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Circulation immune cell landscape
in canonical pathogenesis of colorectal
adenocarcinoma by CyTOF analysis

Xiang-Xing Kong, "¢ Jia-Sheng Xu, "¢ Ye-Ting Hu,"¢ Yu-Rong Jiao, "¢ Sheng Chen,! Cheng-Xuan Yu,' Si-Qi Dai,’
Zong-Bao Gao,” Xu-Ran Hao,” Jun Li,"* and Ke-Feng Ding'-34.7.*

SUMMARY

Current studies on the immune microenvironment of colorectal cancer (CRC) were mostly limited to the
tissue level, lacking relevant studies in the peripheral blood, and failed to describe its alterations in the
whole process of adenocarcinoma formation, especially of adenoma carcinogenesis. Here, we constructed
alarge-scale population cohort and used the CyTOF to explore the changes of various immune cell subsets
in peripheral blood of CRC. We found monocytes and basophils cells were significantly higher in adenocar-
cinoma patients. Compared with early-stage CRC, effector CD4T cells and naive B cells were higher in
patients with lymph node metastasis, whereas the basophils were lower. We also performed random for-
est algorithm and found monocytes play the key role in carcinogenesis. Our study draws a peripheral
blood immune cell landscape of the occurrence and development of CRC at the single-cell level and pro-
vides a reference for other researchers.

INTRODUCTION

Colorectal cancer (CRC) is the third most frequently diagnosed cancer and the second leading cause of mortality worldwide, and the canon-
ical adenoma—carcinoma sequence has been widely recognized for the development of sporadic CRC.'™ Current studies have identified ge-
netic alterations,” microbial biomarkers, and liquid biopsies®’ as potential diagnostic and treatment tools for CRC. Jun Yu et al. performed
metagenome profiling on feces to discover and validate microbial biomarkers®?; they later demonstrated that intra-neoplasia microbiota is
correlated with CRC proliferation.’”"" Therefore, we believe the internal environment adjusts significantly during the development of CRC,
which can be detected and may contribute to the diagnosis and treatment.

Tumor-infiltrated immune cells regulate cancer progression and are considered attractive immunotherapy targets.'*”'" Jéréme Galon
et al. characterized the type, density, and location of immune cells within CRC, which is a significant finding. They also validated its predictive
value and established a robust recurrence risk assessment model named Immunoscore for colon cancer.'”™'® Zemin Zhang's group quanti-
tatively analyzed the dynamic relationships among 20 identified T cell subsets by single-cell sequencing.'” They identified specific macro-
phage and dendritic cells (DC) that convey differential sensitivity to CSF1R blockade and defined concerted immune responses involving
DC cells and T cells upon anti-CD40 treatment.”’ The analyses of CD45" cells simultaneously from matched tissues of treatment-naive hepa-
tocellular carcinoma, CRC, and CRC liver metastasis delineated a comprehensive landscape of immune compartments among these different
tissues.”' In light of these results, we believe the dynamics in immune cells play an essential role in the occurrence and progression of CRC.
However, most studies focused on depicting the differences in tissue level, whereas alterations of immune cells in peripheral blood mono-
nuclear cells (PBMCs) were overlooked.

Cytometry by time-of-flight mass spectrometry (CyTOF) is a new high-dimensional multi-parameter analysis technology with multiple mea-
surement parameters and high single-cell recognition accuracy.””** It can detect more than 40 markers simultaneously at single-cell level and
conduct more in-depth research on cell phenotypes, signal pathways, and functions.” Steele et al. performed CyTOF on pancreatic ductal
adenocarcinoma (PDAC), normal/adjacent uninvolved tissue samples, and matched PBMCs. They observed a higher frequency of TIGIT on
CD8" T cells in the tumor. Moreover, the expression of TIGIT in CD8* T cells was positively correlated in tumor and PBMCs.?> Another study
determined the alterations of peripheral immune cell subsets caused by hepatocellular carcinoma (HCC) or PDAC through CyTOF analysis for
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Figure 1. Overall differences of each immune cell group in PBMC in healthy human, adenoma, and adenocarcinoma patients

(A) Comparison of blood routine results in normal people, adenoma patients, and stage | and Il adenocarcinoma patients.

(B) Display of the overall expression of CD45" cells in the three groups of patients.

(C) The overall immune cell expression of the three groups of patients and the t-SNE results of the comparative analysis between the groups.

(D) The expression of the main cell classification markers in all the samples included in the group: CD45: white blood cell marker; CD3: T cell marker; CD19: B cell
marker; CD56: NK cells.

(E) The overall difference of immune cells among the three groups. Asterisk was used to indicate the significance of the expression difference between the groups.
*p < 0.05, **p < 0.01, ***p < 0.001.

peripheral blood. They also established models based on selected cell markers and subsets obtained from CyTOF in detecting patients with
malignancies.”®

In CRC, there was still a lack of large-scale studies on the alterations in peripheral blood immune cells in the whole process of adenocar-
cinoma formation. Herein, we performed CyTOF analysis of PBMC samples from 102 CRCs, 47 adenomas, and 42 healthy volunteers. We map-
ped the dynamic changes of peripheral blood immune cell profiles during the development and progression of CRC: central memory CD4*
T cells and switched memory B cells increased in adenocarcinoma, whereas naive double-negative T cell (DNT) level decreased in adenoma
and adenocarcinoma. The expression of CD16™ natural killer (NK) cell subsets was significantly higher in adenocarcinoma compared with
normal and adenomas; monocytes and basophils were significantly higher in adenocarcinoma patients compared with adenoma patients.

Our research reported the changes in subpopulation and number of immune cells during the course of the occurrence and development
of colorectal adenocarcinoma. This research hinted at the potential biomarkers for future immunotherapy and provided a reference for the
analysis of immune profiles of other tumor types.

RESULTS

Characteristics of the participants

The present study finally enrolled 191 participants from our medical center. Among them, 42 were healthy volunteers (Group HC). Forty-seven

were diagnosed with colorectal adenoma (Group CRA), 26 with low-grade adenoma, and 21 with high-grade adenoma. Group CRCincluded 102

patients diagnosed with colorectal adenocarcinoma, with 15 stage |, 45 stage Il, and 42 stage Ill according to the 8" AJCC TNM staging system.
Peripheral blood samples were collected from all enrolled participants. We firstly performed routine blood test and compared white blood

cells (WBCs) and their components within HC, CRA, and early-stage CRC to explore the alterations during carcinogenesis. Compared with HC

and CRA, stage | and Il CRC had lower total white blood cells (6.685 vs. 1.898, p < 0.05) and lymphocytes (1.944 vs. 1.394, p < 0.05). Basophils

and monocytes were not significantly different among the three groups (p > 0.05) (Figure 1A). Therefore, we believe the differences in leuko-

cyte subsets are worth further exploring.

Twelve defined peripheral immune cell subgroups were annotated by CyTOF

The total leukocytes were displayed by annotating CD45" cells, and its expression showed no significant difference within the three groups
(Figure 1B). We then analyzed the expression of 40 markers and clustered all cells into 12 defined immune cells after annotation, including
CD4 T cells, CD8 T cells, double-negative T cells, nature killer T cells (NKT), CD14CD16* monocytes, CD14*CD16 monocytes, gdTCR*
T cells, IgD™ B cells, IgD* B cells, NK cells, DC, and basophils (Figures S1A and S1B).

In the three groups of patients, we counted the percentage of T cells, B cells, NK cells, and myeloid cell subsets and found that the pro-
portion of CD14" monocytes in PBMC was increased in the adenocarcinoma group, as compared with the other two groups (Figures S2A-
S2C). Moreover, the proportion of further divided subsets in T cells, B cells, NK cells, and myeloid cells in Group HC, CRA, and CRC was sta-
tisted respectively, and the results were showed in Figures S2D-520. We then compared the annotated immune cell subgroups via ViSNE,
and the marker gene of each main subgroup was also displayed (Figures 1C and 1D). The frequency of CD14"CD16 monocytes and basophils
in CRC was higher than that in CRA, whereas the frequency of IgD™ B cells was significantly lower (Figure 1E). Because few significant differ-
ences were detected among the three groups in 12 major peripheral blood subgroups, we would further explore the differences in T cells, B
cells, NK cells, and myeloid cells among the three groups.

CyTOF results of T cells

T cells were sorted through CD45*CD3*CD19~ and then classified into 27 subclusters via t-SNE (Figures 2A, 2B, and S3A). A total of 26
markers were obtained through clustering. Compared with CRA, CD45 and CCR4 were increased in CRC patients. PD1 was decreased in
CRA when compared with HC (Figure S3B). The expression of the 26 markers in 27 clusters among three groups were displayed, respectively
(Figures S3C-S3F). Later, a total of 12 defined T cell subgroups were obtained, and the difference of the corresponding clusters of T cells
within the three groups was performed (Figure 2C). Naive CD8" T cells and DNT cells were lower in CRA and CRC compared with HC.
Treg cells and central memory CD8" T cells in CRA were higher than HC (Figure 2D).

CyTOF test results of B cells

T-SNE dimensionality reduction analysis was performed on the B cells, and they were divided into 13 clusters (Figures 3A, 3B, and S4A). There
were 17 types of markers in the obtained B cells. CD45 and CD24 were more expressed in CRC than CRA; HLA'DR is reduced in CRA and CRC
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Figure 2. Differences in the expression of T cell subsets in peripheral blood of healthy people, adenomas, and adenocarcinoma patients

(A) The t-SNE results of the T cell classification of the three groups of patients are displayed.

(B) The heatmap display of the expression of T cell clusters in the three groups of patients.

(C) The t-SNE results of classification of T cells subgroups annotated by 27 clusters.

(D) Comparison results of the expression differences of 12 types of T cell subsets among the three groups. Asterisk was used to indicate the significance of the
expression difference between the groups.

*p < 0.05, **p < 0.01, ***p < 0.001.

compared with HC (Figure S4B). The expression of 17 markers in 13 clusters of B cells were also shown (Figures S4C-S4F). We then annotated
the 13 clusters and obtained 5 B cell subgroups (Figures S4G and S4C). The differences in B cell subgroups among the three groups were
displayed while the results showed no significant difference (Figure 3D).

CyTOF test results of NK cells

NK cell marker genes were clustered, and a total of 16 clusters were obtained (Figure 4A). The proportion of the 16 NK cell clusters in the three
groups was compared, and the heatmap was drawn (Figure 4B). Compared with HC and CRA, cluster 01 was significantly decreased in CRC,
and cluster 03 was significantly increased in CRC. Compared with HC, cluster 02 was increased in CRC, cluster 03 was significantly increased in
CRA, cluster 07 was significantly decreased in CRC, and cluster 10 was significantly increased in CRA (Figure S5A). The differential expression
of 16 NK cell clusters in the three groups was shown in Figure S5B. The obtained NK cells contained a total of 18 markers. In detail, CD56 in
CRC was increased than CRA; CD11c in CRA, CD16 in CRC, and CD%4 in both CRA and CRC were decreased than HC (Figure S5B). The
expression of the 18 markers in 16 clusters among three groups were displayed respectively (Figures SSC-S5F). After annotation, four defined
subgroups related to NK cells were yielded (Figure 4C). Compared with HC, CD11b*CD16~ NK cells were increased in CRC, and
CD11b~CD16~ NK cells gradually increased in CRA and CRC. However, CD16" NK cells decreased in CRC, and CD57°CD16" NK cells
decreased in CRA (Figure 4D).

CyTOF test results of myeloid cells

After clustering the myeloid cell marker genes from three groups, we obtained 17 clusters (Figure 5A). Compared with HC and CRA, cluster 10
significantly increased in CRC. Compared with HC, cluster 02, cluster 03, cluster 11, cluster 14, and cluster 15 were lower in CRC. Cluster 05 was
increased in CRC compared with CRA (Figure S6A). The obtained myeloid cells contained 19 markers (Figure S6B). Comparative analysis of
the expression of each marker in three groups showed that expression of CD86, CD33, CD38, and CCR4 were higher in CRC than in CRA, and
CD16 was reduced in CRC. Compared with HC, the expression of CD14, CD86, CD33, CD38, CCR4, and CD4 climbed in CRC patients, and the
expression of CDé6b and CD16 dropped (Figure S6B). We compared the proportion of 17 clusters in the total myeloid cell population of
patients in the three groups and drew the heatmap (Figure 5B). Expression of 19 markers of myeloid cells in 17 clusters in the HC, CRA,
and CRC were displayed respectively (Figures S6C-S6F). We annotated 17 clusters and obtained 6 subgroups related to myeloid cells (Fig-
ure 5C). Compared with patients in CRA, basophils climbed in CRC patients; monocytes are more expressed in CRC patients than in HC and
CRA (Figure 5D).

Circulation immune cell alterations in adenoma cancerization and lymph node metastasis

Adenoma carcinogenesis is the key process during adenocarcinoma formation. Identifying major cell subpopulation differences between ad-
enoma and early-stage adenocarcinoma may help explore mechanisms associated with carcinogenesis. We firstly analyze the differences in
T cell clusters between patients with adenoma and stage | adenocarcinoma. Twenty-seven T cell clusters were annotated into 13 T cell types
(Figure 6A). However, comparative analysis did not yield significant differences in T cell subsets between the two groups (Figure 6B). We also
annotated five B cell subsets and four NK cell subsets between both groups but detected no differences (Figures 6C-6F). Myeloid cell clusters
were annotated into six myeloid cell subsets (Figure 6G). Basophils and monocytes were increased in stage | CRC compared with CRA, which
suggests its role in CRC cancerization (Figure 6H).

Lymph node metastasis is a crucial risk factor for CRC prognosis and is definitive for treatment strategies. It has clinical urgency to explore
the changes in immune cell subsets related to lymph node involvement. Therefore, we annotated T cell subsets of lymph nodes metastatic
(stage Ill) CRC and non-metastatic (stage | and Il) CRC. Twenty-seven clusters were labeled as 11 T cell subsets (Figure 7A). Effector CD4"
T cells were higher in CRC patients with lymph node metastasis (Figure 7B). Sixteen B cell clusters were obtained, and five B cell subsets
were finally annotated (Figure 7C). Naive B cell was significantly increased, and unswitched B-cell and plasma blast cell were both significantly
lower in lymph node metastasis CRC (Figure 7D). NK cells were annotated into four NK cell subsets but there was no significant difference
between groups (Figures 7E and 7F). Six myeloid cell subsets were annotated, and we found basophils were lower in lymph node metastasis
CRC (Figures 7G and 7H).

Monocytes altered most significantly during colorectal carcinogenesis

We summarized the significant alterations in the proportion of each subpopulation in peripheral blood in each stage of colorectal carcino-
genesis (Table 1). It suggests thatimmune cell subpopulations may be an important reference indicator for early detection of intestinal adeno-
carcinoma. However, it is still unclear which subsets are more important. Therefore, we performed a random forest algorithm to analyze
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Figure 3. Differences in the expression of B cell subsets in peripheral blood of healthy people, adenomas, and adenocarcinoma patients
(A) The t-SNE results of the B cell classification of the three groups of patients are displayed.
(B) The heatmap display of the expression of B cell clusters in the three groups of patients.

(C) The t-SNE results of classification of B cells subgroups annotated by 13 clusters.

(D) Comparison results of the expression differences of five types of B cell subsets among the three groups.

*p < 0.05, *p < 0.01, **p < 0.001.

immune cell surface markers and screened nine characteristic markers of adenomatosis (HC vs. CRA). They were ranked in descending order
based on Mean Decrease Gini (MDG) as CD86, CD194_CCR4, CD161_NKR_P1A, CD4, CD85_ILT2, CD16, CD33, CD123_IL_3R, and CD14
(Figure S7A). We further mapped the nodes of action and neuro-modulatory networks of nine key genes to demonstrate how these markers
respond to CRC features when paired in combination (Figure S7B).
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Figure 4. Differences in the expression of NK cell subsets in peripheral blood of healthy people, adenomas, and adenocarcinoma patients

(A) The t-SNE results of the NK cell classification of the three groups of patients are displayed.

(B) The heatmap display of the expression of NK cell clusters in the three groups of patients.

(C) The t-SNE results of classification of NK cells subgroups annotated by 16 clusters.

(D) Comparison results of the expression differences of four types of NK cell subsets among the three groups. Asterisk was used to indicate the significance of the

expression difference between the groups.
*p < 0.05, **p < 0.01, ***p < 0.001.

We then followed the same process to analyze differentially expressed markers during adenocarcinoma carcinogenesis. Similarly, we
screened nine markers that may affect adenocarcinoma carcinogenesis (CRA vs. CRC) and used neural network plots to demonstrate
the associations that exist between these markers (Figures S7C and S7D). Comparing these nine markers (CRA vs. CRC) with the nine
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Figure 5. Differences in the expression of myeloid cell subsets in peripheral blood of healthy people, adenomas, and adenocarcinoma patients

(A) The t-SNE results of the myeloid cell classification of the three groups of patients are displayed.

(B) The heatmap display of the expression of myeloid cell clusters in the three groups of patients.

(C) The t-SNE results of classification of myeloid cells subgroups annotated by 17 clusters.

(D) Comparison results of the expression differences of six types of myeloid cell subsets among the three groups. Asterisk was used to indicate the significance of
the expression difference between the groups.

*p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 6. The proportion difference of immune cell subsets in PBMC of patients with adenoma and stage | colorectal cancer

A) The t-SNE results of comparison of cell subpopulations of T cell in patients with adenoma and stage | adenocarcinoma.
B) A histogram showing the comparison of 12 types of T cell subpopulations in adenoma and stage | adenocarcinoma.

C

)
D)

The t-SNE results of comparison of cell subpopulations of B cell in patients with adenoma and stage | adenocarcinoma.
A histogram showing the comparison of five types of B cell subgroups in adenoma and stage | adenocarcinoma.

F) A histogram showing the comparison results of four types of NK cell subgroups in patients with adenoma and stage | adenocarcinoma.
G) The t-SNE results of comparison of cell subpopulations of myeloid cell in patients with adenoma and stage | adenocarcinoma.

H) A histogram showing the comparison of six types of myeloid cell subgroups in adenoma and stage | adenocarcinoma. Asterisk was used to indicate the
significance of the expression difference between the groups.

*p < 0.05, **p < 0.01, **p < 0.001.
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Figure 7. The proportion difference of immune cell subsets in PBMC of patients with lymph node metastasis and non-metastasis colorectal cancer
A) The t-SNE results of comparison of cell subpopulations of T cell in patients with stage Il and stage Il adenocarcinoma.

B) The histogram of the comparison of 12 types of T cell subgroups in colorectal cancer with or without lymph node metastasis.

C) The t-SNE results of comparison of cell subpopulations of B cell in patients with stage Il and stage Ill adenocarcinoma.

D) The histogram of the comparison of five types of B cell subgroups in colorectal cancer with or without lymph node metastasis.

E) The t-SNE results of comparison of cell subpopulations of NK cell in patients with stage Il and stage Il adenocarcinoma.

F) The histogram of the comparison of four NK cell subgroups in colorectal cancer with or without lymph node metastasis.

G) The t-SNE results of comparison of cell subpopulations of myeloid cell in patients with stage Il and stage Il adenocarcinoma.

(
(
(
(
(
(
(
(

H) The histogram of the comparison of six types of myeloid cell subgroups in colorectal cancer with or without lymph node metastasis. Asterisk was used to
indicate the significance of the expression difference between the groups.
*p < 0.05, **p < 0.01, **p < 0.001.

markers detected earlier (HC vs. CRA), we revealed seven of them overlap. These seven markers may be focal markers associated with
colorectal carcinogenesis. CD86 and CD14 are monocyte-related markers, except for CD194, CD161, and CD33, which are widely ex-
pressed in immune cells. This suggests that monocytes may play a key role in colorectal carcinogenesis. We then used flow cytometry
to analyze CD14" monocyte and CD14"CD16" monocyte in three groups. The expression of CD14" monocyte gradually increased in
all three groups, whereas the expression of CD14*CD16* monocyte gradually decreased, especially shown in T group, which dropped
to 0.12% (Figures S7E-S7H).

DISCUSSION

In recent years, the recognition of immunity has grown wider in the treatment for CRC.”” Numerous studies have demonstrated the immune
microenvironment is closely related to the occurrence and progression of CRC.?* ¥ However, these studies mainly investigated the infiltration
ofimmune cells in cancer and matched normal tissues. Considering that clinical tumor screening for patients mainly relies on liquid biopsy, the
characteristics of multi-stage in PBMC need to be studied. Ting Zhang et al.** performed CyTOF detection on PBMC of HC and CRC patients;
they demonstrated the systemic and comprehensive expression profile of EpCAM, PD-1, and PD-L1 by T cells and their various subsets.
Limited by the number of markers and the sample size, their study did not include adenoma patients. Their research mainly focused on
T cells and lacked in-depth exploration of other PBMCs. Krijgsman D et al.** drew the peripheral blood immune cell profile of patients
with CRC, but their study only focused on T-, NK-, and NKT cell subsets. Additionally, these studies have laid a good foundation for exploring
the changes of PBMC during the development of intestinal adenocarcinoma.

Currently, few studies have focused on depicting the immune microenvironment of adenoma. Adenoma is the key stage of adenocarci-
noma carcinogenesis, and inhibiting adenoma has been proven to greatly reduce the occurrence of adenocarcinoma.®>*¢ Using multi-region
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Table 1. Major characteristic changes in circulating immune cell subpopulations during colorectal carcinogenesis

Cell type Subpopulations markers Subpopulations Differently expression between groups

T cells CD56*CD3*CD45RA*CD94*CD57*CD38* Natural killer T cell Adenoma > adenocarcinoma > normal
CD27*CD45RA*CCR7*CD38*CD127"* Double-negative Normal > adenoma > adenocarcinoma

T cell (CD4°CD8")

CD25%ICOS*CD38"CD39"CCR4"HLA DR*CD4" Regulatory T cell Adenocarcinoma > adenoma

B cells CD85j*CD3%hiCD27 "CD45RA*IgD~CD38hi Switched Memory B cell Adenocarcinoma > normal
CD19"CD45RA"CXCR5*"HLA DR* Plasmablast No metastatic > metastatic

NK cells CD56"CD11¢"CD38"HLA DR" CD16™ NK cell Adenocarcinoma > adenoma > normal

Myeloid Cells CD14*CD85j"CD39*CD86*CD11c**CD33™* Monocyte Adenocarcinoma > adenoma > normal;
CD45*CD38*HLA DR*CD11b* stage | adenocarcinoma > adenoma
CD123"HLA DR CD33*CD45R0OloCD38hiCD11b™* Basophil Adenocarcinoma > adenoma; stage |

adenocarcinoma > adenoma;

no metastasis > metastasis

genome and exome sequencing of 24 benign and malignant colorectal tumors, Cross et al.* investigated the evolutionary fitness landscape
occupied by these neoplasms. They found that advanced adenomas frequently harbor sub-clonal driver mutations considered to be function-
ally important in the carcinogenic process and have relatively high genetic heterogeneity. Studies have found®’ that eosinophils are recruited
into developing tumors during induction of inflammation-induced CRC and in mice with the Apc min/+ genotype, which developed spon-
taneous intestinal adenomas.

The present study used CyTOF technology to perform PBMC detection of 102 CRC patients, 42 healthy people, and 47 adenoma patients.
We clustered and selected the obtained cells based on the expression of 40 markers on the surface of PBMC cells, and a map of peripheral
blood immune cells during the natural formation of intestinal adenocarcinoma was drawn. Compared with HC, the Treg cells in CRA
increased, and the naive CD8" T in CRA and CRC decreased. Compared with CRA, naive CD4" T cells had higher expression in CRC,
compared with HC and CRA. The naive B cells were significantly lower in CRC. Compared with stage Il adenocarcinomas, the effector
CD4" T cells were increased in stage Ill adenocarcinoma. In addition, we also found that compared with HC and CRA, the NKT cell was signif-
icantly reduced in CRC. NKT cells can not only activate various immune cells but also rejuvenate depleted immune cells in the tumor micro-
environment and fight tumors by connecting innate and adaptive immunity. Some clinical trials based on NKT cell immunotherapy are already
underway. Krijgsman et al.’s study® suggested that NK cell receptor ligands expressed by tumor cells may modulate the phenotype of circu-
lating NK- and NKT cells and facilitate immune escape of metastasizing cells. Their another study™ was consistent with our findings. Ghar-
agozloo et al.*” also found that there was a significantly lower number of NKG2D* CD56* NKT cells in the peripheral blood of patients with
metastatic CRC compared with HC by flow cytometry.

Besides, we discovered that in the natural process of adenocarcinoma formation, the expression of a cell subset of Naive DNT (CD27*
CD45RA"CCR7*CD38"CD127'°) was gradually decreasing. DNTs have been reported to have dual effects of killing tumor cells and inhibiting
graft-versus-host disease. It was worth noting that DNTs can be obtained and amplified from healthy donors. Compared with HC, switched
memory B cells were higher in CRC, and no other literature has reported the expression of switched memory B cells in CRC and the changes in
each stage of cancer. Compared with non-metastatic CRC patients, plasmablasts were lower in metastatic CRC patients. Previous studies
reported that in CRC, CD19"CD27" plasma cells accounted for a large proportion of tumor-infiltrating lymphocytes and had strong immune
regulation functions.

We discovered that in the process of adenoma occurrence and carcinogenesis, the peripheral blood content of a special type of CD16~ NK
cell (CD56"CD11c*CD38"HLA-DR") was gradually increasing, whereas CD16" NK cells decreased in adenoma and adenocarcinoma. This is
an extremely interesting finding. Compared with HC and CRA, CD16™ monocyte cells were significantly higher in CRC. Compared with CRA,
CD16" monocyte cell subsets were significantly reduced in CRC, and basophils cells were significantly increased in CRC patients. Haak et al.*®
investigated CRC infiltration by OX40 and CD16 expressing cells in 441 primary CRCs using tissue microarrays and specific antibodies, by
immunohistochemistry. They found that combined infiltration by OX40* and CD16* immune cells is an independent favorable prognostic
marker in CRC. The results of our study showed that compared with HC and CRA, the content of CD16" monocytes in stage I/Il CRC was
significantly higher, which suggested that CD16" monocytes may also be used as a marker for CRC. Previous studies on basophils in patients
with CRC mainly focused on tumor proliferation and metastasis, and few studies reported the level of basophils in the adenoma stage.
Although retrospective studies had also found basophils were elevated in CRC, the results of these studies were not consistent.*" There
was also no research on basal granulocyte subpopulations. Consequently, we conducted a detailed analysis and comparison of the basophil
subpopulations in the peripheral blood of CRA and CRC. The content in stage Il CRC was increased; compared with HC, the content of
CD123" CD11b* basophils was increased in stage | CRC, which suggested that these subpopulations can also be used as marker cell subsets
for early screening of CRC.
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Limitations of the study

Although our study included large sample size, we did not perform CyTOF or single-cell sequencing detection on normal, adenoma,
and adenocarcinoma tissues, which made our results based on peripheral blood PBMC studies not compared with the infiltration of
immune cells in solid tissues for the time being. Considering that there was almost no single-cell level research on common
adenomas (except FAP), we needed to further pay attention to the specific situation of immune cell infiltration in adenomas in subse-
quent research and identified and confirmed the corresponding cell subsets through basic experiments such as immunofluorescence.

Conclusions

The immune microenvironment of colorectal cancer (CRC) is not well studied in peripheral blood levels, and its alterations throughout the
adenocarcinoma formation process are not well described in current research. In this work, we map peripheral blood immune cells at the
single-cell level in the development of colorectal cancer. We created a sizable population cohort and investigated alterations in different im-
mune cell subsets in the peripheral blood of colorectal cancer patients using CyTOF, employing the random forest algorithm to determine
that monocytes are essential for the development of cancer. This study offers references for the immunoprofiling of other tumor types as well
as prospective biomarkers for upcoming immunotherapy.
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Protector RNase inhibitor Roche 3335402001
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Nuclease-Free Water (not DEPC-Treated) Invitrogen AM9937

1X TE buffer solution Thermo 12090015
PCR Tubes,0.2 mL,PCR Eppendorf 30124332
SPRiselect Reagent BECKMAN B23318
Critical commercial assays

Antibody metal labeling kit Fluidigm Corporation, USA 201300
RNeasy FFPE Mini kit(50) Qiagen 73504
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Single cell debarcoder Zunder et al.** https://github.com/nolanlab/
single-cell-debarcoder

t-SNE van der Maaten and Hinton”® https://github.com/jkrijthe/Rtsne

PARC Stassen et al.*® https://github.com/ShobiStassen/PARC

X-shift Samusik et al.”’ https://github.com/nolanlab/vortex

PhenoGraph Levine et al.*® https://github.com/jacoblevine/PhenoGraph

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Prof. Ke-Feng Ding
(dingkefeng@zju.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Relevant test data in the study have been uploaded to the OMIX database (website: https://ngdc.cncb.ac.cn/omix/submitList), Number:
OMIX005724. All data reported in this paper will be shared by the lead contact upon request. 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 STUDY PARTICIPANT DETAILS

All patients were prospectively enrolled during August 2020 and October 2020 from the second affiliated hospital of Zhejiang University,
school of Medicine. The inclusion and exclusion criteria were listed in Table S1. Patients were classified into three groups based on colonos-
copy and pathological reports. HC, is defined as healthy controls, whose colonoscopy confirmed with no occupying lesions. CRA, is defined as
patients only diagnosed with pathology confirmed adenoma. CRC, is defined as patients diagnosed with pathology confirmed adenocarci-
noma, without any non-adenocarcinoma malignant tumors or distant metastasis. Patient characteristics for samples used in the study are
listed in Table S2.

This study was approved by the ethics committee of the Second Affiliated Hospital, Zhejiang University School of Medicine (2021-LYS-
0473). Consents were signed by all participants. Clinical information was collected from the hospital information system. Five microliters
of peripheral blood were collected before colonoscopy for routine tests and CyTOF analysis.

Ethical approval and consent to participate

This study was conducted in accordance with the recommendations of the Ethics Committee of the Second Affiliated Hospital of Zhejiang
University(2021-LYS-0473). The protocol was adopted by the Ethics Committee of the Second Affiliated Hospital of Zhejiang University. All
subjects gave written informed consent in accordance with the Declaration of Helsinki.

METHOD DETAILS

Cytof measurement

EDTA-treated whole blood was lysed using ACK lysis buffer to obtain PBMCs by Ficoll density gradient centrifugation. Cold cell staining
buffer was used to resuspend the pellet. Cells were collected by centrifugation at 300g for 5 min at 2°C-8°C. We then labeled single-cell sus-
pension using 194Pt for 5 min to distinguish live from dead. Forty immune cell markers (details in Table S3) were used to stain PBMCs. The
stained PBMCs were sorted using the Porting CyTOF platform. At least 300,000 single cells were extracted from PBMCs from each patient.
CyTOF analysis was performed by PLTTech Inc. (Hangzhou, China).

Data process and analysis

Data generated from different batches were normalized and then de-barcoded using a doublet filtering scheme with mass-tagged barcodes
and manually gated to retain live, singlet, valid immune cells. All cell events in each sample have been pooled and used for clustering. We
used CyTOF software v6.7 to merge and standardize collected data. Cytobank (https://www.cytobank.org/) and several R packages (cytofkit,
Rtsne, FlowSOM, cytofexplorer, ggplots et al.) were used to analyze data. We used the t-distributed stochastic neighborhood embedding
(t-SNE) algorithm through ViSNE to perform t-SNE dimensionality reduction analysis and generate t-SNE visualization results. Leukocytes
in PBMCs were screened by CD45. We performed heatmap analysis of the expression of 40 markers in all samples, followed by cluster analysis
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of all CD45" cells. Cell types of each subgroup were determined by prior knowledge and cell marker database annotation. PhenoGraph was
used to cluster cell subgroups and comparatively analyze their characteristics.

Prediction of cancer-related cell subpopulations

We screened differential markers between the HC and CRA. We applied the random forest algorithm to filter the differential markers. The
mean decrease in Gini coefficient (Mean Decrease Gini, MDG) was calculated using the importance function to rank cell markers. We scored
the markers' difference to remove the gradient effect and constructed neural network models via the Neural Net Tools package to clarify how
these markers matched each other to characterize CRC.

Flow cytometry

PBMCs were collected from 20 participants from G1, G2,and G3, respectively. Cells were stained with CD14 and CD16 double indicators, and
we also conducted a blank control group without stain. The fluorescence intensity of the four groups of samples was analyzed by flow cytom-
etry and compared between groups.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was conducted using R projects (version 4.3.0). Data was expressed as mean =+ standard deviation (SD) or as medians with
interquartile ranges. Statistical significance between the two groups was calculated using non-parametric Mann-Whitney test. Rejection of the
null hypothesis with a p value < 0.05 was considered significant.One asterisk (*) indicates a p value <0.05, two asterisks (* *) indicates a p value
<0.01, and three asterisks (* * *) indicates a p value <0.001.

ADDITIONAL RESOURCES
This study involves data and materials collected from patients enrolled in Clinical Trial: ClinicalTrials.gov ID: NCT04074538.
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