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The association of appendectomy with prognosis
and tumor-associated macrophages
in patients with colorectal cancer

Gaixia Liu,1,2,3,5 Chenhao Hu,1,2,3,5 JiangpengWei,4Qixin Li,1,2,3 Jiaqi Zhang,2,3 Zhe Zhang,1,2,3 PenghongQu,1,2,3

Zeyu Cao,1,2,3 Ruochen Wang,2,3 Gang Ji,4 Junjun She,1,2,3,* and Feiyu Shi1,2,3,6,*

SUMMARY

The vermiform appendix plays an important role in colorectal immunity and the homeostasis of the gut
microbiome. We aimed to evaluate the prognostic value of prior appendectomy for patients with colo-
rectal cancer (CRC). This study revealed that prior appendectomy is an independent risk factor for the
prognosis of patients with CRC, based on a multicentral CRC cohort. We further demonstrated that
appendectomy induced a poor prognosis of CRC through the depletion of M1 macrophage cells in
AOM-induced mice, which was confirmed in age-, sex-, and location-matched patients’ cohorts and ortho-
topic model models with the CT26 cell line. Poor responses to anti-PD-1 immunotherapy were detected in
patients with CRC with appendectomy, and cetuximab is an effective treatment for patients with appen-
dectomy-associated colorectal cancer (APD-CRC) to improve their prognosis. Our study will provide a
reference for developing treatment plans for a considerable number of patients with APD-CRC, which
is of great clinical significance.

INTRODUCTION

CRC is one of the most common digestive malignancies, with almost 1,800,000 new cases in the world each year and CRC annually results in

nearly 900,000 cancer-related deaths worldwide.1 As such, efforts to identify the risk factors contributing to the prognosis of CRC are increas-

ingly important not only in clinical treatment but also in public health.

Appendectomy is one of the most common abdominal operations, with the clinical application of more than a century.2 According to

recent studies on the appendix, its primary function includes acting as an auxiliary lymphoid organ in detecting and eliminating pathogens,

as well as functioning as a ‘‘Bacterial Safe House’’ to protect and regulate gut commensal microbiota.3 Given the important roles of gut im-

mune state and gut microbiota in CRC, appendectomy is believed to be closely related to CRC.3–5 Furthermore, some epidemiological

studies and clinical observations also have indicated an intimate association between prior appendectomy and CRC, particularly in terms

of the increased risk of subsequent development of CRC.6–8 According to our previous study, appendectomy-induced microbial dysbiosis

plays a crucial role in CRC development.9 Nevertheless, as far as we know, few studies investigated the prognostic significance of prior ap-

pendectomy for patients with CRC, which was very important considering the high prevalence of appendectomy and its potential impact on

treatment management and follow-up strategies.

Considering the role of the appendix as an important part of the intestinal immune system as well as the significant impact of tumor micro-

environment (TME) on immunotherapy,10 it is necessary to further evaluate the TME of CRC with appendectomy. Considerable evidence has

indicated that a high-level gut local immune response is significantly associated with improved clinical outcomes in CRC. In particular, tumor-

associatedmacrophages (TAMs) represent the most abundant innate immune population in the TME. TAMs influence cancer cell growth and

metastasis andmediate immunosuppressive effects on the adaptive immune cells of the TME.11 Furthermore, macrophages are highly plastic

and often display an immune-suppressive M2-like phenotype that fosters tumor growth and promotes resistance to therapy. TAMs can also

acquire an anti-tumorigenic M1-like phenotype and enhance the response to immunotherapy.12

To investigate the potential correlation between prior appendectomy and the prognosis influence on patients with CRC, we first conduct-

ed a multicenter prospective study involving 4,214 subjects to assess the relationship between appendectomy and CRC prognosis. In

addition, we then used two CRC mouse models with appendectomy to investigate the mechanism behind appendectomy-induced poor
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prognosis of CRC. Also, the curative effect of different chemotherapy regimens and immunotherapy for patients with CRC with prior appen-

dectomy were evaluated.

RESULTS

Overall characteristics of cohorts

A total of 4,214 patients with CRC were included in the study, which included 342 patients with appendectomy history and 3,872 patients

without appendectomy history (Figure S1). 337/342 patients with CRC with appendectomy were included in the propensity score analysis

and matched 1:5 with CON-CRC (non-appendectomy). The baseline characteristics and distribution of propensity scores in the matched

cohort were comparable between groups (Table S1). After matching, the median ages were 65 (58–73) and 65 (57–72) years in the appendec-

tomy-CRC and CON -CRC groups. A total of 43.9% and 45.2% of patients were male in the appendectomy-CRC and CON -CRC groups.

Patients with colorectal cancer with prior appendectomy had worse survival than patients without appendectomy,

especially the right-sided colon cancer

We calculated the OS and DFS for patients with CRC in our cohort by Kaplan-Meier survival analysis and multivariate Cox regression analysis.

Confounding factors include sex, age, tumor stage, tumor differentiation, smoking, drink, CRC family history, Chemoradiotherapy, and CCI

score. The results showed worse OS and DFS in patients with CRC with prior appendectomy (Figures 1 and 2; Tables 1 and 2). The HR of OS

survival was 1.39 (1.136–1.701, Adjusted p = 0.001, Figure 1A; Table 1) and the HR of DFS survival was 1.813 (1.461–2.249, Adjusted p < 0.001,

Figure 2A; Table 2). The result remained robust in the sensitivity analysis with different statistical modeling (Tables S2–S5). In subgroups anal-

ysis by tumor location, we observed more significantly decreased OS in patients with right-sided colon cancer with appendectomy [1.714

(1.193–2.461), Adjusted p = 0.004, Figure 1B and Table 1] than in control cases. And, there was no difference between patients with or without

appendectomy for left-sided patients with colon cancer [1.161 (0.701–1.921), adjusted p = 0.562, Figure 1C and Table 1] and patients with

Figure 1. Patients with CRC with prior appendectomy had a worse overall survival than patients without appendectomy, especially with right-sided

colon cancer

(A) Kaplan-Meier curves of overall survival for patients with CRC with and without prior appendectomy.

(B–D) Subgroup analysis was performed to evaluate the overall survival of right-sided colon cancer, left-sided colon cancer, and rectal cancer for patients with

CRC with appendectomy. * Right-sided colon cancer includes cancer at the cecum, ascending colon, hepatic flexure, and transverse colon. Left-sided colon

cancer includes cancer at the splenic flexure, descending colon, and sigmoid colon.
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rectal cancer [1.179 (0.875–1.589), Adjusted p = 0.279, Figure 1D and Table 1]. But analysis for DFS showed that a significant and independent

association between appendectomy and DFS remained in patients with right-sided colon cancer [1.813 (1.461–2.249), Adjusted p < 0.0001,

Figure 2B and Table 2], and patients with rectal cancer [1.739 (1.273–2.374), Adjusted p = 0.001, Figure 2D and Table 2].

In subgroups analysis by tumor stage,more significantly decreasedOSwere overserved in patients with stageIandIIstage right-sided colon

cancer with appendectomy compared with control cases [SHR: 1.973 (1.068–3.646), adjusted p < 0.05, Table S6]. Moreover, both patients with

I/II and III stageCRCwith appendectomy had poorer FDS than controls [stage I/II, SHR: 1.681 (1.209–2.336), Adjusted p= 0.002; stage III, SHR:

1.863 (1.398–2.482), adjusted p < 0.001, Table S7].

In conclusion, losing the function of the appendix (appendectomy) could be considered an independent prognostic risk factor for CRC,

especially right-sided colon cancer.

Appendectomy-colorectal cancer with the alteration of immunemicroenvironment was characterized by the low density of

M1 macrophages

To investigate the potential mechanisms behind the poor prognosis in patients with CRC with appendectomy, we utilized a CRC mouse

model induced by the administration of AOM combined with DSS13 (Figure 3A). We harvested colon tumor tissue from appendectomy

(n = 5) and control mice (n = 3) for RNA sequencing at the end of the induction period. The data revealed that APD-CRC is distinct from

CON-CRC, with 46 genes upregulated and 101 genes downregulated in the APD-CRC (Table S8). Genes involved in the negative regulation

of lymphocyte activation, regulation of the immune system process, and innate immune response show significant differences between APD-

CRC and CON-CRC (Figure S2). So, the proportion of infiltrating immune cells in tumor tissue was estimated, which revealed that the density

of M1 macrophage was significantly depleted in APD-CRC compared with CON-CRC (Figure 3B). Histological examination of colon tumor

sections confirmed that the appendectomy induced depletion of M1 macrophage in colon cancer as evidenced by significantly decreased

CD80 positive and iNOS positive cells (Figure 3C).

We further validated the association between appendectomy and infiltration of M1 macrophage cells in patients with CRC. We compared

densities of M1 macrophage in tumor tissue from 37 CRC cases with appendectomy and 37 age-, gender- and location-matched control CRC

Figure 2. Patients with CRC with prior appendectomy had a poorer DFS than patients without appendectomy

(A) Kaplan-Meier curves of DFS for patients with CRC with and without prior appendectomy.

(B–D) Subgroup analysis was performed to evaluate DFS of right-sided colon cancer, left-sided colon cancer, and rectal cancer for patients with CRC with

appendectomy. * Right-sided colon cancer includes cancer at the cecum, ascending colon, hepatic flexure, and transverse colon. Left-sided colon cancer

includes cancer at the splenic flexure, descending colon, and sigmoid colon.
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Table 1. Multivariable COX regression analyses for association between prior appendectomy and OS of patients with CRC after PS matching

Total colorectal cancer Right-sided colon cancera Left-sided colon cancera Rectal cancer

SHR (95% CI) Adjusted P SHR (95% CI) Adjusted P SHR (95% CI) Adjusted P SHR (95% CI) Adjusted P

Appendectomy, yes vs. no 1.39 (1.136–1.701) 0.001 1.714 (1.193–2.461) 0.004 1.161 (0.701–1.921) 0.562 1.179 (0.875–1.589) 0.279

Sex, male vs. female 0.962 (0.803–1.154) 0.678 1.185 (0.828–1.698) 0.354 1.556 (0.988–2.45) 0.056 0.76 (0.591–0.976) 0.032

Age, years 1.032 (1.024–1.041) 0 1.027 (1.011–1.044) 0.001 1.017 (0.997–1.038) 0.098 1.04 (1.028–1.052) 0

Stage, II vs. I 1.596 (1.067–2.388) 0.023 1.058 (0.376–2.981) 0.914 1.56 (0.557–4.369) 0.397 2.007 (1.221–3.298) 0.006

Stage, III vs. I 3.562 (2.417–5.249) 0 2.43 (0.863–6.839) 0.093 4.544 (1.702–12.136) 0.003 4.059 (2.523–6.532) 0

Stage, IV vs. I 10.015 (6.652–15.079) <0.001 7.018 (2.47–19.94) 0 10.269 (3.761–28.04) 0 12.875 (7.686–21.565) <0.001

Differentiation, moderate vs. low 0.707 (0.54–0.927) 0.012 1.092 (0.626–1.905) 0.757 0.92 (0.375–2.258) 0.856 0.483 (0.343–0.679) 0

Differentiation, high vs. low 1.315 (0.958–1.806) 0.091 2.328 (1.253–4.324) 0.007 1.913 (0.714–5.129) 0.197 0.794 (0.512–1.232) 0.304

Smoke, ex-smoker vs. none 0.958 (0.698–1.313) 0.788 0.849 (0.422–1.708) 0.647 1.749 (0.896–3.417) 0.102 0.735 (0.474–1.139) 0.168

Smoke, current vs. none 1.018 (0.766–1.352) 0.903 0.662 (0.346–1.267) 0.213 2.734 (1.349–5.539) 0.005 0.92 (0.629–1.346) 0.667

Drink, light vs. none 0.859 (0.568–1.298) 0.471 0.953 (0.32–2.839) 0.93 0.529 (0.178–1.575) 0.253 1.087 (0.644–1.837) 0.754

Drink, severe vs. none 0.451 (0.162–1.251) 0.126 0.363 (0.039–3.339) 0.37 0.885 (0.186–4.198) 0.877 0.323 (0.045–2.342) 0.263

CRC family history, family

history of CRC vs. none

1.638 (1.135–2.365) 0.008 1.402 (0.673–2.922) 0.367 1.529 (0.724–3.227) 0.265 1.838 (1.057–3.197) 0.031

CRC family history, family

history of other cancers vs. none

0.606 (0.348–1.053) 0.076 0.54 (0.212–1.377) 0.197 0.359 (0.087–1.473) 0.155 0.662 (0.292–1.502) 0.324

Chemoradiotherapy, yes vs. no 0.488 (0.407–0.587) 0 0.493 (0.341–0.713) 0 0.468 (0.305–0.717) 0 0.481 (0.373–0.62) 0

CCI score, 1 vs. 0 1.156 (0.967–1.383) 0.112 1.467 (1.023–2.103) 0.037 2.05 (1.386–3.031) 0 0.777 (0.6–1.005) 0.055

CCI score, R2 vs. 0 2.214 (1.425–3.44) 0 2.403 (1.09–5.299) 0.03 1.795 (0.399–8.078) 0.446 1.807 (0.995–3.283) 0.052

SHR: subdistribution hazard ratio; CI: confidence interval; CCI: Charlson comorbidity index; CRC: colorectal cancer.
aRight-sided colon cancer: cancer at cecum, ascending colon, hepatic flexure, and transverse colon. Left-sided colon cancer: cancer at splenic flexure, descending colon, and sigmoid colon.
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Table 2. Multivariable COX regression analyses for association between prior appendectomy and DFS of patients with CRC after PS matching

Total colorectal cancer Right-sided colon cancera Left-sided colon cancera Rectal cancer

SHR (95% CI) Adjusted P SHR (95% CI) Adjusted P SHR (95% CI) Adjusted P SHR (95% CI) Adjusted P

Appendectomy, yes vs. no 1.813 (1.461–2.249) 0 1.937 (1.318–2.847) 0.001 1.577 (0.929–2.676) 0.092 1.739 (1.273–2.374) 0.001

Sex, male vs. female 1.035 (0.84–1.276) 0.746 1.069 (0.705–1.62) 0.754 1.228 (0.764–1.973) 0.397 0.932 (0.698–1.243) 0.631

Age, years 1.021 (1.012–1.03) 0 1.01 (0.994–1.027) 0.213 1.01 (0.991–1.03) 0.31 1.032 (1.018–1.045) 0

Stage, II vs. I 2.07 (1.39–3.082) 0 2.103 (0.649–6.818) 0.216 1.036 (0.459–2.338) 0.932 2.664 (1.595–4.452) 0

Stage, III vs. I 3.437 (2.325–5.081) 0 3.503 (1.072–11.444) 0.038 1.868 (0.858–4.069) 0.116 4.175 (2.537–6.873) 0

Differentiation, moderate vs. low 0.682 (0.511–0.911) 0.009 1.132 (0.622–2.063) 0.685 0.443 (0.229–0.857) 0.016 0.578 (0.39–0.857) 0.006

Differentiation, high vs. low 1.099 (0.763–1.583) 0.613 2.271 (1.156–4.464) 0.017 0.579 (0.24–1.393) 0.222 0.842 (0.486–1.459) 0.54

Smoke, ex-smoker vs. none 0.941 (0.642–1.379) 0.755 1.127 (0.464–2.736) 0.792 1.134 (0.479–2.685) 0.775 0.823 (0.501–1.352) 0.442

Smoke, current vs. none 1.317 (0.971–1.788) 0.077 1.391 (0.749–2.583) 0.295 1.791 (0.871–3.682) 0.113 1.112 (0.739–1.674) 0.61

Drink, light vs. none 0.823 (0.513–1.32) 0.419 0.651 (0.221–1.916) 0.436 0.723 (0.189–2.772) 0.636 0.956 (0.53–1.722) 0.879

Drink, severe vs. none 0.9 (0.414–1.957) 0.791 1.282 (0.287–5.721) 0.745 0.443 (0.051–3.864) 0.461 0.878 (0.313–2.458) 0.804

CRC family history,

family history of CRC vs. none

0.742 (0.439–1.257) 0.267 0.739 (0.29–1.883) 0.526 0.387 (0.092–1.635) 0.197 0.955 (0.461–1.976) 0.9

CRC family history, family

history of other cancers vs. none

0.713 (0.398–1.276) 0.254 1.155 (0.415–3.215) 0.783 1.125 (0.306–4.133) 0.86 0.489 (0.198–1.209) 0.121

Chemoradiotherapy, yes vs. no 0.624 (0.508–0.766) 0 0.497 (0.323–0.765) 0.001 0.683 (0.437–1.066) 0.093 0.691 (0.523–0.914) 0.01

CCI score, 1 vs. 0 0.846 (0.683–1.047) 0.124 0.932 (0.61–1.424) 0.744 0.953 (0.595–1.526) 0.841 0.784 (0.582–1.056) 0.109

CCI score, R2 vs. 0 0.782 (0.322–1.9) 0.587 NA 0.994 1.525 (0.407–5.722) 0.531 0.483 (0.119–1.961) 0.309

SHR: subdistribution hazard ratio; CI: confidence interval; CCI: Charlson comorbidity index; CRC: colorectal cancer.
aRight-sided colon cancer: cancer at cecum, ascending colon, hepatic flexure, and transverse colon. Left-sided colon cancer: cancer at the splenic flexure, descending colon, and sigmoid colon.

ll
O
P
E
N

A
C
C
E
S
S

iS
cie

n
ce

2
7
,
1
1
0
5
7
8
,
S
e
p
te
m
b
e
r
2
0
,
2
0
2
4

5

iS
cience

A
rticle



cases. Thedemographic and clinical characteristics of theseparticipants are shown inTable S9. Indeed, colorectal carcinoma tissue frompatients

withappendectomypossesses a lowerdensity ofM1macrophage comparedwithCRC tissue fromcontrols (Figures 3Dand3E). Furthermore, the

prognostic significance of M1macrophage density was also validated in the TCGACRC cohort (Figure 3F). Collectively, these results indicated

that the feature of patients with CRC with appendectomy for immune microenvironment was lower density M1 macrophages.

Considering the complex relationship between the appendix, gut microbiota, and tumor immune microenvironment, we compared the

abundance of two top CRC-promoting bacteria (Bacteroides vulgatus, Bacteroides fragilis) and beneficial bacteria (Blautia sp SC05B48, Col-

linsella aerofaciens) in tumor tissue from APD-CRC and CON-CRC, which we validated altered significantly in feces from case with appendec-

tomy9 (Figure S3A). The CRC cohort (n = 35. APD-CRC: CON-CRC = 1:2, matched by sex, age, location, and BMI) was established and the

demographic and clinical characteristics of this cohort are shown in Table S10. The abundance of Blautia sp SC05B48, which is reported as a

potential probiotic,14 significantly decreased in cancer tissue from APD-CRC compared with CON-CRC (Figure S3A). Moreover, the connec-

tion between the density of M1 macrophages and the abundance of Blautia sp SC05B48 was validated in another CRC cohort through

Figure 3. Appendectomy-CRC with the alteration of immune microenvironment was characterized by the low density of M1 macrophages

(A) The flow chart of the AOM induced colorectal cancer mouse with appendectomy model experiments.

(B) Bar plot shows the ratio differentiation of 22 types of immune cells between APD-CRC samples and CON-CRC samples from AOM induced CRC mice.

*p < 0.05, **p < 0.01, Wilcoxon test.

(C) The CD80 and iNOS expression referring to the infiltration of M1 macrophages in CRC tissue from mice with (right, n = 6) and without (left, n = 5)

appendectomy. Scale bar, 20um.

(D) Representative images of immunohistochemistry staining for CD80 for colorectal tumor species from patients with (right) or without (left) appendectomy.

Scale bar, 20um.

(E) Quantitative analysis for the density of M1 macrophage in APD-CRC (n = 37) tissue and age-, sex- and location-matched CON-CRC (n = 37) tissue was

presented.

(F) Kaplan-Meier survival analysis to assess the correlation between the density of M1macrophage andOS outcome of patients with colorectum adenocarcinoma

from TCGA database. Data are means G SEM. The difference between the two groups was determined by a two-tailed Student’s t test.

ll
OPEN ACCESS

6 iScience 27, 110578, September 20, 2024

iScience
Article



RNA-seq and qPCR (n = 88, Table S11). CRC tissues with a high abundance of Blautia sp SC05B48 were characterized by enriched M1 mac-

rophages (Figure S3B). Correspondingly, the data provides evidence for the reduction of M1macrophages in CRC caused by appendectomy.

The data suggested that appendectomy may play a key role in changing the density of M1 macrophages in APD-CRC by inducing intestinal

bacteria dysbiosis.

Depletion ofM1macrophage cells in cancer tissue contributes to a poor prognosis for colorectal cancerwith appendectomy

The influence of the depletion of M1 macrophages induced by appendectomy on the outcome of CRC was determined in orthotopic CRC

mice. We generated CT26-Luci orthotopic tumor mice models with or without appendectomy (Figure 4A). Appendectomy mice demon-

strated faster tumor growth observed by small animal live imaging instruments compared with control mice (Figure 4B). Appendectomy

mice had increased tumor volume and tumor weight (p < 0.05, Figure 4C) compared with control mice at the endpoint (Figure 4D). Consis-

tently, the flow Cytometry results showed that the proportion of infiltrating M1 macrophage cells was significantly decreased in CT26 ortho-

topic tumors from mice with appendectomy (Figures 4E and S4A).

Figure 4. Depletion of M1 macrophage cells in cancer tissue contributes to a poor prognosis for CRC with appendectomy

(A) Representative pictures of CT26-luci cecum orthotopic mice with (APD-CRC) or without appendectomy (CON-CRC).

(B)The growth of orthotopic tumors in mice with appendectomy and controls was observed by a small animal live imaging instrument.

(C) Images for CT26-Luci cecum orthotopic tumors from mice with appendectomy and controls in the endpoint.

(D)Tumor volumes and tumor weights were compared between APD-CRC and CON-CRC.

(E) Frequencies of M1 macrophage cells in orthotopic tumors from ADP-mice (n = 5) and control-mice (n = 5) were measured by flow cytometry.

(F) The flow chart of clodronate liposomes inducing the depletion of macrophages in CT26-Luci cecum orthotopic tumors mice with/without appendectomy.

(G and H) Representative images of CT26-Luci cecum orthotopic tumors in CON-CRC and APD-CRC groups from mice treated by PBS/clodronate liposomes.

Similar levels of tumor size and tumor weight were detected in macrophage-depleted mice with or without appendectomy. Data are means G SEM. The

difference between the two groups was determined by a two-tailed Student’s t test.
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To verify that the poor prognosis of patients with APD-CRC may be related to the reduction of M1-type macrophages, we depleted the

macrophage cells by clodronate liposomes treatment in mice bearing CT26 orthotopic tumor (Figure 4F). The depletion of macrophages was

confirmed by flow cytometry on mouse spleen and tumor samples (Figures S4B and S4C). Consistently, similar levels of tumor size and tumor

weight were detected in macrophage-depleted mice with or without appendectomy (Figures 4G, 4H, and S4D). These findings corroborated

that the depletion of M1 macrophages caused by appendectomy contributes to a poor prognosis for CRC.

Patients with colorectal cancer with prior appendectomy had a well response to cetuximab chemotherapy and poor

response to anti-PD-1 immunotherapy

The altered immune microenvironment of tumors induced by appendectomy may affect drug sensitivity. To find sensitive chemotherapy

for patients with APD-CRC, we applied previous drug-gene signatures to gene expression profiles (GEPs) using the NTP algorithm,

Figure 5. APD-CRC had a well response to cetuximab chemotherapy and poor response to anti-PD-1 immunotherapy

(A) Heatmap shows the association between individual CRC patient’s responses to FOLFIRI, FOLFOX, EGFR inhibitors, and VEGF inhibitors in the TCGA CRC

cohort. In these analyses, samples with an FDR <0.2 were regarded as significant. *p < 0.05, **p < 0.01, c2 test.

(B) PI3K AKT MTOR signaling and the reactive oxygen species pathway were significantly enriched in APD-CRC tissue with low-density M1 macrophages from

mice.

(C) The pathway related to the density of M1 macrophage cells in CRC tissue from the TCGA cohort.

(D and E) Representative images of MC38 cecum orthotopic tumors from mice treated with PBS/gefitinib/anti-PD-1 antibody/oxaliplatin. Significant therapeutic

effect was detected in mice who accepted gefitinib. There was no significant difference in tumor volumes and tumor weights in mice treated with PBS/anti-PD-1

antibody/oxaliplatin.

(F) TMB, defined as the sum of somatic nonsynonymous mutations, and T cell–inflamedGEP were assessed in the TCGA CRC cohort with a low or high density of

M1 macrophage cells. *p < 0.05, **p < 0.01, ***p < 0.001, Wilcoxon test.

(G) Flow cytometric analysis of CD8+ T cells in MC38 cecum orthotopic tumors from mice treated by PBS/anti-PD-1 antibody. Data are means G SEM. The

difference between the two groups was determined by a two-tailed Student’s t test.
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including FOLFIRI, FOLFOX, and vascular endothelial growth factor (VEGF) or epidermal growth factor receptor (EGFR) inhibitors (Fig-

ure 5A). Specifically, the FOLFOX resistance signature was significantly (false discovery rate, FDR <0.2) associated with 63.4% (n = 161)

of samples with the low density of M1 macrophage cells, as compared to only 49.8% (n = 123) of samples with a high density of M1 macro-

phage cells (p < 0.01) (Figure S5A). The lower score for FOLFOX signature sensitivity was also observed in CRC with low-density M1

macrophage cells compared with high density in Z score analysis (Figure S5B). Similar results that patients with CRC with low-density

M1 macrophage cells had poor response to FOLFIRI could also be found both in NTP and Z score analysis (Figures 5A, S5A, and S5B,

p < 0.001). Intriguingly, 59.2% of patients with CRC with low-density M1 macrophage cells responded to cetuximab, significantly more

than cases with high-density M1 macrophage cells (48.5%, Figures 5A and S5A). There was no difference between the two groups in

response to VEGF and HER2 inhibitors including Avastin, and Afatinib (Figures 5A and S5A). Moreover, the prediction of sensitive chemo-

therapy for patients with APD-CRC is supported by the analysis of enriched signaling pathways in APD-CRC. We analyzed RNA-sequencing

data of CRC tissue from mice with or without appendectomy and TCGA CRC cohort (Figure S5C). The results identified that PI3K AKT

MTOR signaling and reactive oxygen species pathway, reported to be associated with CRC development,15,16 enriched in APD-CRC

with low-density M1 macrophages. (Figure 5B). Consistently, the signaling pathways negatively related (PI3K AKT MTOR signaling and

reactive oxygen species pathway) and positively related (KRAS signaling down) with the density of M1 macrophage cells were validated

in TCGA CRC cohort by GSVA analysis (Figure 5C). This result supports the conclusion that patients with CRC with appendectomy are

sensitive to cetuximab. The therapeutic efficacy of oxaliplatin and EGFR inhibitors was confirmed in appendectomy-mice bearing MC38

orthotopic tumors. The data suggested that gefitinib can effectively suppress the growth of tumors. While the tumor growth in mice

treated with oxaliplatin was not significantly inhibited (Figures 5D, 5E, S5D, and S5E).

Tumor mutational burden (TMB) and T cell–inflamed GEP are emerging predictive biomarkers for immunotherapy. We also calcu-

lated the score of T cell–inflamed GEP and TMB to evaluate the effect of the density of M1 macrophage cells in CRC tissue on the

sensitivity of immunotherapy. The results showed that CRC with low-density M1 macrophage cells has lower T cell–inflamed GEP scores

and TMB, compared with the cases with a high density of M1 macrophage (Figure 5F). The result showed that patients with APD-CRC

with the depletion of M1 macrophage cells were poorly responsive to immunotherapy. As expected, appendectomy-mice bearing

MC38 orthotopic tumors were insensitive to anti-PD-1 therapy (Figures 5D and 5E). Both tumor weights and tumor sizes were not signif-

icantly different from those of control groups (Figures 5D, 5E, S5D, and S5E). Consistently, the proportion of infiltrating CD8+ T cells in

tumors from mice treated with anti-PD-1 antibody was similar to tumors from mice treated with PBS (Figure 5G). These results collec-

tively revealed that patients with CRC with prior appendectomy had a well response to EGFR inhibitors chemotherapy and a poor

response to anti-PD-1 immunotherapy.

DISCUSSION

Losing the normal function of the appendix, including chronic and acute appendicitis, appendectomy, and increased risk of CRC, has been

suggested in different populations, such as the USA,17 the United Kingdom,18 France,19 Swedish,20 and Chinese.7,9 However, appendicitis is

the most common digestive surgical emergency in the world, which means that the oncologist might face a considerable number of patients

with CRC with prior appendectomy. Our study focuses on the prognosis value and pathological characteristics of CRC that occurs after ap-

pendectomy, which is of great significance for the treatment of this population.

First, this study comprehensively evaluated the prognosis influence of prior appendectomy on patients with CRC based on a retrospective

cohort study involving 4,214 subjects. It is worthmentioning that we excluded patients with CRCwith IBD, because of their distinct tumors and

patient-related factors.21 More importantly, high-rate colon resection in IBD-CRC could increase the confounding bias.22 The prior appen-

dectomy was found to be significantly and independently associated with poor overall survival and disease-free survival of patients with

CRC; especially right-sided colonic cancer, based on a multicentral CRC cohort.

Some studies have reported that prior appendectomy affected the stage of CRC,23 but there was no study about the assessment of the

prognostic significance of prior appendectomy for patients with CRC based on a large cohort. Our multicentral study observed that the prior

appendectomy was significantly associated with poor OS and DFS, and the association was still unchanged after the adjustment of potential

confounders (e.g., age, sex, smoking, alcohol, tumor location, tumor stage, tumor differentiation, family history of cancers, adjuvant radio/

chemotherapy, R0 resection, comorbidity score). Considering the important role of the appendix in the gut’s local protective immune

response, there are several possible explanations for the positive association between prior appendectomy and the poor prognosis of prox-

imal colon cancer. The weakened gut local immune response and immune surveillance after the removal of the appendix could be one of the

possible reasons. These structures and lymphocytes indicate that the appendix is an important participant in gut antigen recognition and

immune response to antigens (including CRC).3 In addition, some evidence based on themurinemodel suggested there were a considerable

amount of natural killer T lymphocytes in the appendix, which could elaborate on a series of chemokines and cytokines involved in gut immune

response, including tumor-related immune response.24 Therefore, the weakenedgut local immunity causedby appendectomy could increase

the risk of malignant changes in the large intestine, especially in the proximal colon, due to the adjacent anatomical sites and common embry-

ological origins (midgut) shared with the appendix.

We further investigated the role of appendectomy in contributing to poor oncological outcomes in two CRC mouse models. Our results

showed that appendectomy induces the depletion of M1 macrophages in CRC tissue from mice and patients. Kaplan-Meier survival analysis

was conducted to evaluate the correlation between the density of M1 macrophages and OS outcomes in patients with colorectal adenocar-

cinoma using data from the TCGA database. It is noteworthy that the depletion of macrophages resulted in similar tumor sizes and weights in
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mice, independent of appendectomy. Taken together, the depletion of M1 macrophages resulting from appendectomy may be the mech-

anism behind the poor prognosis for CRC induced by prior appendectomy.

As mentioned above, firstly, the decreased level of gut local immune response could partly explain the worse survival in patients with

CRC with prior appendectomy. The important role of gut local immune responses in the prognosis of established CRC has been proposed

for over 30 years. In the 1980s, Svennevig et al. proposed that local lymphoid infiltration could be a prognostic factor in colorectal carci-

noma.25 Subsequently, Halvorsen et al. found that the lack of local lymphocytic reaction was associated with unfavorable oncological out-

comes.26 Ogino et al., based on 843 patients with CRC from two independent cohorts, reported that an increasing lymphocytic reaction

score (including Crohn’s-like reaction, peritumoral reaction, intertumoral peri glandular reaction, and tumor-infiltrating lymphocytes) signif-

icantly correlated with favorable overall and CRC-specific survival.27 Similar results were also reported by Rozek et al.28 and Wallace et al.29

Especially, TAMs with extremely high plasticity are the most abundant immune cells in the TME. Classical M1 polarization has been defined

by the expression of CD80, CD86, MHCII, iNOS, and CD68, correlated with the tumoricidal function of TAMs that could engulf cancer cells

and recruit T cells.30 M1 macrophages enriched in tumors are positively linked to better survival outcomes, which has also been observed

in lung cancers.31

CRC is highly heterogeneous, and paying attention to the TME has made great contributions to improving drug resistance, cancer metas-

tasis, and treatment failure.32 Given the important role of M1 macrophage cells in appendectomy-CRC tumorigenesis and prognosis, we

explored effective treatment for CRC with prior appendectomy. This will provide a reference for developing treatment plans for the consider-

able number of patients with appendectomy-associated colorectal cancer (APD-CRC), which is of great clinical significance. Our results

demonstrated that patients with CRC with lower M1 macrophage cells have a response to EGFR inhibitors, such as cetuximab. Furthermore,

we further identified some important pro-carcinogenic signaling pathways, including PI3K AKT MTOR signaling and reactive oxygen species

pathways, that are negatively related to the density of M1macrophage cells. This provides support for the results showing that APD-CRC will

respond to EGFR inhibitors.

Furthermore, our study found that APD-CRC with a low density of M1 macrophage cells displays lower T cell-inflamed GEP scores and

TMB, which meant that these patients had features insensitive to immunotherapy. Immune checkpoint blockade (ICB) therapy has become

the main immunotherapy for CRC. The tumor immune microenvironment is the main determinant of ICB response,33 including TAMs.34 Acti-

vated T cells in the tumor immunemicroenvironment skewmacrophages into late-stage activatedM1-like macrophages, and late-stage acti-

vated M1-like macrophages are critical for effective tumor control.35 Weissleder R etc. developed TLR7/8-agonist-loaded nanoparticles with

efficient modulating the polarization of TAMs toward the M1 phenotype to enhance cancer immunotherapy.36 The study suggested that the

disruption of M2 macrophage trafficking sensitizes hepatocellular carcinoma to anti-PD-L1 blockade.37

In conclusion, losing the normal function of the appendix could be an independent risk factor for the prognosis of patients with CRC.

Mechanistically, appendectomy causes the depletion of M1 macrophages in tumor tissue, which contributes to the appendectomy-induced

poor prognosis for CRC. APD-CRC with a lower density of M1 macrophages responds well to EGFR inhibitors and poorly to immunotherapy.

This study provides insights into the function of the appendix by regulating the infiltration of TAMs in CRC tissue, thus suggesting clinicians

choose appropriate drugs to improve the prognosis of patients with APD-CRC based on the change in TME.

Limitations of the study

This study has several limitations. First, this is a retrospective cohort and potential unknown confounding factors may introduce selection

bias that was not adjusted or matched. Nevertheless, our results remained robust in both the adjusted Cox regression model and pro-

pensity score-matched cohort. Some variables lack more detailed information, such as the regimen and dosage of radiotherapy and

chemotherapy, and so forth. Second, the multicentral CRC cohort used in the study might not represent a diverse population, limiting

the generalizability of the findings. Besides, the exploration of the mechanism and prediction of sensitive therapy was mostly based on

mouse models, which is not enough to guide clinical medication. There is no doubt that more retrospective and prospective studies

with larger sample sizes, different ethnicities, more detailed information on potential confounders, and long-term follow-up are warranted

to confirm our findings.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PE anti-mouse CD86 BioLegend Cat# 105007; RRID: AB_313150

PerCP-Cy5.5 anti-mouseCD11b BioLegend Cat# 101227; RRID: AB_893233

AF488 anti-mouse F4/80 BioLegend Cat# 123119; RRID: AB_893491

Brilliant Violet 605� anti-mouse CD45 Antibody BioLegend Cat#157217; RRID: AB_3097472

PE anti-mouse CD3 Antibody BioLegend Cat#100205; RRID: AB_312662

Brilliant Violet 421� anti-mouse CD8 Antibody BioLegend Cat#100737: RRID: AB_10897101

PerCP/Cyanine5.5 anti-mouse CD4 Antibody BioLegend Cat#100433; RRID: AB_893330

CD80 Proteintech Cat#66406-1-Ig; RRID: AB_2827408

iNOS Abcam Cat#ab283655; RRID: AB_3083470

Biological samples

Human CRC samples the First Affiliated Hospital

of Xi’an Jiaotong University

NA

Chemicals, peptides, and recombinant proteins

clodronate liposome Yeasen Cat#40337ES10

collagenase IV Solarbio Cat# C8160

Bovine Serum Albumin Solarbio Cat#A8010

DNase Roche CAS#9003-98-9

dextran sulfate sodium MP Biomedicals CAS#0216011080

azoxymethane MCE CAS#HY-111375

Oxaliplatin MCE Cat #HY-17371

Gefitinib MCE Cat #HY-50895

Anti-Mouse PD-1 antibody MCE Cat #HY-P99144

Critical commercial assays

QIAamp DNA Mini kit Qiagen CAT#56304

Deposited data

CRC from mouse RNA-seq data This study BioProject: PRJNA1008680

CRC from mouse RNA-seq data This study BioProject: PRJNA906334

CRC from human RNA-seq data This study GSA-Human: HRA005817

CRC from human RNA-seq data This study GSA-Human: HRA006295

Experimental models: Cell lines

MC38 Cell Resource Center, Peking

Union Medical College (PCRC)

1101MOU-PUMC000523

CT26 National Collection

of Authenticated Cell Cultures

TCM37

Experimental models: Organisms/strains

C57BL/6 mice Beijing Vital River Laboratory

Animal Technology Co., Ltd.

NA

BALB/c mice Beijing Vital River Laboratory

Animal Technology Co., Ltd.

NA

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Feiyu Shi,

(011357@xjtufh.edu.cn).

Materials availability

This study did not generate new materials.

Data and code availability

� Data: The raw sequence data of tumors from mice are available in the Sequence Read Archive (SRA) of the U.S. National Center for

Biotechnology Information (BioProject: PRJNA906334, PRJNA1008680). And the raw sequence data of tumor from CRC patients re-

ported in this paper have been deposited in the Genome Sequence Archive (Genomics, Proteomics & Bioinformatics 2021) in National

Genomics Data Center (Nucleic Acids Res 2022), China National Center for Bioinformation / Beijing Institute of Genomics, Chinese

Academy of Sciences (GSA-Human: HRA005817, HRA006295) that are publicly accessible at https://ngdc.cncb.ac.cn/gsa.
� Code: This paper does not report original code.
� All other requests: Any additional information required to reanalyze the data reported in this work paper is available from the lead con-

tact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics approval and consent to participate

This study was approved by the institutional review board of The First Affiliated Hospital of Xi’an Jiao Tong University and Xijing hospital

(Xi’An, China; approval number, XJTUIAF2019LSK-227[June 1, 2019]). All animal procedures were approved by the Institutional Animal

Care and Use Committee of Xi’an Jiaotong University (Xi’an, China; approval number, XJTULAC2019-1023).

Cell lines

MC38 cells, obtained fromCell Resource Center Peking UnionMedical College (PCRC), weremaintained in Dulbecco’s modified Eagle’s me-

dium (DMEM) supplemented with 10% fetal bovine serum (FBS). And CT26 cells obtained fromNational Collection of Authenticated Cell Cul-

tures were cultured in RPMI-1640 medium supplemented with 10% FBS. All cells were maintained in a humidified incubator equilibrated with

5% CO2 at 37�C unless otherwise stated.

Animals

Five-week-oldmale C57BL/6J mice and five-week-old male BALB/c mice were purchased from Beijing Vital River Laboratory Animal Technol-

ogy Co., Ltd. In each group, 5/6 mice were utilized to observe the tumor phenotype changes and analyzed for M1 macrophages by flow cy-

tometry. And there are 5 mice in each group for treatment. Animal handling and procedures were approved by Institutional Animal Care and

Use Committee of Xi’an Jiaotong University (Xi’an, China; approval number, XJTULAC2019-1023).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

NovoExpress 1.6.0 Agilent Technologies https://www.agilent.com.cn/zh-cn/

product/research-flow-cytometry/

flow-cytometry-software/novocyte-

novoexpress-software-1320805

GraphPad Prism 9.3.0 software GraphPad https://www.graphpad.com

R V.4.0.2 R Core Team https://www.r-project.org/

IBM SPSS statistic 26 IBM https://www.ibm.com/cn-zh/spss
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Patients and clinical specimens

Fresh tumor tissues were obtained from surgical specimens from patients with colorectal cancer in the First Affiliated Hospital of Xi’an Jiao-

tong University (n=123, 57.7% male, age: 63.4G10.5 years). Samples were frozen in liquid nitrogen immediately after surgical removal and

maintained at -80�C. Paraffin-embedded sections of colorectal tumor were obtained from the Pathology Department of the First Affiliated

Hospital of Xi’an Jiaotong University (n=74, 60.8%male, age: 65.7G11.6 years). There were no restrictions on race or ethnicity and all patients

who were included were Chinese. This study was approved by the Ethics Committee of Xi’an Jiao Tong University, and conducted in accor-

dance with the Helsinki Declaration.

METHOD DETAILS

Study design and patient selection

We conducted a multi-center retrospective cohort study. We enrolled all consecutive CRC patients with histologically confirmed adenocar-

cinoma from January 2013 to January 2019 at The First Affiliated Hospital of Xi’an Jiaotong University (Xi’an, Shaanxi) and from May 2010 to

September 2016 at Xijing Hospital (Xi’an, Shaanxi). Our exclusion criteria included: 1. CRC Patients with age %18 years old; 2. CRC Patients

with hereditary syndromes (e.g. Lynch syndrome and familial adenomatous polyposis); 3. Patients with any history of malignant disease, and

inflammatory bowel disease (IBD) before the diagnosis of colorectal cancer; 4. Patients withmultiple primary colorectal carcinomaor recurrent

CRC, and other kinds of cancers; 5. Patients with any appendiceal neoplasms; 6. Patients with the diagnosis of colorectal cancer within

12 months of post-appendectomy; 7. Patients underwent appendectomy after the diagnosis of colorectal cancer. Finally, 4,214 CRC patients

were included in this study for further analysis. The flow charts of patients screening and grouping in the cohort are depicted in Figure S1.

Study covariates

The clinical data of all included patients were obtained from Biobank of the First Affiliated Hospital of Xi’an Jiao Tong University and Xi Jing

Hospital, including basic characteristics (age at diagnosis, gender, past medical history, smoking status, alcohol status, family cancer history,

comorbidity (based on Charlson comorbidity index score (CCI)), treatment (chemo/radiotherapy, surgery or other), and Clinicopathological

parameters (primary tumor location, pathological diagnosis, histological grade, TNM stage). The follow-up data (adjuvant therapy, survival

status, tumor progression status, and death) were available until March 1, 2020 (First Affiliated Hospital of Xi’an Jiao Tong University) or April

1, 2017 (Xi Jing Hospital). The prior appendectomy was defined as patients who underwent appendectomy before CRC diagnosis at least

12 months, which was accessed by operation history in inpatient medical records and abdominal CT images during hospitalization for CRC.

Study objectives and outcomes

The study aimed to explore the possible association between prior appendectomy and survival (OS and DFS) of colorectal cancer patients.

We divided CRC into 3 groups according to the cancer location: right-sided colon cancer, left-sided colon cancer, rectal cancer. Right-sided

colon cancer includes cancer at the cecum, ascending colon, hepatic flexure, and transverse colon. Left-sided colon cancer includes cancer at

the splenic flexure, descending colon, and sigmoid colon. DFS was followed from the CRC diagnosis until relapse (local and distant recur-

rence or metastasis with imaging or histological evidence), death or March 1, 2020 (First Affiliated Hospital of Xi’an Jiao Tong University)

or April 1, 2017 (Xi Jing Hospital), whichever came first. These subjects with palliative resection and stage IV tumors were not included in DFS.

Details of propensity score matching

Propensity score matching was performed using R V.4.0.2 (R Foundation for Statistical Computing) statistical software and MatchIt package

V.4.1.0.38,39 We established a logistic regression model to calculate the propensity score conditional on the age and sex to represent the

probability of appendectomy. Appendectomy patients were matched to non-appendectomy individuals in a 1:5 ratio without replacement

using a greedy distance-basedmatching algorithm within a caliper width of 0.02. We assessed the balance of the covariates between the two

groups by using absolute standardized difference (ASD). The ASD was calculated by the formula in the previous literature.40

For continuous variables, the ASD is defined as

ASD =
xtreatment � xcontrolffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

s2treatment+s
2
control

2

r

where xtreatment and xcontrol denote the samplemean of the covariate in treated and untreated subjects, respectively, while s2treatment and s2control
denote the sample variance of the covariate in treated and untreated subjects, respectively.

For dichotomous variables, the ASD is defined as

ASD =
ptreatment � pcontrolffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ptreatment

�
1 � ptreatment

�
+pcontrol

�
1 � pcontrol

�
2

r

where ptreatment and pcontrol denote the prevalence or mean of the dichotomous variable in treated and untreated subjects, respectively.

An ASD of < 0.20 indicates good balance for that particular variable.
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Statistical analysis for cohort study

All statistical analyses were performed using R statistical software (version 4.0.2). Continuous variables were expressed as meanG standard

deviation (SD) or median (inter-quartile range (IQR)) according to the normality of data. The Cox proportional hazard regression model was

applied to examinewhether the prior appendectomy could serve as a risk factor forOS or DFS in CRCpatients.Multivariable-adjusted HRwas

calculated. The confounders adjusted in the regressionmodels include age, sex, smoking status, alcohol status, CRC family history of cancers,

tumor stage, tumor differentiation, Adjuvant radio/chemotherapy, and CCI score. All statistical tests were two-sided and a p value less than

0.05 was considered statistically significant.

We also conducted sensitivity analyses to evaluate the robustness of the results. Firstly, we established a sensitivity analysis dataset for

unmatched data and analyzed the main results. Then, we performed the sensitivity analysis and calculated the main results based on the

data from the First Affiliated Hospital of Xi’an Jiaotong University.

Azoxymethane/dextran sulfate sodium-induced CRC mice model

Male C57BL/6 mice (5 weeks old) were housed in a certified specific-pathogen-free (SPF) environment. The mice were randomly divided into

two groups: the appendectomy group, which received surgical removal of the appendix lymphoid, and the control group, which underwent

an abdominal incision as control. The induction of colorectal cancer in mice in both groups was performed 7 days after surgery, following the

procedure described in our previous study.41 In brief, the mice were fed a diet supplemented with 2% dextran sulfate sodium (DSS) for one

week, followedby a normal diet for 2 weeks. This induction cycle was repeated 6 times. It is noteworthy that a single intraperitoneal injection of

azoxymethane (AOM) at a dose of 0.01mg/gwas administered only on the first day before the first induction cycle. At the end of the induction

period, the remainingmice from the two groups were euthanized. Colonic tumors and adjacent normal tissue were then sampled and stored

in 10% buffered formalin or liquid nitrogen for subsequent analysis.

RNA sequencing and analysis

Total RNAwas extracted frommouse colon tumor tissues. The generation and sequencing of cDNA libraries were performedon theNovaSeq

6000 platform to generate 150bp paired-end reads. Clean RNA-seq reads were mapped to the Mouse transcriptome (mM10, GRCm38) and

quantified at the gene level using Salmon42 with GENCODE (vM22) gene annotations. We considered differentially expressed genes (DEG)

between two groups of samples when the DESeq2 analysis resulted in an adjusted pp-value%0.05 and the fold-change (FC) in gene expres-

sion was R2. Analysis of molecular pathways affected by DEGs was performed using the KEGG/GO Analysis tool. CIBERSORT (https://

cibersortx.stanford.edu/) was utilized to compute immune cell infiltration in samples. This was performed to quantify the relative proportions

of infiltrating immune cells based on the gene expression profiles observed in samples. A reference set consisting of 22 distinct immune cell

subtypes (LM22) and 1000 different permutations was utilized to estimate the potential number of immune cells. The sequencing coverage

and quality statistics for each sample are summarized in Table S12.

Immunohistochemistry staining

The density of M1 macrophages in tumor tissue was assessed using immunohistochemistry (IHC) for CD80 and iNOS. Staining for CD80

(Proteintech, #66406-1-Ig) / iNOS (Abcam, #ab283655) was performed on paraffin-embedded sections of mice colon tumor from both appen-

dectomy and control mice, as well as tumor specimens surgically resected from CRC patients with or without a history of appendectomy. A

total of 74 tumor samples from CRC patients (37 appendectomy-CRC cases and 37 age-, gender-, and location-matched control-CRC cases)

were collected. All subjects signed the informed consent forms before the sample collection.

Imageswere captured usingCase Viewer. The density ofM1macrophageswas determinedby counting the proportion of cells that stained

expression for CD80 and iNOS in tumor tissue using ImageJ software. Five random microscopic fields were analyzed for each sample.

Cell culture

Mouse CRC cell lines CT26 (RRID: CVCL_7254) were stably transfected with the firefly luciferase gene by lentivirus. CT26-Luci cells were

cultured in RPMI-1640 and MC38 (RRID: CVCL_B288) were cultured in DMEMwith 10% fetal bovine serum (FBS), maintained under saturated

humidity, 37�C, 5% CO2 conditions, digested and passaged with 0.25% trypsin, and logarithmic growth phase cells were taken for animal

experiments.

Orthotopic mouse models of colorectal cancer

A 10ul CT26-Luci cells suspension of equivalent to 5*105 cells was orthotopically injected into the colonic serosa of male BALB/c mice (aged

5 weeks) with or without appendectomy respectively.43 The fluorescence intensity of tumor cells in BALB/c mice was observed using a small

animal live imaging system (IVIS�Lumina III) on the 7th, 14th, 21st after cell injection. Two groups of mice were euthanized and the whole in-

testine tract was harvested 30 days after injection.

A 10ul MC38 cells suspension of equivalent to 1*106 cells was orthotopically injected into the colonic serosa of male C57BL/6 (aged

5 weeks) with appendectomy. Then, these mice were randomly divided into 4 groups for drug treatment 10 days after accepting the injection

of cells.
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Oxaliplatin (2mg/kg, MCE, #HY-17371) were intraperitoneally injected once every three days. It is worth noting that after adminis-

tering 5mg/kg oxaliplatin twice, the mice suffered intolerance, and the dose was changed 2mg/kg once every three days. Gefitinib

(100mg/kg, MCE, #HY-50895) were administered to mice by gavage every day. Anti-Mouse PD-1 antibody (200ug per mouse, MCE,

#HY-P99144) were intraperitoneally injected once every three days. Mice accepted PBS were the control group. The medication is

blindly administered by a professional mice keeper. All groups of mice were euthanized and the whole intestine tract was harvested

after 21 days of treatment.

Tumor volumes (major diameter * minor diameter2/2) and weights were measured. The surgery for mice were performed by the same one

researcher, while the cells was blindly prepared by another researcher. To further reduce bias, the mice that needed to be compared

accepted surgery on the same day and were injected with the same batch of cells.

Depletion of macrophages in mice

Macrophages were pharmacologically depleted using clodronate liposome (5 mg/mL, 40337ES10; Yeasen, Shanghai, China).44 Briefly, 200mL

PBS (control) or clodronate liposome were intraperitoneally injected into 5-week-old male C57BL/6 mice 3 days before undergoing appen-

dectomy. And mice accepted injection of clodronate liposome (100ul/per) or PBS twice every week during experiment to keep the depletion

of macrophages. Depletion of macrophages were analyzed by flow cytometry.

Multicolor flow cytometric analysis

The tumor tissues fromOrthotopic mouse models were excised for immune profiling and were dissected into small pieces and digested with

1% bovine serum albumin (BSA) containing 0.5mg/ml collagenase IV (Solarbio, China) and 0.25mg/ml DNase (Roche) for 45 minutes at 37�C
on a shaking platform. The cell suspension was then filtered through a 70-mm cell strainer and centrifuged at 500 g for 5 minutes. The cell

pellets were resuspended in 1% BSA for surface marker staining. Flow cytometry was performed on Agilent NovoCyte Flow Cytometer

(BD Biosciences). Data were analyzed by NovoExpress 1.6.0. Antibodies used in this study are listed in key resources table. Gating strategy

is illustrated in Figure S6.

Characterization of M1 macrophage associated with OS in the cancer Genome Atlas (TCGA) cohort

The RNA expression profiles and clinical information for CRC were downloaded from the TCGA database (https://portal.gdc.cancer.gov/

repository), which included 474 cases of CRC. We excluded CRC patients from the TCGA dataset based on the following criteria: (1)

Age < 18 years on the index day; (2) patients with other malignancies; (3) patients who received radiotherapy and chemotherapy prior to sur-

gery. Finally, 326 patients with CRC were selected for our study (Figure S7). M1 macrophage cell infiltration was analyzed using CIBERSORT.

HighM1macrophage infiltration (n=163) was distinguished based on themedian value and the clinical characteristics of the study population

in TCGA were shown in Table S13. Kaplan Meier prognosis analysis was performed to assess the association between the density of M1 mac-

rophages and the OS of patients. This study adheres to the publication guidelines set forth by TCGA.

Compare the abundance of candidate bacteria between APD-CRC and CON-CRC by qPCR

Bacteria DNA was extracted from the cohort of 12 cancer tissues and paired normal tissue from CRC patients with appendectomy and 24

paired tissues from control CRC (matched 1:2 by age, sex, location, BMI) using the QIAamp DNA Mini kit (Qiagen) according to the manu-

facturer’s instruction. Abundances of candidate bacteria were estimated in samples using SYBRGreen quantitative PCR (qPCR). Primer se-

quences are in Table S14. The abundance of the microbial markers was calculated as a relative unit normalized to the total bacteria of

that sample using the 2�DCt method (where DCt=the average Ct value of each target - the average Ct value of total bacteria).45

Analysis for prediction of drug sensitivity

The NTP-based classification was performed in TCGA to evaluate the association of a set of gene signatures about drug sensitivity with the

density of M1 macrophage cells by R program.46 The lists of gene signatures about drug sensitivity are showed in Table S15.47 The threshold

selected for the significance of each case was Benjamini–Hochberg-corrected FDR < 0.2. The association of the FOLFIRI response signature

and FOLFOX response signature with the density of M1 macrophage cells was further determined by the same method applied in Sumaiyah

K. Rehman’s paper. The expression value (z-score) was multiplied by -1 if the genes were from resistance signatures of chemotherapy regi-

mens, while the value of genes from sensitivity signatures was kept unchanged. For each sample, the signature score was then computed as

the mean of all genes.

In this study, T cell–inflamed gene expression profile (GEP) scores andmutation signature analysis were calculated to predict sensitiveness

of APD-CRC characterized by low density of M1 macrophages in TCGA datasets to immunotherapy. GEP scores were calculated as a

weighted sum of normalized expression values for the 18 genes, which was composed of 18 inflammatory genes related to antigen presen-

tation, chemokine expression, cytolytic activity, and adaptive immune resistance, including CCL5, CD27, CD274 (PD-L1), CD276 (B7-H3),

CD8A, CMKLR1, CXCL9, CXCR6, HLA-DQA1, HLA-DRB1, HLA-E, IDO1, LAG3, NKG7, PDCD1LG2 (PDL2), PSMB10, STAT1, and TIGIT.48

The TCGA database was utilized to generate the mutation annotation format (MAF) using the ‘‘maftools’’ R package. Furthermore, we calcu-

lated the tumor mutational burden (TMB) score for both cohorts of colorectal cancer patients.49
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Enriched pathways of CRC tissue with low density of M1 macrophage cells

Weperformed Pearson correlation coefficient analysis to find to signaling pathways correlatedwith the density ofM1macrophage cells based

on RNA-seq data of mice CRC tissue. GSVA was performed to validate the relationship between significant signaling pathways and the den-

sity of M1 macrophage cells in the TCGA-CRC cohort.

QUANTIFICATION AND STATISTICAL ANALYSIS

Two-tailed Students’ t test, Fisher’s exact test, c2 test, andWilcoxon test was performed respectively using the R program (v.3.4.1). In all these

tests, statistical significance was set at 0.05. In the NTP algorithm, the results were regarded as significant if the Benjamini–Hochberg FDR was

<0.2. For animal experiment, the data used for comparison were collected from the same batch of mice.
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