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Purpose: This study aimed to investigate the expression of inducible T-cell co-stimulator (ICOS) and its ligand (ICOSLG), along with
their association with clinicopathological features and influence on the immune profile in colorectal cancer (CRC).

Patients and Methods: The Cancer Genome Atlas Colorectal Adenocarcinoma cohorts were used. We also analyzed 131
clinical samples of colon lesions, including precancerous lesions (hyperplastic polyps, low-grade dysplasia, and high-grade
dysplasia) and CRC tissues. We conducted immunohistochemical (IHC) assays and multiple IHC (mIHC) of CD4+, Foxp3+
tumor-infiltrating lymphocytes (TILs), and PD-1/PD-L1 immune checkpoints in precancerous lesions and CRC samples from our
patient subsets to determine changes and correlations in ICOS and ICOSLG expression during progression through the adenoma—
carcinoma pathway.

Results: High expression of ICOS and ICOSLG was a significant factor in CRC in multiple analyses and was positively correlated
with CD4+/Foxp3+ TIL density and PD-1/PD-L1 expression, which increased with the sequential progression of lesions from
precancerous tissues to carcinoma. Multivariable logistic regression analysis suggested that the location and expression level of
ICOS/ICOSLG may be involved in precancerous—carcinoma progression. The co-expression status of PD-1 and ICOS/ ICOSLG could
stratify patients with colorectal lesions into three groups of low, moderate, and high risk of progression. According to this classification
and mIHC assays, we found a strong correlation between increased PD-1+ICOS+ or PD-1+ICOSLG+ co-expression and CRC, which
might be deemed an independent factor in carcinogenesis.

Conclusion: Increased ICOS/ICOSLG expression may be associated with the progressive formation of Foxp3+ TILs in the immune
microenvironment and may further promote the development of the abnormal cytology of colorectal lesions from precancerous
neoplasia to CRC. Our findings support the interpretation that enhanced co-expression of PD-1+ICOS+ or PD-1+ICOSLG+ con-
tributes to the immune-active microenvironment of the colorectal adenoma-carcinoma sequence.
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Introduction

Colorectal cancer (CRC) progresses through a series of epithelial cell transformations from normal cells to adenomatous
lesions with malignant tendencies that eventually develop into colonic adenocarcinoma. This progression is driven by
sequential genetic and epigenetic alterations of tumor cells and is also influenced by tumor—host interactions.! The host
immune response, including concomitant activation of a variety of immune system pathways, is orchestrated by a set of
co-stimulatory and co-inhibitory molecules to regulate the activation and effector functions of tumor-infiltrating lym-
phocytes (TILs), which contribute to the molecular and clinical characteristics underlying the carcinogenesis of CRC.*>
The B7 family of co-stimulatory and co-inhibitory molecules plays an important role in T-cell activation or inhibition.*
Emerging evidence suggests that high expression of programmed death-1 (PD-1)/programmed death-ligand 1 (PD-L1)
and high densities of T-cell subpopulations (CD4" cells and Foxp3" cells) in the colorectal tissue are generally associated
with the degree of dysplasia, supporting a major role for T-cell-mediated immunity in repressing tumor progression.’
However, little is known about the complex interrelationships between expression of inducible T-cell co-stimulator
(ICOS, also known as CD278), tumor-infiltrating T cells, and major immune molecular features in colorectal adenoma-
carcinoma pathway progression.

ICOS was originally identified as a marker of T-cell activation’ and has since been found to play important roles in
T-cell proliferation and cytokine secretion.”® ICOS interaction with its ligand, ICOSLG, constitutes a costimulatory
signal that induces the production of a wide range of cytokines, either pro- or anti-inflammatory.’ Although the role of
ICOS in supporting follicular T cell-dependent germinal center responses has been well documented,®'° its contribution
to the immune response in CRC carcinogenesis remains unclear. Metzger et al'' found that ICOS signaling during
antitumor responses acts on both T effector cells and Tregs, which have opposing roles in promoting immune activation.
There have also been some reports on the clinical influence of ICOS in CRC.'*"? A study on the role of ICOS in CRC
primary tumor tissues or peripheral blood highlighted that ICOS'CD4" cells acting as type 1 T helper cells may be
a clinical biomarker for a good prognosis of CRC patients.'> Urakawa et al'® recently reported that patients with
abundant ICOS™ Foxp3" TILs appeared to show a more advanced gastric cancer phenotype and short recurrence-free
survival. However, the effects of ICOS in colorectal carcinogenesis, particularly on the immune response in CRC and the
immune microenvironment in the precancerous stage, have not been elucidated.

In this study, we investigated the ICOS/IOSLG expression pattern in CRC and the relationships between the ICOS/
ICOSLAG level and clinicopathological characteristics, and the immune microenvironment. In addition, we considered the
combined expression status of ICOS/ICOSLG and PD-1 in colorectal tissues to establish a novel immunophenotyping
system that may act as a predictive biomarker for the development of CRC. To address these questions, in this study, we
first analyzed the expression of ICOS/ICOSLG and their association with clinicopathological features and the immune
profile in CRC based on RNA-sequencing and clinical data available in The Cancer Genome Atlas Colorectal
Adenocarcinoma (TCGA COAD-READ) database. Next, we conducted immunohistochemical (IHC) assays of CD4+,
Foxp3+ TILs, ICOS/ICOSLG, and PD-1/PD-L1 immune checkpoints in precancerous lesions and CRC samples from our
patient subsets. In addition, we designed two multiplex immunohistochemistry (mIHC) panels consisting of immune cell
markers of ICOS, ICOSLG and PD-1 in the representative tissues of the colorectal adenomas-carcinomatous progression.
The overall goal of this study was to gain novel insights into the clinical relevance of co-stimulatory and co-inhibitory
receptors during the formation of the immune-active microenvironment, the malignant transformation of adenomatous
polyps, and the development of CRC.

Materials and Methods

Bioinformatics Analysis

Transcriptome RNA-sequencing data of 698 COAD-READ cases (normal samples, 51 cases; tumor samples, 647 cases),
including 521 COAD-READ (normal samples, 41 cases; tumor samples, 480 cases) and 177 READ (normal samples, 10
cases; tumor samples, 167 cases) cases, and corresponding clinical data were downloaded from TCGA (https://portal.gdc.
cancer.gov/). Normal tissue data were supplemented from the Genotype-Tissue Expression (GTEx) database (http://
commonfund.nih.gov/GTEx/). According to the median expression level of ICOS and ICOSLG, the COAD-READ
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samples were grouped into ICOS/ICOSLG high-expression group and ICOS/ICOSLG low-expression group. Single
sample gene set enrichment analysis (ssGSEA) was performed using the R package ‘GSVA’' to estimate the abundance
profile of 24 types of immune cells'” in COAD-READ samples. The correlation between ICOS or ICOSLG expression
and 24 immunoinhibitors and biomarkers was determined using Spearman correlation coefficient in the “correlation
analysis” setting. The differentially expressed genes (DEGs) between the two groups were analyzed by the “edger”
R package'® to identify genes that were positively or negatively co-expressed with ICOS or ICOSLG. Gene Ontology
(GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were used to
investigate the potential mechanisms underlying the functional impacts of ICOS or ICOSLG using the R package
“clusterProfiler”.!” Only terms with both p- and g-values < 0.05 were considered to be significantly enriched.

Patients and Samples

We analyzed 131 clinical samples of colon lesions, including 103 precancerous colon lesions (30 hyperplastic polyps
[HPs], 44 low-grade dysplasia [LGD], and 29 high-grade dysplasia [HGD]) and 28 CRC tissues. The clinical samples
included in the study were from Zhejiang Provincial People’s Hospital, where colorectal precancerous lesions were
resected by endoscopy and colorectal cancers were removed by surgery. We collected patient information, including sex,
age, lesion size, location, pathology type, and tumor markers CEA, CA199, and CA125. This retrospective study was
conducted in accordance with the principles of the Declaration of Helsinki and was approved by the Institutional Review
Board of Zhejiang Provincial People’s Hospital (Protocol 2021QT329). The requirement for informed consent was
waived owing to the retrospective nature of this study and the use of anonymous patient data.

IHC and mIHC Staining

IHC staining to detect ICOS, ICOSLG, PD-1, and PD- L1, cluster of differentiation CD4 and FoxP3 was performed
following the protocol reported in a previous study.'® Briefly, after deparaffinization, rehydration, antigen retrieval,
endogenous peroxidase inactivation and non- specific binding blockade, 4 uM- thick serial sections were incubated with
primary antibody anti-ICOS (ab224644, Abcam, Cambridge, UK), anti-ICOSLG (ab233151, Abcam, Cambridge, UK),
anti-PD-1 (GT228107, GeneTech, Shanghai, China), anti-PD-L1 (GT228007, GeneTech, Shanghai, China), anti-Foxp3
(ab215206, Abcam, Cambridge, UK), and anti-CD4 (ab183685, Abcam, Cambridge, UK) at 4°C overnight. The mIHC
was carried out by using the Five-color multiplex fluorescent IHC kit (abs50013, Absin, Shanghai, China) based on the
manufacturer’s instructions to characterize the expressions and localization of PD-1, ICOS and ICOSLG in CRC and
precancerous tissues. Two mIHC panels with three primary antibodies were used to measure the co-expression of ICOS+
PD-1+ or ICOSLG+PD-1+ in HP, LGD, HGD and CRC paraffin-embedded tissue with Four-color multiplex fluorescent
IHC kit (abs50012, Absin, Shanghai, China) following the manufacturer’s instructions. Cytokeratin (CK) was used to
identify the epithelial cancer cells, and 4’,6-diamidino-2-phenylindole (DAPI) was used to stain the nucleus. Sections
were observed using an optical microscope (Ni-U, NIKON, Tokyo, Japan).

Immunohistochemical Quantification

The percentage of stained cells was assessed in a double-blind manner by two pathologists (X.Z. and WS.P.).
Quantification of all positive cells was performed using an OLYMPUS BX51 microscope and evaluated separately by
the same two pathologists. Staining intensity of the protein expression levels was scored as 0 (negative),l (weak), 2
(moderate), or 3 (strong). The area percentages of cells (0—-100%) were multiplied by the intensity values to obtain values
ranging from 0 to 300."” We also assessed the four subsets of TILs, including PD-1+ immune cells, PD-L1+ immune
cells, CD4+ cytotoxic T cells, Foxp3+ regulatory T cells, within the surrounding stroma, as previously described. TILs
were determined based on 5 randomly chosen hpfs (200x), and the average levels were calculated.'® We calculated the
average TIL number and explored its associations with patient characteristics retrospectively.

Statistical Analysis
Significant differences between categorical variables were analyzed using chi-square test and Fisher’s exact test. Discrete
variables are expressed as counts (percentage), and continuous variables are expressed as the mean + standard deviation
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or median (range). We used the Wilcoxon matched-pairs signed-rank test for comparisons between two corresponding
groups; Mann—Whitney U-test or Student’s z-test for continuous variables; Kruskal-Wallis Test and Dunn’s test for
comparisons between multiple groups; Spearman’s rank-order correlation coefficient for correlation analysis. Factors
associated with adenoma-carcinoma progression were examined using bivariate and multivariate binary logistic regres-
sion analyses. Statistical analyses were performed using R software (R version 4.0.4) and SPSS v26.0 (IBM Corporation,
Armonk, NY, USA). Results were considered significant when two-sided p-values < 0.05 were obtained.

Results
Correlation of ICOS and ICOSLG Expression with Clinicopathological Features in the

COAD-READ Cohort

We first compared the expression levels of ICOS and ICOSLG mRNA in CRC tissues and their corresponding normal
tissues in the publicly available TCGA and GTEx databases (n = 742). We found that the mRNA levels of ICOS and
ICOSLG were markedly elevated in tumor tissues as compared with those in normal colorectal tissues (p < 0.0001 for
both, Figure 1A). Moreover, ICOS mRNA levels were much higher in tumor tissues than in paired non-tumor tissues
(p=0.044, Figure 1B), but not ICOSLG mRNA expression (P = 0.088, Figure 1B). As shown in Figure 1C, the variables
ICOS (AUC = 0.739, CI = 0.704-0.775) and ICOSLG (AUC = 0.858, CI = 0.832-0.885) both had a certain accuracy in
predicting colorectal normal and tumor outcomes. Next, we compared ICOS and ICOSLG expression in TCGA cohort
with different clinicopathological features. Based on the cancer stage, the mRNA levels of ICOS were higher in early-
stage CRC than in advanced- stage CRC, including NO (P=0.001, Figure 1E), MO (p < 0.0001, Figure 1F), and stages I/II
(p < 0.0001, Figure 1G), but there was no significant correlation with the T stage of patients (p>0.05, Figure 1D).
However, no significant correlation was found between the expression of ICOSLG and TNM stages (all p>0.05,
Figure 1D-G). Both ICOS and ICOSLG mRNA levels were positively correlated with the RO resection (P=0.015 and
P=0.023, respectively, Figure 1H). Interestingly, we also observed upregulation of ICOS expression in patients with
a history of colon polyps (P =0.003, Figure 1I), which indicated that ICOS expression may correlate with colorectal polys
and the progression of CRC.

Correlation of ICOS and ICOSLG Expression with Immune Infiltration in TCGA

Cohorts and Clinical Colorectal Tissues

To better understand the roles of ICOS and ICOSLG in the immune response, sSGSEA was conducted to evaluate the
immune cell composition of CRC samples from TCGA cohort. The ssGSEA results of TCGA cohorts showed that 23
types and 16 types of TILs were correlated with the expression of ICOS and ICOSLG in COAD-READ, respectively
(Figure 2A and B, Supplementary Table 1).There were many more tumor- infiltrating T cells, such as Th1 cells, T helper

cells, Treg, Tth, CD8+ T cells, effector memory T cells (Tem), gamma delta T cells (Tgd), and central memory CD4+
T cells (Tem), but not Th 17 cells, in tumor tissues of both the ICOS™E" (Figure 2A) and ICOSLG"" (Figure 2B) groups
than in those of the low expression group, indicating that ICOS and ICOSLG may have both adaptive and suppressive
immune phenotypes in the COAD-READ tumor microenvironment.

In clinical cohort, high expression levels of CD4 or Foxp3 were defined as cases with scores greater than 56.7 of the
H-score for CD4 and greater than 1.9 (ranges from 0 to 150) of the H-score for Foxp3 (ranges from 0 to 12) (Supplementary
Figure 1). Furthermore, we investigated the infiltration of CD4+ TILs (Supplementary Figure 1A and B) and Foxp3+ TILs

(Supplementary Figure 1C and D) from our colorectal lesion cohort by IHC assay. The results showed that there were
significantly more CD4+ and Foxp3+ T cells in the stroma of both ICOS™&" (p=0.046 for CD4+, and p < 0.001 for Foxp3+
TILs in ICOS; Figure 2C1 and C2) and ICOSLG"€" (p=0.002 for CD4+ and p < 0.001 for Foxp3+ TILs in ICOSLG;
Figure 2C3 and C4) tissues than in low expression tissues, similar to the findings in the TCGA cohort.

As Treg mainly play an immunosuppressive role in the Tumor microenvironment (TME), in this part, we mainly focused on
the relationship between ICOS/ICOSLG and immunoinhibitors. ICOS and ICOSLG expression was significantly associated
with most immune markers in the divergent immune cell types in COAD and READ. ICOS expression was correlated with 21
immunoinhibitors (Figure 2D, Supplementary Table 2), and ICOSLG expression was correlated with 20 immunoinhibitors
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Figure | Correlation of ICOS and ICOSLG expression with clinicopathological characteristics in TCGA COAD-READ cohorts. (A) TCGA + GTEx tumor and normal
tissues, (B) Paired expression in tumor and normal tissues,(C) area under the curve (AUC), (D) T1/T2 vs T3/T4, (E) NO vs N1/N2, (F) MO0 vs MI, (G) stages I/l vs stages IlI/
IV, (H) residual tumor, (I) history of colon polyps. *p < 0.05, **p < 0.01, ***p < 0.001.

Abbreviation: ns, no significant difference.

(Figure 2E, Supplementary Table 2, including PD-1 (PDCD1), and PD-L1 (CD274). We also analyzed the correlation between
ICOS/ICOSLG and CD4 and Foxp3. The results showed a positive correlation between these checkpoints (Figure 2F).
Collectively, these results further support the hypothesis that the levels of ICOS and ICOSLG might affect the immune activity
of the TME in COAD-READ.

In clinical cohort, high expression levels of PD-1 or PD-L1 were defined as cases with scores greater than 22.3
(ranges from 0 to 150) of the H-score for PD-L1 and greater than 7.0 (ranges from 0 to 90) of the H-score for PD-1
(Supplementary Figure 1). Furthermore, we investigated the infiltration of PD-1+ TILs (Supplementary Figure 1E and F)
and PD-L1+ TILs (Supplementary Figure 1G and H) in our colorectal lesion cohort by IHC assay. In the surrounding
stroma, the number of TILs was significantly higher in ICOS™&" (Figure 2G1-G3) and ICOSLG"E" (Figure 2G4-G5)
lesions (all p < 0.001, respectively), similar to the findings in the TCGA cohort.

Functions of ICOS and ICOSLG in TCGA COAD-READ Cohorts
We obtained the top 100 most positively or negatively correlated genes with ICOS and ICOSLG for GO and KEGG
enrichment analyses by the “clusterProfile” R package. The biological process revealed that both ICOS and ICOSLG
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Figure 2 Correlations of tumor-infiltrating immune cells and immune checkpoints with ICOS and ICOSLG expression in TCGA cohort and clinical precancerous-carcinoma
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expression was closely related to immune response processes, such as T cell activation, lymphocyte proliferation, and
positive regulation of cytokine production for ICOS (Figure 3A and C), and leukocyte proliferation, T cell activation, and
T cell proliferation for ICOSLG (Figure 3B and D). KEGG pathway analysis showed that the immune-related pathways of
these DEGs for both ICOS and ICOSLG were enriched mainly in cytokine-cytokine receptor interaction (Figure 3A-D).
These results strongly imply that ICOS and ICOSLG are involved in regulation of the immune response in COAD-READ.

Correlation of ICOS/ICOSLG Expression with Clinicopathological Features in

Colorectal Precancerous—Carcinoma Samples

In the TCGA cohort study, we found that a higher expression of ICOS was associated with colonic polyps and early-stage
CRC (Figure 1D-I). Therefore, we were curious about the changes in ICOS and ICOSLG in the progression of colonic
polyps to CRC. First, we examined ICOS and ICOSLG expression in the clinical samples of colon lesions by IHC assay,
including 103 precancerous colon lesions (30 HPs, 44 LGD, and 29 HGD) and 28 CRC tissues. High expression levels of
ICOS or ICOSLG were grouped using the median as the cut-off value, which were defined as cases with scores greater
than 4.1 of the H-score for ICOS (ranges from 0 to 30) and greater than 61 of the H-score for ICOSLG (ranges from 0 to
210). The results showed that ICOS and ICOSLG protein levels tended to be higher in the CRC stage than in the
precancerous stage (HPs or LGDs+HGDs) (all p<0.0001, Figure 4A and B). The high-ICOS expression percentage
increased from 15.8% in precancerous lesions (0% in HPs, 11.4% in LGDs, and 40.7% in HGDs) to 73.3% in CRCs (p <
0.001) (Figure 4A, Table 1). The extent of ICOSLG expression showed a similar trend, with percentages of 10.9% in
precancerous lesions (0.0% of HPs, 13.6% of LGDs, and 18.5% in HGDs) and 73.3% in CRCs (p < 0.001) (Figure 4B,

GO0:0001931
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Figure 3 Functional enrichment analysis of ICOS and ICOSLG expression in TCGA COAD-READ cohorts. (A and B) GO and KEGG analyses related to ICOS (A) and
ICOSLG (B) expression. (C and D) The corresponding entry of GO and KEGG analysis related to ICOS (C) and ICOSLG (D) expression.
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Figure 4 The association of ICOS/ICOSLG with the infiltration of T cells and the progression of precancerous—carcinoma lesions. (Al and BI) Immunohistochemical
staining of ICOS or ICOSLG expression in HP, LGD, HGD, and CRC tissues in clinical cohort. Bar scale = 50 pm. (A2, B2) Multiple comparison of the densities of ICOS+
(A2) and ICOSLG+ (B2) T cells in HP, LGD, HGD, and CRC tissues in clinical cohort. (C and D) The infiltration of ICOS+ (CI) or ICOSLG+ (C2) T cells with PD-I
expression, and ICOS+ (D1) or ICOSLG+ (D2) T cells with PD-L| expression in precancerous tissues from the clinical cohort. (E and F) The infiltration of Foxp3+ (EI)
and CD4+ (FI) T cells in clinical tissues from three groups according to the PD-1/ICOS expression level, and the Foxp3+ (E2) and CD4+ (F2) T cells according to the PD-
I/ICOSLG expression level: group Al, PD-1""/ICOS"e"; group BI, PD-I"&"/ICOS"" or PD-1'""/ICOS"e"; group CI, PD-1""/ICOS""; group A2, PD-1"&"/ICOSLG"";
group B2, PD-1"&"/ICOSLG'" or PD-1'""/ICOSLG"®"; group C2, PD-1'""/ICOSLG'*". *p < 0.05, **p < 0.01, **p < 0.001.

Abbreviation: ns, no significant difference.

Table 1). We observed an overall upward trend in ICOS/ICOSLG expression with increasing lesion severity from
precancerous lesions to CRCs.

Among the lesions > 1 cm, 32 of the 77 lesions (41.6%) presented higher ICOS expression, and 28 (36.4%) presented higher
ICOSLG expression than the corresponding lesions <1 cm (both p < 0.001, Table 1). High-ICOS expression levels were
significantly correlated with tumor location in the rectum (p=0.005, Table 1). According to the pathological pattern, the
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Table | Clinicopathological Characteristics According to ICOS and ICOSLG Expression in 131 Studied Lesions Analyzed by IHC

Characteristic Total N=131 | ICOS"E" | ICOS '™ | P value | ICOSLG "&" | ICOSLG ' | P value
Disease stage | CRC 30 22 (73.3%) | 8 (26.7%) <0.0001 | 22 (73.3%) 8 (26.7%) <0.0001
HGD 27 11 (40.7%) | 16 (59.3%) 5 (18.5%) 22 (81.5%)

LGD 44 5(11.4%) | 39 (88.6%) 6 (13.6%) 38 (86.4%)

HP 30 0 (0.0%) 30 (100.0%) 0 (0.0%) 30 (100.0%)

Location Colon 89 19 (21.3%) | 70 (78.7%) | 0.005 18 (20.2%) 71 (79.8%) 0.057
Rectum 4 19 (45.2%) | 23 (54.8%) 15 (35.7%) 27 (64.3%)

Sex Male 80 19 (23.8%) | 61 (76.3%) | 0.097 18 (22.5%) 62 (77.5%) 0.374
Female 51 19 (37.3%) | 32 (62.7%) 15 (29.4%) 36 (70.6%)

Age <=65 95 26 (27.4%) | 69 (72.6%) | 0.502 21 (22.1%) 74 (77.9%) 0.186
>65 36 12 (33.3%) | 24 (66.7%) 12 (33.3%) 24 (66.7%)

Number <3 76 30 (39.5%) | 46 (60.5%) | 0.058 22 (28.9%) 54 (71.1%) 0.244
>3 55 8 (14.5%) | 47 (85.5%) 11 (20.0%) 44 (80.0%)

Size <l 54 6 (11.1%) | 48 (88.9%) | <0.0001 | 5 (9.3%) 49 (90.7%) <0.0001
>| 77 32 (41.6%) | 45 (58.4%) 28 (36.4%) 49 (63.6%)

Pathology Adenocarci-noma 31 23 (74.2%) | 8 (25.8%) <0.0001 | 22 (71.0%) 9 (29.0%) <0.0001
Hyperplastic polyp 31 0 (0.0%) 31 (100.0%) 0 (0.0%) 31 (100.0%)
Tubular adenoma 56 13 (23.2%) | 43 (76.8%) 10 (17.9%) 46 (82.1%)
Villioustublar adenoma | 13 2 (154%) | 11 (84.6%) | (7.7%) 12 (92.3%)

Note: Bold values: The statistically significant (p < 0.05).

proportions of high-expression I[COSLG and ICOS samples were 71% and 74.2% in adenocarcinoma, respectively (p < 0.001,
Table 1). The ICOS/ICOSLG expression level was not significantly associated with any of the other characteristics examined,
including age, sex, number of lesions, carcinoembryonic antigen, CA125, and CA199 (all p > 0.05, Supplementary Table 3).

These results demonstrated that ICOS and ICOSLG expression is positively associated with the progression of CRC, especially
with tumor size, location, and pathological types with higher malignant potential.

Significance of Co-Expression of ICOS/ICOSLG and PD-1 in the Progression of

Precancerous—Carcinoma Lesions

To better analyze the relationship between the expression of ICOS/ICOSLG and/or PD-1/PD- L1 in the immune micro-
environment of the colorectal precancerous-carcinoma pathway, we considered the combinational expression of immu-
nostimulatory and immunosuppressive molecules to generate a potential tool for predicting the potential of CRC
progression. In precancerous colorectal tissues, the ICOS and ICOSLG expression levels (IHC scores) were significantly
higher in PD-1"&" expression tissues than in the PD-1'"" tissues (p<0.05, Figure 4C1 and C2, Table 2), but there was no
difference in the PD-L1'°" and PD-L1"€" groups (p>0.05, Figure 4D1 and D2, Table 2). These results suggest that the
expression of ICOS/ICOSLG may be associated with PD-1 in the early stage of colorectal precancerous lesions. Thus, we
classified these patients with colorectal lesions into three groups of low, moderate, and high risk of Immunosuppression
(Table 3). First, we examined the associations of PD-1/ICOS or PD-1/ICOSLG co-expression with TILs. The data showed
that the level of infiltrating Foxp3+ TILs in both PD-1/ICOS and PD-1/ICOSLG colorectal tissues was the highest in group
A compared with that in group B and C (all p<0.001, Figure 4E1 and E2), but there were no significant differences in terms
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Table 2 Correlation of PD-1 Expression with the Infiltration of ICOS+ or ICOSLG+ T Cells in Precancerous Lesions

Classification Total Icos"ie" IcCOos"™" P value ICOSLG"sh ICOSLG"Y P value
Precancerous lesions PD- | "g" 12 5 (41.7%) 7 (58.3%) 0.021 5 (41.7%) 7 (58.3%) 0.003
PD-1 "% 89 1 (12.4%) 78 (87.6%) 6 (6.7%) 83 (93.3%)
PD-L|"e" 12 4 (33.3%) 8 (66.7%) 0.095 2 (16.7%) 10 (83.3%) 0.616
PD-LI '™ | 89 12 (13.5%) 77 (86.5%) 9 (10.1%) 80 (89.9%)

Note: Bold values: The statistically significant (p < 0.05).

of CD4+ TILs among the three groups (both p>0.05, Figure 4F1 and F2). In the present study, we examined the localization
of the co-expression of ICOS, ICOSLG and PD-1 in CRCs and precancerous lesions by using Five-color mIHC. Figure 5
shows that the co-expressions of ICOS, ICOSLG and PD-1 were predominantly detected on the membrane and in the
cytoplasm of stromal cells, and were significantly higher in CRC tissues (Figure 5A) than that in adenoma tissues
(Figure 5B). Next, we examined the associations of PD-1/ICOS and PD-1/ICOSLG co-expression with the development
of CRC by Four-color mIHC (Figure 6A and B). Among the analyzed immune cell proportions, ICOS+ (Figure 6C),
ICOSLG+ (Figure 6D), and PD-1+ (Figure 6E) T cells were more frequently observed in advanced-stage tumors than in
early-stage tumors in stromal regions. Furthermore, colocalization of PD-1 on ICOS+ (Figure 6A and F) or ICOSLG+
T (Figure 6B and F) cells was abundant in the associated stromal regions of advanced-stage tumors, such as HGD and CRC
(p <0.001, respectively). These findings suggested a strong association between PD-1 and ICOS/ICOSLG protein levels in
the progression of CRC and that PD-1+ICOS+ and PD-1+ICOSLG+ co-expression is positively associated with an
aggressive phenotype and the Immunosuppressive TME in precancerous lesions-to-carcinoma progression.

Factors Associated with Adenoma-Carcinoma Progression

Six factors were significantly associated with CRC in the bivariate model, including age, the location of the lesion, and
expression of ICOS, ICOSLG, PD-1, and PD-L1 (all p < 0.05) (Table 4). The multivariate logistic regression analysis
indicated that the lesion location in the colon [odds ratio (OR): 0.1; 95% CI 0.02-0.48) was negatively associated with
CRC (Table 4). By contrast, high ICOS expression (OR: 5.54; 95% CI 1.14-26.93) and high ICOSLG expression (OR:
27.32; 95% CI 4.1-182.04) were positively associated with CRC (Table 4). Taken together, these data suggest that high
ICOS/ICOSLG expression and tumor location in the rectum may be involved in the progression of adenomatous

carcinoma and are closely associated with the development of CRC.

Table 3 Correlation of ICOS/ICOSLG and PD-1 Co-Expression with Precancerous-Carcinoma Progression According to the
Classification of Three Groups

Classification Total (n=131) | CRC (n=30) | Precancerous Lesions (n=101) | P value

PD-1/ICOSLG Co-expression

Group Al | PD-1"g"|COSMe" 18 13 (72.2%) 5 (27.8%) <0.001
Group Bl | PD-1"8"ICOS low or PD-1""*/ICOS"" 29 Il (37.9%) 18 (62.1%)
Group Cl | PD-1"""/ICOS"" 84 6 (7.1%) 78 (92.9%)

PD-1/ICOSLG Co-expression

Group A2 | PD-1"g"/ |ICOSLG " 18 13 (72.2%) 5 (27.8%) <0.001
Group B2 | PD-I"&"/ ICOSLG"" or PD-1'"/ ICOSLG"#" | 29 Il (45.8%) 13 (54.2%)
Group C3 | PD-1'""/ ICOSLG"™" 84 6 (6.7%) 78 (93.3%)

Note: Bold values: The statistically significant (p < 0.05).
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A Multiplexed TILs in CRC B Multiplexed TILs in Adenoma
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Figure 5 Characterization of the expressions and localization of the co-expression of ICOS, ICOSLG and PD-1 infiltration in CRC and adenoma tissues by using five-color
multiplex analysis. (A and B) Representative fluorescence pictures showing ICOS+ICOSLG+PD-1+ TILs protein expression in CRC (A) and adenoma (B) tissues from the
clinical cohort. The target signal (co-expression of gold, pink and red fluorescence) is predominantly located in the stroma cells. Nuclei (DAPI, blue), CK (cytoplasm, Opal
520, green), ICOS (cytoplasm, Opal 570, gold), ICOSLG (membrane, Opal 620, pink), PD-1 (cytoplasm, Opal 702, red). Upper panel, Bar scale = 100 pm; lower panel, Bar
scale = 50 pm.

Discussion

Colorectal carcinogenesis results from the accumulation of different sets of genomic and epigenomic alterations
and is also influenced by tumor—host interactions.?’ >* This phenomenon is echoed by several studies showing that
the immune microenvironment of CRC is counterbalanced by enhanced expression of multiple checkpoints,
especially co-stimulatory and co-inhibitory factors.!** ICOS has been identified to play a central role in the
differentiation and function of Foxp3+ Tregs?>?° Elevated expression of ICOS was shown to be associated with
a poor outcome in most cases and emerged as a better predictor of prognosis than the percentage of total Tregs
under some circumstances.”’*® Viveiros et al identified ICOS as a potential immunotherapeutic target in bladder
cancer that, through Treg depletion, may increase the efficacy of existing immunotherapies, such as anti-PD-1
therapies. In this study, we first examined the profile of ICOS and ICOSLG expression in COAD-READ and
found that they were both abnormally expressed at a high level in tumor tissues and significantly correlated with
early-stage CRC compared with advanced-stage CRC. Furthermore, we found that the expression of both ICOS
and ICOSLG was closely related to immune response processes, such as T cell activation and lymphocyte
proliferation and correlated with the expression of CD4+ and Foxp3+ TILs and PD-1/PD-L1 immune markers,
which is essential for tumorigenesis and the formation of the immunosuppressive microenvironment of CRC.
These results suggest that ICOS/ ICOSLG may influence the development of CRC and may affect the develop-
ment of tumor immunity, indicating their potential as a prognostic biomarker.

ICOS interaction with its ligand, ICOSLG, constitutes a costimulatory signal that induces the production of a wide
range of cytokines, either pro- or anti-inflammatory.’ Subsequently, numerous studies have elucidated the role of ICOS"
Tregs in homeostasis and different disease conditions. For instance,?” increased expression of ICOS in CD4 Foxp3" TILs
was observed in advanced stages of gastric cancer, and the elevated expression of ICOS in CD4 Foxp3" TILs negatively
correlated with relapse-free survival time. In addition, the expression of ICOSLG in malignant tumor cells or tumor-
associated plasmacytoid dendritic cells was confirmed to be a good booster for the accumulation of ICOS™ Tregs in some
tumor tissues.> "2 Thus, the interaction between ICOS and ICOSLG is a central mechanism in tumor immune evasion.
Zhang et al reported that the expression of ICOS is associated with improved survival in CRC, and the percentage of
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Figure 6 Multiplex immunohistochemical analysis of the co-expression of ICOS/ICOSLG and PD-1 infiltration in the progression of precancerous—carcinoma lesions. (A and
B) Representative images of PD-1+ICOS+ (A) and PD-1+ICOSLG+ T cells (B) in HP, LGD, HGD and CRC tissues from the clinical cohort. (C—E) Multiple comparison of
the density of ICOS+ (C), ICOSLG+ (D), and PD-1+ (E) T cells in HP, LGD, HGD, or CRC tissues from the clinical cohort. (F) Multiple comparison of the density of PD-1
+ICOS+ or PD-1+ICOSLG+ T cells in HP, LGD, HGD, or CRC tissues from the clinical cohort. Nuclei (DAPI, blue), CK (cytoplasm, Opal 650, red), ICOS/ICOSLG
(cytoplasm/membrane, Opal 520, green), PD-1 (cytoplasm, Opal 570, pink). Upper panel, Bar scale= 50 um; lower panel, Bar scale= 20 um. *p < 0.05, **p < 0.01, ***p <

0.001.

Abbreviation: ns, no significant difference.
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Table 4 Association Between Predictor Variables and CRC Determined via Bivariate and Multivariate
Logistics Regression Analysis

Variables Bivariate p value Multivariate p value
OR 95% CI OR 95% CI
Age (<=65 vs >65) 0.32 0.13-0.75 0.009 0.47 0.1-2.19 0.340
Sex (Male vs Female) 0.46 0.2-1.06 0.068 2.46 0.59-10.33 0.218
Location (Colon vs Rectum) 0.17 0.07-0.41 <0.0001 0.1 0.02-0.48 0.004
ICOS (High vs Low) 14.61 5.54-38.52 <0.0001 5.54 1.14-26.93 0.034
ICOSLG (High vs Low) 225 8.09-62.59 <0.0001 27.32 4.1-182.04 0.001
PD-LI (High vs Low) 4.29 1.65-11.17 0.003 2.6 0.35-19.42 0.352
PD-I (High vs Low) 742 291-189 <0.0001 201 0.34-11.78 0.493

Abbreviations: OR, adjusted odds ratio. Bold values: Statistically significant (p < 0.05).

ICOS+CD4+ cells acting as Thl cells in either primary tumor tissue or peripheral blood may be a clinical biomarker for
good prognosis of CRC patients.'? However, the role of ICOS and ICOSLG in the colorectal adenoma-carcinogenesis
pathway remains poorly understood.

Interestingly, we also observed upregulation of ICOS expression in patients with a history of colon polyps. Thus, we
hypothesized that ICOS and ICOSLG may play an important role during the carcinogenic transformation of the
colorectum and serve as an immunoregulator in the development stage of CRC. Based on this finding, we further
evaluated the correlation between co-stimulatory and co-inhibitory factors in terms of the immune features of HPs,
LGDs, HGDs, and CRCs, which are typical tissues of the four stages of colorectal adenoma-carcinogenesis, and
elucidated their changes and interrelationships in the progression of colorectal adenomas to carcinomas. We found that
ICOS/ICOSLG expression was positively correlated with colorectal carcinoma progression, especially with dysplasia
stage, size, and pathological types with higher malignant potential. The expression of ICOS/ICOSLG was positively
correlated with the expression of PD-1/PD-L1, CD4+, and Foxp3+T cells in colorectal tissues, consistent with the results
obtained in TCGA database.

The TME of adenoma and carcinoma is comparable, whereas the key elements driving an epithelium from benign to
malignant are likely decided by changes in genomic mutations or/and expression within it.** The number of intraepithe-
lial regulatory T cells was observed to increase when adenomatous polyps with low-grade dysplasia were compared to
advanced adenomas and CRCs.** In a previous study, we confirmed that increased TIL density and PD-1/PD-LI
expression correlated with cytological dysplasia progression.'® ICOS is generally involved in the production, prolifera-
tion, and survival of Tregs, providing them with a strong suppressive capability.*>*® With respect to ICOS assessment in
our study, the counts of single positive cells in the stroma were increased in precancerous lesions according to PD-1
expression, but no differences were observed at different PD-L1 expression levels. Alspach et al reported that neoanti-
gen-reactive TILs found in the tumor expressed both PD-1 and ICOS.*’ Furthermore, we found that the expression of
PD-1 modulated the prognostic significance of ICOS/ICOSLG in patients with precancerous lesions, and the co-
expression status of ICOS/ICOSLG and PD-1 stratified the patients into three groups of low, moderate, and high risk
of immunosuppression. Additionally, we observed the highest infiltration of Foxp3+ T cells, suggesting an immunosup-
pressive microenvironment, in the high-risk group, which is consistent with the worst degree of dysplasia in this group.
The infiltration of PD-1+ICOS+ or PD-1+ICOSLG+ T cells showed a stepwise trend in the progression of dysplasia from
precancerous lesion to CRC. It is possible that ICOS/ICOSLG co-expressed with PD-1 may have a role in promoting
tumor progression by regulating tumor-promoting inflammation in the CRC microenvironment.

In this study, we found that ICOS/ICOSLG expression promoted the development of aggressive tumor
phenotypes, with respect to associations with tumor stage, size, and pathological types with higher malignant
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potential. Our findings showed that high expression of ICOS and ICOSLG was a significant factor in CRC in
multiple analyses and was positively correlated with CD4+/Foxp3+ TIL density and PD-1/PD-L1 expression,
which increased with the sequential progression of lesions from precancerous tissues to carcinoma. Multivariable
logistic regression analysis suggested that the location and expression level of ICOS/ICOSLG may play a role in
precancerous-carcinoma progression. The co-expression status of PD-1 and ICOS/ ICOSLG could divide patients
with colorectal lesions into three groups of low, moderate, and high risk of progression. According to this
classification, we found a strong correlation between increased PD-1+ICOS+ or PD-1+ICOSLG+ co-expression
and CRC, which might be deemed an independent factor in carcinogenesis. As such, specific follow-up experi-
ments are needed to further validate these findings, and the potential clinical implications of these results could
help address current limitations in the diagnosis, treatment, and management of CRC. To our knowledge, such
results have not been previously reported.

Conclusion

Our findings suggest that increased ICOS/ICOSLG expression may be associated with the progressive formation of the
immune microenvironment and may further promote the development of the abnormal cytology of colorectal lesions
from low-grade to high-grade neoplasia to CRC. Our findings support the finding that enhanced co-expression of PD-1
+ICOS+ or PD-1+ICOSLG+ contribute to the immune-active microenvironment of lesions, which collectively stimulate
a host immune response in a stepwise and sequential progression, ie, dysplasia-carcinoma transition and adenoma-
carcinoma sequence.
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