min at 37°C or at room temperature for 1 h.

Human non-neoplastic tissue and colon tumor tissue scRNA-seq dataset
analysis—The non-neoplastic human tissue SCRNA-Seq datasets were retrieved from the
Human Protein Atlas database (HPA)(https://v19.proteinatlas.org) that contains 81 cell types
from 31 datasets from HPA and Genotype-Tissue Expression (GTEX) (https://gtexportal.org)
project. Human colon cancer datasets were retrieved from the GEO database (Accession #
GSE178341)28 and the Broad Institute single-cell portal (https://singlecell.broadinstitute.org/
single_cell). T, NK, and ILC cells were extracted, and the original cell type annotation and
tSNE embedding were used to generate plots using scCustomize or Seurat.

Flow cytometry—Cells resuspended in PBS or FACS buffer. Antibodies were added to
appropriate concentration and stained at 4°C for 30-60 min, then washed with PBS+0.5%
BSA. Cells were fixed in in 2% paraformaldehyde. For Zombie UV staining: Cells
resuspended in PBS or FACS buffer. Zombie UV (1:1000) added, incubate for 10 min

at room temperature in the dark. Antibodies then added at appropriate concentrations and
stain as above. Intracellular staining was carried out using BD Cytofix/Cytoperm kit. Cells
were resuspended in FACS buffer with Golgiplug for 2 h. Stained for surface markers per
above protocol. Washed 2x with FACS buffer. Resuspended in permeabilization solution,
then washed 2x in perm/wash buffer. Resuspended in perm/wash buffer. Antibodies for
intracellular proteins of interest added, incubate for 20 min at room temperature in the dark.
Washed in perm/wash buffer, resuspended in 2% paraformaldehyde.

Analysis of colonic inflammation—Colon tissues were prepared as Swiss rolls and
fixed in 10% formalin overnight. The fixed tissues were processed into paraffin blocks

and cut into 10-pmicron sections. For the inflammation score, each grade represents the
following: Grade 0: normal colonic mucosa; Grade 1: loss of 1/3 of the crypts; Grade 2: loss
of 2/3 of the crypts; Grade 3: lamina propria is covered with a single layer of epithelium,
mild inflammatory cell infiltrate present; Grade 4: erosions and marked inflammatory cell
infiltration present. The slides were evaluated by a board-certified pathologist (A.B.).

A 96-well assay plate was coated overnight with capture antibody. The plate was then
washed 3 times with 0.05% Tween 20 in PBS and blocked for 1-3 h with 1x assay diluent.
Standards and samples diluted as appropriate in assay diluent were then added to the wells,
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in duplicate/triplicate. The plate was then incubated 1-3 h, and washed 3 times with wash
buffer. Capture antibody was then added for 1 h, and the plate was again washed times.
Avidin-HRP was added for 30 min, and then washed 3 times. 1:1 TMB substrate was then
added to each well, and the plate was left to incubate in the dark for 10-15 min (based on
manufacturer protocol). The reaction was stopped with 1M H,SO, and plate was read for
absorbance in a plate reader.

Serum cytokine analysis—Blood samples were collected either via cardia bleed or via
a submandibular vein bleed into serum gel tubes. Tubes were allowed to clot for at least

30 min, then centrifuged to collect the serum. Simultaneous quantification of cytokines in
murine serum was performed using LEGENDplex Mouse Inflammation Panel according
to manufacturer’s instructions. In brief, serum samples were diluted 2-fold with assay
buffer and standards were mixed with matrix solution (Biolegend) to account for additional
components in the serum samples. Standards and samples were plated with capture beads
and incubated for 2 h at room temperature on plate shaker (800 rpm). After washing

the plate with wash buffer, detection antibodies were added to each well. The plate was
incubated on shaker for 1h at room temperature. Finally, without washing, SA-PE was added
and incubated for 30 min. Samples were acquired on Novocyte Quanteon flow cytometer
(Agilent Technologies). Standard curves and protein concentration were calculated using R
package DrLumi installed on R 3.5.2. The limit of detection was calculated as an average
of background samples plus 3xSD. Assay and data calculations were performed at Immune
Monitoring Shared Resource laboratory.

T cell proliferation assay—CD3™" T cells were purified from BALB/c mouse spleen cells
with the MojoSort mouse CD3 T cell isolation kit (Biolegend, San Diego, CA) according

to the manufacturer’s instructions. Isolated cells are incubated in a 37°C water bath in
prewarmed PBS+0.15-0.30uM CFSE (Life Technologies, Carlsbad, CA, USA)for 15 min,
vortexing every 5 min. The cells are then washed and incubated in RPMI 1640 medium

with 10% FBS at a volume of 5x the volume used for labelling for 30 min, vortexing every
10 min. The cells are again washed 2 times with medium and plated. CFSE intensity is
analyzed using a flow cytometer. For T cell proliferation assay, a 96-well culture plate was
coated with anti-mouse CD3 (8 pg/mL), anti-mouse CD28 MADbs (10 pg/mL), and re. The
purified T cells were labeled with and then seeded in the plate at a density of 1.5 x 105 cells/
well in 150 uL medium for 3 days. Cells were analyzed by flow cytometry. Proliferation
index is calculated using the proliferation tool in FlowJo program and expressed as the total
number of divisions divided by the number of cells that went into division.

Treg differentiation—24-well plates were coated with anti-CD3 mAb (8 pg/mL)
overnight in 4°C. Single cell suspension was prepared from mouse spleen and CD4*

cells were isolated using Biolegend CD4 isolation kit. Treg were differentiated from the
purified CD4™ cells using ImmunoCult Mouse Treg Differentiation Supplement (Stemcell
Technologies) according to the manusfacturer’s instructions. Briefly, cells were suspended
in Treg differentiation media, then added to the anti-CD3 mAb-coated plate. The cells
were incubated for 6 days, then analyzed via flow cytometry. The culture supernatant was
collected, centrifuged at 13,000 RPM for 5 min and used as Treg-conditioned medium.
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Neutrophil isolation and migration assay—Neutrophils were isolated using
Biolegend Neutrophil isolation kit, per manufacturer protocols. Neutropihls were isolated
from the spleen of AT3 tumor bearing mice. The CytoSelect 96-Well Cell Migration Assay
Kit (Cell Biolabs) was used for migration assay. The migration plate was brought to room
temperature. 250 L of cells (2x108/well) were added to each well insert. 400pL of serum-
free media and TGFp1, or Treg cell-conditioned medium was added to the lower chamber.
The cells were incubated for 18-24 h. On day 2, 225 uL of the lower well was transferred
to a white walled 96 well plate for fluorescence after following manufacturer instructions
for adherent cells. The CyQuant dye was diluted 1:75 with 4x lysis buffer. 75 pL of the
dye/lysis buffer mixture was added to each well of the 96 well plate. Flourescence was read
on 48/520nm channel.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using GraphPad Prism 10.2.2. p value was calculated by student t test
with p < 0.05 as being significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Global PD-L1 knockout promotes inflammation-driven colorectal
tumorigenesis

Loss of PD-L1 function expands PD-1*Nrp1!° Treg cells in inflammation-
driven colorectal tumor

PD-1*Nrp1!® Treg cells secrete TGF to recruit IL6* neutrophils to inhibit T
cell activation

IL6 blockade therapy increases CD8* T cell tumor infiltration and suppresses
colon tumor
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Figure 1. Loss of global PD-L1 promotes inflammation-driven colorectal tumorigenesis
(A) The human CD274 mRNA level in the indicated human cell types in the single-cell

level. The CD274 transcript datasets were downloaded from the Human Protein Atlas and
analyzed.

(B and C) PD-L1 expression level in major cell types (B) and myeloid cell subpopulations
(C) of human colon tumor tissues in the single-cell level. The human colon cancer patient
SCRNA-seq datasets (GEO: GSE178341) were analyzed for the indicated cell types. tSNE:
t-distributed Stochastic Neighbor Embedding’ mregDC: mature dendritic cells enriched in
immunoregulatory molecules (mregDCs).

(D) PD-L1 expression in colon epithelial cells (CD457) and colon resident immune cells
(CD45%) of tumor-free mice. Representative data of one of three mice.
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(E) PD-L1 expression in tumor cells (CD457), tumor-infiltrating total immune cells
(CD45%), and myeloid cells (CD11b*) of colon tumor-bearing mice. Representative data
of one of three tumor-bearing mice.

(F) Colorectal tumor nodule number and tumor size in WT mice and mice with Ca274
deletion in the indicated cell types. Column, mean; bar, standard deviation (SD). p value was
determined by Student’s t test. Each dot represents data from one mouse.

(G) Colorectal tumor nodule number and tumor size in PD-L1 KO chimera mice and WT
chimera control mice. Column, mean; bar, SD. p value was determined by Student’s t test.
Each dot represents data from one mouse.

(H) Colorectal tumorigenesis in WT mice and mice with Ca274 global deletion. The red
arrows point to tumor nodules.
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Figure 2. PD-L1 suppresses colonic inflammation during colon tumorigenesis

(A) Mouse body weight change kinetics after AOM-DSS treatment.

(B) Colon tissues at the indicated time points were stained by H&E and analyzed for
inflammation and tumor development. Bottom panels show magnified images (scale bar:
320 uM) of the top panels (scale bar: 130 pM) in both WT and PD-L1 KO panels.
Inflammation scores are defined as grade 0, normal colonic mucosa; grade 1, loss of
one-third of the crypts; grade 2, loss of two-thirds of the crypts; grade 3, lamina propria

is covered with a single layer of epithelium, mild inflammatory cell infiltrate present; grade
4, erosions and marked inflammatory cell infiltration present. AIS, adenocarcinoma /n situ.
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Figure 3. Tumor cell and immune cell landscapes of WT and PD-L1 KO mouse colon tumor

(A) scRNA-seq experimental scheme.

(B) UMAP plot of all cells isolated from colon tumor, colored by identified cell clusters
(right). The cell cluster overlap of tumors by tumor-bearing mouse genotypes are shown at

the right panel.

(C) UMAP plot (left) and barplot (right) of identities of major cell subpopulations of total
colon tumor cells as shown in (B).
(D) UMAP plot (left) and barplot (right) of identities of the subpopulation of CD45* cells in

the colon tumor.
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Figure 4. PD-L1 suppresses PD-1-expressing NrplIO Treg cell accumulation in colon tumor
(A) UMAP projection (left) and barplot (right) of T, NK, and ILC in colon tumor at day 106.

Treg, T regulatory cells; Tgd, y& T cells; T8, CD8" T cells; T4, CD4* T cells; proliferating,
proliferating cells; NK, NK cells; and ILC, innate lymphoid cells.

(B) UMAP projection (left) and barplot (right) of subpopulations of T, NK, and ILCs.

(C) UMAP projection showing PD-1 expression level in the indicated cell subpopulations as
shown in (B).

(D) Expression of PD-1 in Treg subpopulations.

(E-G) Flow cytometry analysis of AOM-DSS-induced mouse colon tumors. Shown are
representative gating strategies of one of five mice (E), representative Nrpl expression level
in Treg cells of one of five mice (F), and quantification of PD-1* cells in Nrp1!® Treg cells
(G) (n=5).
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(H and 1) Human colon cancer patient sScRNA-seq datasets (GEO: GSE178341) were
analyzed for expression of the indicated genes in major cell types (H) and T cell
subpopulations (I). The correlations are shown in dot plots.

(J) TSNE projection showing NRP1 and PDCD1 expression in POXP3* cells in human
colon tumor as shown in (H) and (1).

(K and L) Flow cytometry analysis of colon tumor tissues from human colon cancer
patients. Shown are representative gating strategy of one of four mice (K) and quantification
of PD-1* cells in NRP1!° Treg cells (L) (7= 4).
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Figure 5. Neutrophils express high levels of IL6 in mouse colorectal tumor
(A and B) UMAP projection (A) and barplot (B) of neutrophil subpopulations in colon

tumor of WT and PD-L1 KO mice.

(C) Quantification of neutrophils in spleens of WT and the indicated tissue-specific and
global PD-L1 KO mice by flow cytometry. Column, mean; bar, SD. p value was determined
by Student’s t test. Each dot represents data from one mouse.

(D) Quantification of neutrophils in spleens of WT and PD-L1 KO chimera mice. Column,
mean; bar, SD. p value was determined by Student’s t test. Each dot represents data from
one mouse.

(E) IL6 protein level in serum of WT and the indicated tissue-specific and global PD-L1
KO mice. Column, mean; bar, SD. p value was determined by Student’s t test. Each dot
represents data from one mouse.
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(F) IL6 protein level in serum of WT and PD-L1 KO chimera mice. Column, mean; bar, SD.
p value was determined by Student’s t test. Each dot represents data from one mouse.

(G) IL6 protein level in neutrophils of the orthotopic CT26 colon tumor as analyzed by flow
cytometry. Shown are representative data of one of five mice.

(H) IL6 protein level in neutrophils in the peripheral blood of healthy donors (n7= 3) and
colorectal cancer patients (17 = 3). Shown is a representative gating strategy of IL6 MFI of
one donor of the three donors.

(1) Quantification of neutrophil levels in the peripheral blood of healthy donors and
colorectal cancer patients as shown in (H). Column, mean; bar, SD. pvalue was determined
by Student’s t test. Each dot represents data from one donor.

(J) IL6 protein level in human colon tumor. Shown are representative gating strategies (left)
of one of three patients and IL6 MFI (right) in the tumor-infiltrating neutrophils.
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Figure 6. Treg cells produce TGFb to recruit neutrophils that secret IL6 to inhibit T cell
activation in mouse colorectal tumor

(A) Density plot of UMAP projection showing co-expression of Tgfbl and PD-1 in Nrpllo
Treg cells in AOM-DSS-induced colon tumor.

(B) Expression of Tgfbl in Treg cell subpopulations.

(C) Quantification of TGFB1* cells in PD-1*Nrp1!® Treg cells in AOM-DSS-induced mouse
colon tumor as shown in Figure 4E.

(D) Density plot of PD-1*TGFB* cells in FOXP3* Treg cells in human colon tumor as
shown in Figure 4J.

(E) Quantification of TGFB* cells in PD-1*NRP1!° Treg cells in human colon tumor tissues
(n=4). The tumor tissues were analyzed by flow cytometry as shown in Figure 4K.

(F) Naive T cells were isolated from mouse spleens and induced to differentiate into Treg
cells in vitro and analyzed for TGFp expression by flow cytometry.
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(G) Treg cells secrete TGFp in vitro. Column, mean; bar, SD. p value was determined by
Student’s t test. Each dot represents one replicate of measurement.

(H) Neutrophils were isolated from three tumor-bearing mice and cultured in Transwells
with /n vitro differentiated Treg cells in the presence of TGFp1 neutralization mAb.
Neutrophil migration was quantified. Column, mean; bar, SD. p value was determined by
Student’s t test. Shown are results from three individual mouse-derived neutrophils.

(I) TGFp protein induces migration of neutrophils /n vitro. Column, mean; bar, SD. pvalue
was determined by Student’s t test. Each dot represents one replicate of measurement.

(J) Neutrophils inhibit T cell activation /n vitro. Neutrophils and T cells were co-cultured

at the indicated ratio in anti-CD3/CD28-coated plates for 3 days. Column, mean; bar, SD. p
value was determined by Student’s t test. Each dot represents one replicate of measurement.
(K and L) Neutrophils inhibit T cell activation through IL6. Neutrophils and T cells were
co-cultured in a 1:1 ratio in the presence of immunoglobulin G (IgG) and IL6 neutralization
mAb (K) and recombinant IL6 protein (L). Column, mean; bar, SD. pvalue was determined
by Student’s t test. Each dot represents one replicate of measurement.
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Figure 7. IL6 blockade immunotherapy activates T cells and suppresses colon tumor growth in

Vivo

(A-D) CT26 orthotopic tumor-bearing mice were treated with Ly6G neutralization mADb.
Shown are flow cytometry analysis representative gating strategy of the tumor of one of
13 mice (A), quantification of tumor-infiltrating neutrophils (B), quantification of tumor-
infiltrating CD8* T cells (C), and tumor weight (D). Column, mean; bar, SD. p value was
determined by Student’s t test. Each dot represents data from one mouse.
(E and F) CT26 orthotopic tumor-bearing mice were treated with IL6 neutralization mAb.
Shown are quantification of tumor-infiltrating CD8* T cells by flow cytometry (E), and
tumor weight (F). Column, mean; bar, SD. pvalue was determined by Student’s t test. Each
dot represents data from one mouse.

(G) Generation of PD-L1 KO colon tumor CT26 cells.
(H) PD-L1 KO CT26 orthotopic tumor-bearing mice were treated with IL6 neutralization
mAb and measured for tumor weight at the endpoint. Column, mean; bar, SD. pvalue was
determined by Student’s t test. Each dot represents data from one mouse.
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(I-L) The AOM-DSS-induced colon tumor mice were treated with IL6 neutralization mAb.
Shown are treatment scheme (1), tumor-bearing colons (J), colon tumor nodule number
(K), and tumor-infiltrating CD8* T cell level (L). Column, mean; bar, SD. p value was
determined by Student’s t test. Each dot represents data from one mouse.
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