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Background: Myeloperoxidase (MPO) has been demonstrated to be a local mediator of
inflammation in tissue damage in various inflammatory diseases. Given its controversial
effect on colorectal cancer (CRC), there has been growing interest in investigating the role
of this enzyme in CRC. The mechanism underlying MPO activity and CRC progression
requires further clarification.

Methods: The expression and function of MPO in CRC were evaluated using TCGA
analysis. TCGA, TIMER, and Human Cell Landscape analyses were used to analyze the
correlation between MPO expression and neutrophil infiltration in CRC. Spearman’s
bivariate correlation analysis was used to verify the correlation between MPO levels in
CRC and the peripheral neutrophil count. In the clinical analysis, 8,121 patients who
underwent elective surgery for CRC were enrolled in this retrospective cohort study from
January 2008 to December 2014. Propensity score matching was used to address the
differences in baseline characteristics. The Kaplan–Meier method and Cox regression
analysis were used to identify independent prognostic factors in patients with CRC.

Results:MPO was upregulated in CRC tissues, which is related to malignant progression
and worse survival in CRC patients from TCGA analysis. MPO was significantly correlated
with the infiltration level of neutrophils in CRC in TCGA, TIMER, and Human Cell
Landscape analyses. MPO was positively correlated with the peripheral neutrophil
count. Data of the 8,121 patients who underwent CRC surgery were available for
analysis. After propensity score matching, 3,358 patients were included in each group.
Kaplan–Meier survival curves showed that high preoperative neutrophil levels were
associated with decreased overall survival (OS; P < 0.001) and disease-free survival
(DFS; P = 0.015). The preoperative neutrophil count was an independent risk factor for OS
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(hazard ratio [HR], 1.157; 95% confidence interval [CI], 1.055–1.268; P = 0.002) and DFS
(HR, 1.118; 95% CI, 1.009–1.238; P = 0.033).

Conclusions: Our research indicates that increased MPO levels in CRC are significantly
correlated with high preoperative neutrophil counts, and both serve as prognostic
indicators for worse survival in CRC patients. Our study suggests that neutrophils may
be key players in the mechanism linking MPO levels with poor CRC outcomes.
Keywords: myeloperoxidase, colorectal cancer, preoperative neutrophil counts, prognosis, TCGA analysis,
propensity score-matched analysis
INTRODUCTION

Colorectal cancer (CRC) ranks third and second in terms of
morbidity and mortality, respectively, among the various cancer
types worldwide (1). In China, although CRC ranks fifth as the
main cause of cancer-associated death among cancer patients,
the mortality accompanying this malignancy has been on the rise
in the past few decades (2, 3). Currently, the most common
treatment for CRC patients is surgical resection; however,
approximately half of the patients relapse within three years
after surgery (4). Thus, a prognostic indicator or potential
therapeutic target is urgently needed for predicting survival
outcomes in CRC patients.

Myeloperoxidase (MPO), a member of the heme peroxidase
superfamily, plays a key role in regulating the functions of
neutrophils and monocytes (5). MPO is mainly involved in the
formation of reactive oxygen species or hypochlorous acid, thus
resulting in tissue damage (6–8). An association between MPO
and disease has been reported in ovarian and cervical cancers, as
well as in CRCs (9, 10). Some studies showed that high
preoperative MPO levels improved prognosis in CRC (11, 12),
while others reported that MPO promoted malignant
phenotypes in CRC patients (13, 14). Given the controversial
effect of MPO on CRC, there has been growing interest in
investigating the role of this enzyme in CRC. MPO is the most
abundant protein expressed by neutrophils and it may also have
the greatest potential to damage living cells (15). In autoimmune
diseases, MPO exists only in the cytoplasm of the neutrophils
(16). Therefore, we were curious about the relationship between
MPO levels in CRC and peripheral neutrophil counts.

CRC is a highly heterogeneous tumor, which is closely
associated with inflammation and characterized by the
infiltration of various immune cells (17). Various peripheral
inflammatory markers such as neutrophil and lymphocyte
counts are easy to obtain from conventional preoperative
laboratory examinations (18, 19). The correlation between a
high white blood cell (WBC) count and poor prognosis has
been identified in various cancer types, such as oropharyngeal
cancer, cervical cancer, and esophageal cancer (20–22).
Neutrophils, which are crucial regulators of both inflammation
and immune responses, account for 50–70% of leukocytes in
circulation and are the major elements of WBCs (23). However,
studies on the correlation between preoperative neutrophil count
and the prognosis of CRC are controversial. Most evidence
2

shows that neutrophils can promote tumors, and the degree of
neutrophil infiltration is related to poor prognosis; however, a
few studies have collected evidence that neutrophils can either
improve or exert no effect on prognosis (24, 25). We aimed to
verify the function of preoperative neutrophils in a large sample
cohort. The underlying mechanism behind MPO and the
prognosis of patients with CRC have not yet been clarified.

This study aimed to assess the expression and function of
MPO in CRC using TCGA analysis and to analyze the potential
correlations between MPO in CRC and peripheral neutrophil
counts. We further verified the prognostic value of preoperative
neutrophil counts for OS and DFS after CRC surgery in our large
sample cohort. We speculated that increased MPO levels in CRC
were positively correlated with high preoperative peripheral
neutrophil counts, both of which predicted worse survival
outcomes in CRC patients undergoing elective surgery.
MATERIALS AND METHODS

RNA-Sequencing Data and Bioinformatics
Analysis
Gene expression data with clinical information from Colon
adenocarcinoma (COAD) patients (521 cases, workflow type:
HTSeq-TPM) were collected from TCGA using the R package
“TCGAbiolinks". The exclusion criteria were normal colorectal
samples and an OS of < 30 days. The TPM data from 521 cases
were used for further analyses. Of the 521 samples, 480 were
tumor tissues and 41 were normal tissues. Normal tissue is the
tissue adjacent to a tumor, specifically at a distance of 2 cm from
the tumor. Patient characteristics including sex, age, BMI, TNM
stage, pathological stage, primary therapy outcome, residual
tumor, CEA level, perineural invasion, lymphatic invasion,
history of colon polyps, presence of colon polyps, OS event,
disease-specific survival (DSS) event, and progression-free
interval (PFI) event were recorded. Unavailable or unknown
clinical features were considered missing values. This study met
the TCGA publication guidelines. All data used in the study were
obtained from TCGA.

Immune Infiltration Analysis Using ssGSEA
Immune infiltration analysis of CRC was performed using the
single-sample Gene Set Enrichment Analysis (ssGSEA) method
using the GSVA package in R (version 3.6.3) for 24 types of
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immune cells in tumor samples, including neutrophils, mast
cells, eosinophils, macrophages, natural killer (NK) cells,
CD56dim NK cells, CD56bright NK cells, dendritic cells
(DCs), immature DCs (iDCs), activated DCs (aDCs),
plasmacytoid DCs (pDCs), T cells, CD8+ T cells, T helper
cells, Th1 cells, Th2 cells, Th17 cells, T follicular helper cells
(Tfhs), Tregs, effector memory T cells (Tems), central memory
CD4+ T cells (Tcms), gdT cells (Tgd), cytotoxic cells, and B cells.
The correlation between MPO and these immune cells was
analyzed using the Spearman correlation test, and the
infiltration of immune cells between the high and low MPO-
expression groups was analyzed using the Wilcoxon rank-
sum test.

GEPIA2
GEPIA2 is a website developed by Zhang Zemin’s laboratory at
Peking University. It can analyze the RNA-seq expression data of
9736 tumor samples and 8587 normal samples from TCGA and
GTEx projects (26).

OncoLnc
Using OncoLnc (OncoLnc), we collected the survival data of
8647 patients with 21 kinds of tumors from TCGA and the
corresponding mRNA and miRNA expression profile data.
Simultaneously, the lncRNA expression data from the
MiTranscriptome project were collected to perform survival
analysis which can be easily used to explore survival-related
genes in various tumors.

TIMER
TIMER (http://cistrome.org/TIMER/) was used to systematically
analyze the infiltration of immune cells in different types of
cancer. The abundance of six types of immunoreactive
substances (B cells, CD4+ T cells, CD8+ T cells, neutrophils,
macrophages, and DCs) was estimated using the TIMER
algorithm. The partial correlation coefficient indicates the
relationship between variables. A partial correlation coefficient
greater than 0.7 implies a very close relationship; that in the
range 0.4–0.7 indicates a close relationship; that in the range 0.2–
0.4 indicates a moderate relationship; and that lower than 0.2
indicates a distant relationship.

Human Cell Landscape
TheHuman Cell Landscape database (http://bis.zju.edu.cn/HCL/) is
a public single-cell RNA sequencing database that contains the cell
type composition of major human organs and a basic scheme for
the Human Cell Landscape. The evaluation of the relationship
between MPO and neutrophils was performed using the data
analyzed in this database.

Immunohistochemical Staining
Paraffin-embedded tissues were stained with an MPO antibody
(ab208670, Abcam, Cambridge, UK). The staining score was
determined by two experienced pathologists at the Zhongshan
Hospital (China). Six high-power fields (HPFs; ×200
magnification) were randomly counted by the two independent
Frontiers in Oncology | www.frontiersin.org 3
pathologists (each with three fields). The IHC score ranged from
0 to 300, according to the sum of the percentage of stained cells.

RNA Separation and Real-Time
Quantitative PCR
Total RNA was extracted using the TRIzol reagent (Invitrogen,
Waltham, MA, USA). cDNA was obtained by reverse
transcription using the PrimeScript RT kit (Takara, Shiga,
Japan). The expression of candidate genes and the
housekeeping gene GAPDH was evaluated via quantitative
real-time PCR using the ABI 7900HT real-time PCR system
(Applied Biosystems, Carlsbad, CA, USA). The relative
transcription levels were calculated using the 2−DDCT method.
GAPDH (human) primer sequences: 5’-GGAGCGAGATCC
CTCCAAAAT-3’; 5’-GGCTGTTGTCATACTTCTCATGG-3’.
MPO (human) primer sequences: 5’-TGCTGCCCTTTG
ACAACCTG-3’; 5’-TGCTCCCGAAGTAAGAGGGT-3’.

Clinical Study Design
This clinical retrospective study was performed at the Shanghai
Cancer Center, Fudan University, Shanghai, China. The study
was approved by the center’s Ethics Committee (IRB2105235-6)
and informed consent was obtained from all subjects involved in
the study.

Clinical Study Population and Data
Sources
Of the 13,721 patients who underwent elective surgery for CRC
between January 2008 and December 2014, a total of 8,121 with
clinical features and survival data were included in this study.
The inclusion criteria were as follows: CRC diagnosed by
histological evidence, patients undergoing elective radical
surgery for CRC, and patients older than 20 years of age. We
excluded patients with incomplete medical records, benign
tumors or carcinomas in situ, emergency operations, an ASA
physical status score > 3, metastasis at initial visit and a history of
malignant tumors. Sixty-nine pairs of CRC tissues and their
matched adjacent non-cancerous tissues from 8,121 patients
were used for IHC and qPCR analyses. These 69 patients
underwent elective surgery for CRC in December 2014.

Patients were divided into two groups according to their
preoperative neutrophil counts. Those with preoperative
neutrophils > 3.5×109/L were defined as the high preoperative
neutrophil group. The cut-off value for neutrophils was
calculated using the receiver operating characteristic (ROC)
curve; the threshold was associated with an increased risk of
postoperative mortality and was within the normal range of the
neutrophil count.

Variables and Outcomes
We reviewed and recorded the following data from the clinical
information system of the Shanghai Cancer Center: sex, age,
preoperative adjuvant chemotherapy, surgical approach, tumor
histology, tumor differentiation, surgical margin positivity, TNM
stage, infiltrating lymph nodes > 12, number of cancer nodules >
July 2022 | Volume 12 | Article 940706
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1, surgery again within 30 days, death, intraoperative transfusion,
and blood loss.

The primary endpoints were OS and DFS; OS was defined as
the interval between the date of diagnosis and the date of death
for any reason, while DFS was defined as the interval between the
date of diagnosis and the date of recurrence, metastasis,
secondary primary tumor, or death.

The relationship between the Mismatch Repaire-status and
neutrophil counts, and the effect of MMR-status on survival in
668 patients with CRC.

We analyzed 668 patients with MMR-status. The chi-squared
test was used to evaluate the differences in MMR-status between
high/low preoperative neutrophil counts. Kaplan-Meier method
was used to evaluate the overall survival differences between
MMR-proficient and MMR-deficient patients.

Statistical Analyses
In TCGA analysis, all statistical analyses were conducted and
plots were generated using the R software version 3.4.4 (R
Foundation for Statistical Computing, Austria). The Wilcoxon
rank-sum and Wilcoxon signed-rank tests were used to analyze
the expression of MPO in non-paired and paired samples,
respectively. The Kruskal–Wallis test, Wilcoxon signed-rank
test, and logistic regression were used to evaluate the
relationships between clinicopathological features and MPO
expression. The median MPO expression level was regarded as
the cut-off value. Cox regression analyses and the Kaplan–Meier
method were used to evaluate prognostic factors. Accordingly, a
univariate Cox analysis was used to compare the effect of MPO
expression on survival and other clinical features. An ROC curve
was used to further evaluate the value of the biomarker, and
nomograms were constructed to predict the 1-, 3-, and 5-year
survival probabilities. Spearman’s correlation and Wilcoxon
signed-rank tests were used to analyze the correlation between
MPO expression and neutrophil counts. In correlation analyses,
the correlation coefficient indicates the relationship between
variables. A correlation coefficient above 0.7 shows that the
relationship is very close; that in the range 0.4–0.7 shows a
moderate relationship; and that in the range 0.2–0.4 shows a
low correlation.

In the clinical study, analyses were performed using IBM
SPSS Statistics 25.0 (SPSS Corp., Armonk, NY, USA). The chi-
squared test was used to evaluate the differences in baseline
patient characteristics between the two groups. To reduce
possible confounding factors, propensity score matching was
performed. The key confounders including sex, preoperative
adjuvant chemotherapy, tumor differentiation, tumor histology,
surgical margin positive, lymph node invasion > 12, and number
of cancer nodule ≥ 1 were matched. We used the R package
“MatchIt” for propensity score matching.

In the propensity-matched cohort, the Kaplan–Meier method
was used to compare OS and DFS using the log-rank test. Cox
proportional hazards models were used to confirm the
independent prognostic factors for CRC patients. All variables
were adjusted using a univariate Cox proportional hazards
model. Variables with P < 0.05 were included in the
multivariate analysis. A multivariate Cox proportional hazards
Frontiers in Oncology | www.frontiersin.org 4
model was used in a stepwise manner to select the prognostic
factors. The hazard ratio (HR) and corresponding 95%
confidence interval (CI) were calculated. In all tests, P-values <
0.05 were considered statistically significant. Differences were
considered significant at * P < 0.05, ** P < 0.01, and *** P < 0.001.
RESULTS

TCGA Analysis: MPO Is Upregulated in
CRC Tissues
To analyze the relationship between MPO expression and CRC,
the MPO expression data and detailed clinical characteristics of
478 CRC patients were downloaded from TCGA, including
TNM stage, pathological stage, primary therapy outcome, sex,
age, BMI, residual tumor, CEA level, perineural invasion,
lymphatic invasion, history of colon polyps, presence of colon
polyps, and mortality (Table 1).

We used the Wilcoxon signed-rank test to compare the
expression of MPO in CRC tissues and normal tissues in
TCGA. MPO expression levels in 480 tumor tissues were
markedly higher than those in 41 normal tissues (P = 0.001;
Figure 1A). Correspondingly, analysis of MPO expression in 41
paired CRC tissues and their matched non-cancerous tissues also
showed a significant upregulation of MPO in patients with CRC
(P = 0.002; Figure 1B). MPO is also highly expressed in certain
cancers, such as colon adenocarcinoma, pancreatic
adenocarcinoma, and acute myeloid leukemia, as inferred from
the TIMER2 database (Figure 1C).
TCGA Analysis: The Upregulation of MPO
Is Related to the Malignant Progression of
CRC Patients
Under the Kruskal–Wallis test and Wilcoxon signed-rank test in
our current study, a higher level of MPO expression was
significantly correlated with a higher M stage (P = 0.001), a
higher pathological stage (stage I vs. IV, P = 0.001; stage III vs.
IV, P = 0.002), and a higher CEA level (P = 0.005; Figures 1D–
F). Furthermore, higher MPO expression was associated with
higher mortality in terms of OS (P = 0.041), DSS (P = 0.005), and
PFI (P = 0.004) (Figures 1G–I). However, the comparison of
MPO expression in the patient characteristics including T stage,
N stage, history of colon polyps, presence of colon polyps,
lymphatic invasion, perineural invasion, residual tumor, BMI,
age, and sex was not statistically significant (P > 0.05;
Supplementary Figures 1A–J).

To further analyze the role of MPO in CRC, we divided the
patients into two groups based on MPO expression. The median
expression level was used as the cut-off point for grouping. As
shown in Table 1, high expression of MPO was strongly
associated with a more advanced M stage (P = 0.004), higher
pathological stage (P = 0.003), higher CEA level (P = 0.010),
more OS death events (P = 0.045), more DSS death events (P =
0.011), and more PFI death events (P = 0.005); in contrast, it was
not associated with the T stage, N stage, primary therapy
July 2022 | Volume 12 | Article 940706
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TABLE 1 | The relationship between MPO expression and the clinicopathological features of CRC in TCGA.

Characteristic Low expression of MPO High expression of MPO p

n 239 239
T stage, n (%) 0.208
T1 6 (1.3%) 5 (1%)
T2 48 (10.1%) 35 (7.3%)
T3 160 (33.5%) 163 (34.2%)
T4 24 (5%) 36 (7.5%)
N stage, n (%) 0.739
N0 146 (30.5%) 138 (28.9%)
N1 51 (10.7%) 57 (11.9%)
N2 42 (8.8%) 44 (9.2%)
M stage, n (%) 0.004
M0 182 (43.9%) 167 (40.2%)
M1 21 (5.1%) 45 (10.8%)
Pathological stage, n (%) 0.003
Stage I 49 (10.5%) 32 (6.9%)
Stage II 92 (19.7%) 95 (20.3%)
Stage III 74 (15.8%) 59 (12.6%)
Stage IV 21 (4.5%) 45 (9.6%)
Primary therapy outcome, n (%) 0.402
PD 10 (4%) 15 (6%)
SD 2 (0.8%) 2 (0.8%)
PR 5 (2%) 8 (3.2%)
CR 113 (45.2%) 95 (38%)
Sex, n (%) 0.234
Female 120 (25.1%) 106 (22.2%)
Male 119 (24.9%) 133 (27.8%)
Age, n (%) 0.926
<=65 96 (20.1%) 98 (20.5%)
>65 143 (29.9%) 141 (29.5%)
BMI, n (%) 0.724
<25 42 (16.4%) 45 (17.6%)
>=25 87 (34%) 82 (32%)
Residual tumor, n (%) 0.215
R0 172 (46%) 174 (46.5%)
R1 3 (0.8%) 1 (0.3%)
R2 8 (2.1%) 16 (4.3%)
CEA level, n (%) 0.010
<=5 107 (35.3%) 89 (29.4%)
>5 41 (13.5%) 66 (21.8%)
Perineural invasion, n (%) 0.372
NO 68 (37.6%) 67 (37%)
YES 19 (10.5%) 27 (14.9%)
Lymphatic invasion, n (%) 0.054
NO 139 (32%) 127 (29.3%)
YES 71 (16.4%) 97 (22.4%)
History of colon polyps, n (%) 0.989
NO 133 (32.6%) 129 (31.6%)
YES 75 (18.4%) 71 (17.4%)
Colon polyps present, n (%) 0.963
NO 82 (32.9%) 80 (32.1%)
YES 43 (17.3%) 44 (17.7%)
OS event, n (%) 0.045
Alive 197 (41.2%) 178 (37.2%)
Dead 42 (8.8%) 61 (12.8%)
DSS event, n (%) 0.011
Alive 209 (45.2%) 189 (40.9%)
Dead 22 (4.8%) 42 (9.1%)
PFI event, n (%) 0.005
Alive 189 (39.5%) 161 (33.7%)
Dead 50 (10.5%) 78 (16.3%)
Frontiers in Oncology | www.frontiersin.org
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outcome, sex, age, BMI, residual tumor, perineural invasion,
lymphatic invasion, history of colon polyps, or colon polyps
present (all P > 0.05) (Table 1).

Importantly, logistic regression analysis of MPO expression
and clinicopathological features also confirmed the relationship
between highly expressed MPO and the pathological stage (OR:
Frontiers in Oncology | www.frontiersin.org 6
1.479; 95%CI: 1.024–2.141; P= 0.037 for stage III& IVvs. stage I&
II, respectively), age (OR: 0.636; 95%CI: 0.439–0.917; P= 0.016 for
> 65 vs. ≤ 65), and lymphatic invasion (OR: 1.495; 95% CI: 1.015–
2.208; P = 0.042 for Yes vs. No); see Table 2. Together, our
evaluation revealed that high MPO expression is related to the
malignant progression of CRC.
A B

D E F

G IH

C

FIGURE 1 | MPO was upregulated in CRC and correlated with the malignant progression of CRC patients. (A) The MPO expression levels in 480 tumor tissues and 41
normal tissues. (B) The expression of MPO in 41 normal and matched tumor tissues. (C) MPO expression in several cancers in the TIMER2 database. (D–F) The
association with elevated MPO and clinicopathological characteristics, including M stages, pathological stage, and CEA level. (G–I) The association with elevated MPO and
death events, including OS events, DSS events, and PFI events. The difference was considered significant at * P < 0.05, ** P < 0.01, or *** P < 0.001. ns, no significance.
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TCGA Analysis: The Upregulation of MPO
Is Related to Worse Survival in CRC
Patients
Togainadeeper insight into thecorrelationbetweenMPOexpression
and the prognosis of CRC patients in TCGA, Kaplan–Meier survival
analyseswere conducted forOS,PFI, andDSSevents inCRCpatients.
Weobserved that highMPOexpressionwas associatedwith a shorter
OS (HR: 1.62; 95% CI: 1.09–2.41; P = 0.018), worse DSS (HR: 2.06;
95%CI:1.22–3.47;P=0.007)andpoorerPFI (HR:1.71; 95%CI:1.20–
2.44; P = 0.003); see Figures 2A–C. This suggests that a higher
expression of MPO is related to worse survival in CRC patients. We
also used the Gene Expression Profiling Interactive Analysis2
(GEPIA2), OncoLnc, and TIMER2 databases to analyze TCGA
data sets. The results of the survival analysis performed using these
three database showed that a high expression of MPO is associated
with worse prognosis (Figures 2D–F).

Moreover, we performed a univariate analysis of prognostic
factors for OS using the Cox regression model (Table 3 and
Figure 3A). High MPO expression was associated with worse OS
(HR, 1.618; CI: 1.087–2.407; P = 0.018). In addition, a higher T
stage (HR, 3.072; CI: 1.423–6.631, P = 0.004), higher N stage (HR,
2.592; CI: 1.743–3.855; P < 0.001), higher M stage (HR, 4.193; 95%
CI: 2.683–6.554; P < 0.001), higher pathological stage (HR, 2.947;
95% CI: 1.942–4.471; P < 0.001), older age (HR, 1.610; 95% CI:
1.052–2.463; P = 0.028), higher BMI (HR, 0.549; 95% CI: 0.311–
0.969; P = 0.038), residual tumor (HR, 4.364; 95% CI: 2.401–7.930;
P < 0.001), higher CEA level (HR, 3.128; 95% CI: 1.788–5.471; P <
0.001) and lymphatic invasion (HR, 2.450; 95% CI: 1.614–3.720; P
< 0.001) were also associated with poor OS (Table 3). We also
conducted univariate analyses for DSS and PFI using the Cox
regression model (Tables 4, 5; Figures 3B, C). Similarly, MPO
levels were correlated with poorer PFI (HR, 1.711; 95% CI: 1.198–
2.443; P = 0.003) and DSS (HR, 2.060; 95% CI: 1.223–3.467; P =
0.007). In summary, MPO is an independent risk factor for OS,
PFI, and DSS in patients with CRC.

In addition, an ROC curve was generated to further evaluate
the value of MPO as a biomarker for CRC (Figure 2G). MPO
exhibited a good predictive ability in patients with CRC (AUC:
0.650; CI: 0.584–0.717). By combining the expression levels of
Frontiers in Oncology | www.frontiersin.org 7
MPO and clinical variables, nomograms were constructed to
predict the 1-, 3-, and 5-year survival (OS, PFI, and DSS)
probability of patients (Figures 3D–F). Overall, MPO has a
good predictive ability in patients with CRC.
TCGA, TIMER, and Human Cell Landscape
Analyses: The Relationship Between MPO
and Neutrophils in CRC
Weinvestigated the relationship betweenMPOand the infiltrationof
different immune cells. Under the assessment, the MPO expression
was demonstrated to positively correlate with the dominant immune
cell type in tumors, containingmacrophages, neutrophils, mast cells,
eosinophils, DC, pDC, Tems, iDCs, NK cells, and other cells
(Figure 4A). Next, we analyzed the correlation between MPO
expression and T cells, B cells, CD8+ T cells, cytotoxic cells, DC,
macrophages, mast cells, neutrophils, NK cells, Th1 cells, Th17 cells,
Th2 cells, and Tregs using ssGSEA, which confirmed that a higher
MPO expression is significantly linked with higher infiltration levels
of immune cells (such as cytotoxic cells (P = 0.024), DC (P < 0.001),
macrophages (P < 0.001), mast cells (P < 0.001) neutrophils (P <
0.001), NK cells (P < 0.001), Th1 cells (P < 0.001), and Tregs
(P=0.008)) (Figure 4D). Considering that neutrophils are a vital
part of nonspecific immunity and play a significant role during the
process of pro- and antitumor immunity, we next performed
Spearman correlation and Wilcoxon signed-rank tests to
investigate the correlation between MPO expression and
neutrophils, which proved that a higher MPO expression was
linked with higher infiltration levels of neutrophils (Figures 4B, C).
The TIMER database analysis among six types of immune cells
showed that the expression ofMPOwas significantly correlated with
the infiltration level of neutrophils (r = 0.173, P = 4.98e-4),
macrophages (r = 0.247, P = 5.00e-7), DCs (r = 0.185, P = 1.91e-4),
and CD4+ T cells (r = 0.146, P = 3.44e-3), but not with B cells and
CD8+ T cells (Figure 4E). Further evaluation of the relationship
between MPO and neutrophils was conducted using the data
analyzed in a single-cell RNA sequencing database, Human Cell
Landscape (http://bis.zju.edu.cn/HCL/). The results revealed that
MPO was highly expressed at the single neutrophil level in the fetal
TABLE 2 | The relationship between increased MPO expression and clinicopathological features by logistic regression.

Characteristics Total (N) Odds Ratio (OR) P value

T stage (T3&T4 vs. T1&T2) 477 0.848 (0.539-1.333) 0.476
N stage (N1&N2 vs. N0) 478 1.321 (0.916-1.907) 0.136
M stage (M1 vs. M0) 415 1.531 (0.903-2.623) 0.116
Pathological stage
(Stage III&Stage IV vs. Stage I&Stage II)

467 1.479 (1.024-2.141) 0.037

Sex (Male vs. Female) 478 0.874 (0.610-1.252) 0.464
Age (>65 vs. <=65) 478 0.636 (0.439-0.917) 0.016
BMI (>=25 vs. <25) 256 1.115 (0.663-1.874) 0.680
Residual tumor (R1&R2 vs. R0) 374 1.864 (0.851-4.305) 0.128
CEA level (>5 vs. <=5) 303 0.929 (0.579-1.492) 0.760
Perineural invasion (YES vs. NO) 181 1.604 (0.804-3.311) 0.188
Lymphatic invasion (YES vs. NO) 434 1.495 (1.015-2.208) 0.042
History of colon polyps (YES vs. NO) 408 0.767 (0.510-1.150) 0.200
Colon polyps present (YES vs. NO) 249 1.165 (0.690-1.977) 0.569
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intestine (Figures 4F–H). Taken together, MPO levels were
significantly correlated with neutrophil infiltration in CRC.

Correlation Between MPO in CRC and Peripheral
Neutrophil Counts
To investigate the expression of MPO in CRC, we performed
immunohistochemical staining in 69 pairs of CRC tissues and
their matched adjacent non-cancerous tissues. MPO is mainly
Frontiers in Oncology | www.frontiersin.org 8
expressed in the lysosome, vesicles , and; therefore
nucleoplasm. Tumor tissue is inflamed and granulocyte-rich
as expected, the immunohistochemical positivity of MPO is
much higher in tumor tissues than that in their matched
adjacent non-cancerous tissues (Figures 5A, B). The mRNA
expression data of MPO in 69 pairs of CRC tissues and their
matched adjacent non-cancerous tissues followed the same
pattern (Figure 5C).
A B

D E

F

G

C

FIGURE 2 | High expression of MPO is related to poor prognosis in CRC patients. (A–C) Kaplan–Meier analyses of OS, PFI, and DSS between the low- and high-
MPO groups in TCGA. OS: Logrank=5.72, P=0.018, n(high)=238, n(low)=239, cutoff value=0.26; DSS: Logrank=7.71, P=0.007, n(high)=230, n(low)=231, cutoff
value=0.26; PFI: Logrank=8.94, P=0.003, n(high)=238, n(low)=239, cutoff value=0.26. (D–F) Gene Expression Profiling Interactive Analysis2 (GEPIA2), OncoLnc, and
TIMER2 databases were used to analyze overall survival between high and low MPO groups, respectively. GEPIA2 OS: P=0.023, n(high)=128, n(low)=133; OncoLnc
OS: Logrank=4.947, P=0.0261, n(high)=220, n(low)=220, cutoff value=3.78; TIMER2 OS: P=0.033, n(high)=229, n(low)=229. (G) ROC analysis with respect to the
MPO expression.
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We further examined whether there was a relationship between
MPO expression in CRC and the peripheral neutrophil counts of
CRC patients. Consistent with the TCGA analysis, Spearman’s
bivariate correlation analysis showed positive correlations between
MPO IHC staining scores and peripheral neutrophil counts (r =
0.406, P < 0.001; Figure 5D). Overall, the results revealed that MPO
was upregulated in CRC and positively correlated with peripheral
neutrophil counts, but the correlation was moderate.
Frontiers in Oncology | www.frontiersin.org 9
Clinical Data Validation: Kaplan–Meier
Survival and Cox regression Proportional
Hazard Survival for OS and DFS Between
Patients With High and Low Preoperative
Neutrophil Counts
A total of 8,121 patients were included in our data analysis
(Figure 6), where the median postoperative follow-up period was
A
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FIGURE 3 | Univariate analysis of MPO for survival using the Cox regression model and nomogram based on MPO and clinical variables for survival in CRC. (A) Univariate
analysis of prognostic factors for OS using the Cox regression model. (B) Univariate analysis of prognostic factors for DSS using the Cox regression model. (C) Univariate
analysis of prognostic factors for PFI using the Cox regression model. (D) Nomogram for OS prognosis in CRC. (E) Nomogram for DSS prognosis in CRC. (F) Nomogram for
PFI prognosis in CRC.
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69.4 months (95% CI: 68.7–70.0). The enrolled patients were
divided into two groups according to their preoperative
neutrophil counts, and the cut-off value of neutrophils
(3.5×109/L) was calculated using an ROC curve. We observed
Frontiers in Oncology | www.frontiersin.org July 2022 | Volume 12 | Article 9407010
that 51.04% (4,145 out of 8,121) of patients had high
preoperative neutrophil counts. As shown in Table 6, higher
preoperative neutrophil counts were correlated with
clinicopathological characteristics, including male sex (P <
TABLE 3 | Univariate analysis of prognostic factors for OS with the Cox regression model.

Characteristics Total (N) Univariate analysis HR (95% CI) Univariate analysis P value

T stage (T3&T4 vs. T1&T2) 476 3.072 (1.423-6.631) 0.004
N stage (N1&N2 vs. N0) 477 2.592 (1.743-3.855) <0.001
M stage (M1 vs. M0) 414 4.193 (2.683-6.554) <0.001
Pathological stage (Stage III&Stage IV vs. Stage I&Stage II) 466 2.947 (1.942-4.471) <0.001
TP53 (High vs. Low) 477 0.819 (0.555-1.208) 0.313
Sex (Male vs. Female) 477 1.101 (0.746-1.625) 0.627
Age (>65 vs. <=65) 477 1.610 (1.052-2.463) 0.028
BMI (>=25 vs. <25) 256 0.549 (0.311-0.969) 0.038
Residual tumor (R1&R2 vs. R0) 373 4.364 (2.401-7.930) <0.001
CEA level (>5 vs. <=5) 302 3.128 (1.788-5.471) <0.001
Perineural invasion (YES vs. NO) 181 1.940 (0.982-3.832) 0.056
Lymphatic invasion (YES vs. NO) 433 2.450 (1.614-3.720) <0.001
History of colon polyps (YES vs. NO) 407 0.741 (0.442-1.242) 0.255
Colon polyps present (YES vs. NO) 249 1.324 (0.738-2.373) 0.346
MPO (High vs. Low) 477 1.618 (1.087-2.407) 0.018
TABLE 4 | Univariate analysis of prognostic factors for DSS with the Cox regression model.

Characteristics Total (N) Univariate analysis HR (95% CI) Univariate analysis P value

T stage (T3&T4 vs. T1&T2) 460 7.758 (1.896-31.745) 0.004
N stage (N1&N2 vs. N0) 461 4.059 (2.353-7.003) <0.001
M stage (M1 vs. M0) 399 7.833 (4.597-13.346) <0.001
Pathological stage
(Stage III&Stage IV vs. Stage I&Stage II)

451 6.085 (3.235-11.447) <0.001

TP53 (High vs. Low) 461 0.850 (0.520-1.391) 0.519
Sex (Male vs. Female) 461 1.142 (0.697-1.871) 0.599
Age (>65 vs. <=65) 461 1.165 (0.702-1.933) 0.555
BMI (>=25 vs. <25) 241 0.979 (0.415-2.310) 0.961
Residual tumor (R1&R2 vs. R0) 373 6.107 (3.225-11.563) <0.001
CEA level (>5 vs. <=5) 301 3.018 (1.543-5.901) 0.001
Perineural invasion (YES vs. NO) 180 2.977 (1.325-6.686) 0.008
Lymphatic invasion (YES vs. NO) 422 4.133 (2.361-7.235) <0.001
History of colon polyps (YES vs. NO) 396 0.907 (0.497-1.657) 0.752
Colon polyps present (YES vs. NO) 243 1.397 (0.648-3.011) 0.393
MPO (High vs. Low) 461 2.060 (1.223-3.467) 0.007
TABLE 5 | Univariate analysis of prognostic factors for PFI with the Cox regression model.

Characteristics Total (N) Univariate analysis HR (95% CI) Univariate analysis P value

T stage (T3&T4 vs. T1&T2) 476 3.111 (1.631-5.936) <0.001
N stage (N1&N2 vs. N0) 477 2.650 (1.859-3.777) <0.001
M stage (M1 vs. M0) 414 5.811 (3.921-8.611) <0.001
Pathological stage
(Stage III&Stage IV vs. Stage I&Stage II)

466 3.061 (2.120-4.419) <0.001

TP53 (High vs. Low) 477 0.844 (0.596-1.196) 0.342
Sex (Male vs. Female) 477 1.166 (0.822-1.656) 0.389
Age (>65 vs. <=65) 477 0.975 (0.683-1.391) 0.888
BMI (>=25 vs. <25) 256 1.186 (0.709-1.986) 0.515
Residual tumor (R1&R2 vs. R0) 373 4.343 (2.554-7.385) <0.001
CEA level (>5 vs. <=5) 302 2.900 (1.844-4.561) <0.001
Perineural invasion (YES vs. NO) 181 2.362 (1.279-4.363) 0.006
Lymphatic invasion (YES vs. NO) 433 2.433 (1.679-3.525) <0.001
History of colon polyps (YES vs. NO) 407 0.744 (0.482-1.150) 0.183
Colon polyps present (YES vs. NO) 249 0.996 (0.607-1.634) 0.987
MPO (High vs. Low) 477 1.711 (1.198-2.443) 0.003
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0.001), not prechemotherapy (P < 0.001), mucinous
adenocarcinoma and signet-ring cell carcinoma (P < 0.001),
poorer tumor differentiation (P < 0.001), more positive surgical
margin (P < 0.001), advanced TNM stage (P < 0.001), more
infiltrating lymph nodes > 12 (P < 0.001), more number of cancer
Frontiers in Oncology | www.frontiersin.org 11
nodules ≥ 1 (P = 0.029), more death events (P < 0.001), and more
blood transfusions (P = 0.011). It showed that a high
preoperative neutrophil level was likely to correlate with more
malignant clinicopathological features, more blood transfusion,
and poor prognosis in CRC patients.
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FIGURE 4 | MPO was significantly correlated with the infiltration level of neutrophils in CRC. (A) MPO expression has a significant correlation with many immune
cells infiltration. (B, C) The correlation between MPO and neutrophils by the Wilcoxon signed-rank and Spearman correlation tests. (D) We analyzed the correlation
between MPO expression and T cells, B cells, CD8+ T cells, cytotoxic cells, DC, macrophages, mast cells, neutrophils, NK cells, Th1 cells, Th17 cells, Th2 cells, and
Tregs using ssGSEA. (E) The relationship between different immune cells and MPO was analyzed in TIMER 2.0, including B cells, CD8+ T cells, CD4+ T cells,
macrophages, neutrophils, and DCs. (F–H) The relationship between MPO and neutrophils in a single-cell RNA sequencing database. The difference was considered
significant at * P < 0.05, ** P < 0.01, or *** P < 0.001. ns, no significance.
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The propensity score matching was performed to reduce the
imbalance due to the differences in baseline characteristics
between the two groups. After matching, 3,358 pairs remained
for each group. There were no significant differences in patient
characteristics between the two groups in the matched cohort,
except for the TNM stage (Table 6).
Frontiers in Oncology | www.frontiersin.org 12
Kaplan–Meier survival analyses were further conducted to
investigate patient prognosis in terms of OS and DFS after
propensity score matching. The OS and DFS in the high
preoperative neutrophil group were shorter than those in the
low preoperative neutrophil group (OS, Logrank=13.743, P <
0.001; DFS, Logrank= 5.910, P = 0.015; Figure 7), demonstrating
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FIGURE 5 | MPO was upregulated in CRC and positively correlated with peripheral neutrophil counts. (A) IHC was used to detect MPO protein expression in CRC
and non-cancerous tissues (69 pairs); left, scale bar = 250 µm; right, scale bar = 50 µm. (B) Quantitative analysis of MPO IHC scores in CRC and non-cancerous
tissues (69 pairs). (C) qPCR was used to evaluate the relative expression of MPO mRNA in CRC and adjacent non-cancerous tissues (69 pairs). (D) The relationship
between MPO levels in CRC and peripheral neutrophil counts was determined using Spearman’s correlation test (r = 0.406, P < 0.001, n = 69). Differences were
considered significant at * P < 0.05, ** P < 0.01, or *** P < 0.001.
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that high preoperative neutrophil levels elicited poorer prognosis
in patients with CRC after matching.

After adjustment, multivariable Cox regression showed that a
high preoperative neutrophil count was strongly associated with
poorer OS (HR, 1.157; 95% CI, 1.055–1.268; P = 0.002) and worse
DFS (HR, 1.118; 95% CI, 1.009–1.238; P = 0.033); see Tables 7, 8.
Other variables that significantly influenced the risk of death after
multivariate analysis were older age, preoperative neoadjuvant
chemotherapy, tumor differentiation, surgical margin positivity,
advanced TNM stage, infiltrating lymph node > 12, number of
cancer nodules ≥ 1, and blood transfusion; all of which were
independent predictors of poorer OS or DFS. Overall, the
preoperative neutrophil count was independently associated with
increased overall mortality and cancer recurrence after CRC surgery.

The Relationship Between the
MMR-Status and Neutrophil Counts,
and the Effect of MMR-Status on
Durvival in 668 Patients With CRC
It is well known that the type of inflammatory infiltrate is different
betweenMMR-proficient andMMR-deficient CRCs. It may be very
interesting to investigate whether this difference is reflected in
peripheral neutrophil counts. Meanwhile, the MMR-status is
strongly related to the prognosis in the literature. We analyzed
Frontiers in Oncology | www.frontiersin.org 13
668 patients with MMR-status. Of these 668 patients, 307 (46.0%)
patients presented with low preoperative neutrophils and 361 (54%)
patients showed high preoperative neutrophils. In patients with low
preoperative neutrophil, there were 16(5.2%) patients with MMR-
deficient, and 291(94.8%) patients withMMR-proficient. In patients
with high preoperative neutrophil, there were 32(8.9%) patients
with MMR-deficient, and 329(91.1%) patients with MMR-
proficient. There was no significant difference in MMR-status
between two groups (P=0.068) (Supplementary Table 1). There
was no significant difference in overall survival between MMR-
deficient and MMR-proficient groups (Logrank=0.008, P=0.928)
(Supplementary Figure 2).
DISCUSSION

In this study, MPO was demonstrated to be upregulated in CRC
patients by evaluating the expression profile and function of
MPO through TCGA, which is related to malignant progression
and survival of patients with CRC. In addition, our study
validated that MPO was strongly correlated with the peripheral
neutrophil count of CRC patients. Furthermore, this large,
retrospective study confirmed that high preoperative
FIGURE 6 | Flow chart of patient selection. Flow chart of patient selection.
July 2022 | Volume 12 | Article 940706

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Weng et al. MPO and Neutrophil on CRC
neutrophil count is an independent prognostic indicator for
predicting OS and DFS in patients with CRC. Overall, we
demonstrated that increased MPO expression was prominently
correlated with a high peripheral neutrophil count, and both of
these variables were independently linked with worse outcomes
in CRC patients.
Frontiers in Oncology | www.frontiersin.org 14
MPO is a cationic heme-containing peroxidase found primarily
in neutrophils and minorly in monocytes (27). The bactericidal
capacities of activated leukocytes have been attributed, at least
partially, to the actions of MPO. MPO catalyzes the formation of
reactive oxygen intermediates, including hypochlorite (HOCl),
which play an important role in the killing of microorganisms
TABLE 6 | Patients’ baseline characteristics in the total study cohort and the propensity-matched cohort.

Overall patients P
value

Matched patients

Variables Low pre-Neutrophils
(n=3976)

High pre-Neutrophils
(n=4145)

Low pre-Neutrophils
(n=3358)

High pre-Neutrophils
(n=3358)

P
value

Sex, n (%) <0.001 0.843
Male 2147 (54.0) 2665 (64.3) 1979 (58.9) 1987 (59.2)
Female 1829 (46.0) 1480 (35.7) 1379 (41.1) 1371 (40.8)
Age, n (%) 0.369 0.721
≤44 531 (13.4) 537 (13.0) 445 (13.3) 436 (13.0)
45-54 805 (20.2) 828 (20.0) 651 (19.4) 672 (20.0)
55-64 1453 (36.5) 1462 (35.3) 1223 (36.4) 1174 (35.0)
65-74 836 (21.0) 910 (22.0) 721 (21.5) 745 (22.2)
>75 351 (8.8) 480 (9.8) 318 (9.5) 331 (9.9)
Pre-chemotherapy, n (%) <0.001 0.920
No 3518 (88.5) 3929 (94.8) 3145 (93.7) 3147 (93.7)
Yes 458 (11.5) 216 (5.2) 213 (6.3) 211 (6.3)
Surgical approach, n (%) 0.406 0.366
Laparotomy 3666 (92.2) 3801 (91.7) 3102 (92.4) 3082 (91.8)
Laparoscopy 310 (7.8) 344 (8.3) 256 (7.6) 276 (8.2)
Tumor histology, n (%) <0.001 0.658
Adenocarcinoma 3530 (88.8) 3509 (84.7) 2937 (87.5) 2913 (86.7)
Mucinous adenocarcinoma 401 (10.1) 559 (13.5) 378 (11.3) 402 (12.0)
Signet-ring cell carcinoma 45 (1.1) 77 (1.9) 43 (1.3) 43 (1.3)
Tumor differentiation, n (%) <0.001 0.447
Poor 726 (18.3) 955 (23.0) 672 (20.0) 719 (21.4)
Moderate 2699 (67.9) 2788 (67.3) 2324 (69.2) 2264 (67.4)
Well 84 (2.1) 88 (2.1) 72 (2.1) 72 (2.1)
Unknown 467 (11.7) 314 (7.6) 290 (8.6) 303 (9.0)
Surgical Margin positive, n
(%)

0.001 0.759

No 3929 (98.8) 4058 (97.9) 3311 (98.6) 3308 (98.5)
Yes 47 (1.2) 87 (2.1) 47 (1.4) 50 (1.5)
TNM stage, n (%) <0.001 <0.001
0-1 787 (19.8) 657 (15.9) 649 (19.3) 563 (16.8)
II 1053 (26.5) 1190 (28.7) 884 (26.3) 1001 (29.8)
III 1560 (39.2) 1592 (38.4) 1363 (40.6) 1232 (36.7)
IV 435 (10.9) 634 (15.3) 379 (11.3) 492 (14.7)
Unknown 141 (3.5) 72 (1.7) 83 (2.5) 70 (2.1)
Infiltrating Lymph nodes >
12, n (%)

<0.001 0.093

No 970 (24.4) 826 (19.9) 733 (21.8) 677 (20.2)
Yes 3006 (75.6) 3319 (80.1) 2625 (78.2) 2681 (79.8)
Number of Cancer nodule≥1,
n (%)

0.029 0.849

No 3399 (85.5) 3470 (83.8) 2827 (84.2) 2831 (84.4)
Yes 576 (14.5) 673 (16.2) 531 (15.8) 525 (15.6)
Results
Surgery again within 30days,
n (%)

0.800 0.514

No 3903 (98.2) 4072 (98.2) 3296 (98.2) 3303 (98.4)
Yes 73 (1.8) 73 (1.8) 62 (1.8) 55 (1.6)
Death, n (%) <0.001 0.003
No 2957 (74.4) 2883 (69.6) 2478 (73.8) 2370 (70.6)
Yes 1019 (25.6) 1262 (30.4) 880 (26.2) 988 (29.4)
Blood Transfusion, n (%) 0.011 0.629
No 3891 (97.9) 4019 (97.0) 3276 (97.6) 3282 (97.7)
Yes 85 (2.1) 126 (3.0) 82 (2.4) 76 (2.3)
Blood loss, n (%) 0.679 0.114
<400ml 3939 (99.1) 4110 (99.2) 3323 (99.0) 3335 (99.3)
≥400ml 37 (0.9) 35 (0.8) 35 (1.0) 23 (0.7)
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(27–29); however, excessive MPO activity aggravates inflammation,
leading to tissue damage. MPO is a local mediator of inflammation
and also an important target for the treatment of inflammatory
diseases (30); although, recent studies have shown that MPO
deficiency leads to an exaggeration of the inflammatory response
and affects neutrophil function, including the production of
cytokines (27). For example, MPO knockout mice exhibited an
enhanced response of CD4+ T cells in lymph nodes, aggravating
arthritis (31). The causal link betweenMPO oxidation and disease is
complex, and overexpression and loss of MPO expression are
associated with worse outcomes. Given these contradictory
reports, we were more concerned about the role of MPO in
cancer. High preoperative MPO levels may improve the prognosis
of postoperative CRC patients with liver metastasis (11). The high
tumor infiltration of MPO-expressing cells in colorectal and breast
cancers is associated with a significant improvement in prognosis
(32, 33). In contrast, the MPO promoter single nucleotide
polymorphism (SNP) rs2333227 enhances the malignant
phenotype of CRC by regulating MPO transcriptional activity
(13). Additionally, MPO overexpression in human tumors may be
related to the enhancement of cell invasion and migration (14, 34).
Thus, the association between MPO gene variation and CRC risk is
inconsistent and warrants further investigation. In our study,
bioinformatic analysis using high-throughput RNA-sequencing
data from TCGA revealed that MPO expression in CRC tissues
was higher than that in normal tissues. In addition, highMPO levels
are associated with malignant progression. Moreover, MPO
overexpression resulted in shorter OS, PFI, and DSS in this study.
Therefore, MPO was validated as an independent prognostic factor
for OS, PFI, and DSS based on the univariate Cox regression
analysis. These findings suggest that MPO may serve as a
potential prognostic marker and therapeutic target for CRC.
Using IHC and qRT-PCR analyses, we confirmed that the relative
expression level of MPO in CRC tissues was significantly higher
than that in the matched adjacent non-cancerous tissues.

Neutrophils are one of the earliest innate immune cells to be
recruited to inflammatory tissues (35). When neutrophils are
Frontiers in Oncology | www.frontiersin.org 15
activated, MPO proteins are emptied into phagosomes or secreted
by degranulation. In phagosomes, MPO produces highly active
hypohalogenate and nitrogen dioxide, which react easily to form
different reactive oxygen species and key bactericidal and
immunomodulatory products of the neutrophil MPO-halide
system (36, 37). Interestingly, neutrophil aggregation and elevated
levels of pro-inflammatory cytokines are associated with disease
severity in patients with COVID-19, and proteomic analysis
confirmed that the level of MPO in the nasopharyngeal tissue of
COVID-19 patients was also increased (37). Furthermore,
neutrophils treated with stimuli are rich in MPO-DNA complexes
(38) and, in turn, MPO can regulate the function and immune
response of neutrophils. Recent research has shown that MPO can
affect the degranulation of neutrophils and improve their
phagocytosis (39), and it can also “break” the migration of
neutrophils and prevent their accumulation (15). The relationship
between MPO in CRC and preoperative neutrophil counts is yet to
be reported. In this study, we confirmed that MPO in CRC was
significantly correlated with the infiltration level of neutrophils in
CRC through TCGA, TIMER, andHumanCell Landscape analyses.
We also validated thatMPO levels in CRC positively correlated with
peripheral neutrophil counts. This finding implies a potential
mechanism underlying MPO and poor cancer outcomes.

Many inflammatory cells represent innate and acquired immune
responses in the microenvironment of solid malignant tumors (40),
where neutrophils account for a large proportion of these
inflammatory cells. Tumor-associated macrophages (TAMs) can
be divided into the M1 antitumor and M2 tumor-promoting
phenotypes. New evidence shows that tumor-associated
neutrophils (TAN) can differentiate into the N1 anti-tumor or N2
pro-tumor phenotype. Neutrophils can be transformed into a
tumor-promoting state in the microenvironment (41) and, in
addition to cytotoxicity, they can promote the spread of tumor
cells by secreting matrix metalloproteinases and elastase to degrade
the extracellular matrix. The tumor-promoting state also regulates
immunosuppression by secreting reactive oxygen species and
arginase-1, thus limiting T cell-dependent antitumor immunity.
A B

FIGURE 7 | Kaplan–Meier analysis of OS and DFS. (A) Kaplan–Meier survival curve for OS according to preoperative neutrophils (pre-neutrophils) in the propensity
score-matched cohort (OS, Logrank=13.743, P < 0.001). (B) Kaplan–Meier survival curve for DFS according to preoperative neutrophils (pre-neutrophils) in the
propensity score-matched cohort (DFS, Logrank= 5.910, P = 0.015). Statistical significance was set at P < 0.05.
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These tumor-promoting effects may serve as potential targets for
cancer therapy (42). Neutrophils play a tumor-promoting role
through the formation of neutrophil extracellular traps (NETs)
within the tumor, known as NETosis (43). NETs are involved in the
deterioration of a variety of diseases such as cancer, autoimmune
diseases, and thrombosis (44). Most evidence shows that
neutrophils can promote tumors, and the degree of neutrophil
infiltration is related to poor prognosis; however, a few studies have
observed that neutrophils can improve or did not affect prognosis
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(24, 25, 45). Our study confirmed that a higher preoperative
neutrophil count was correlated with poorer OS and DFS in
CRC. High preoperative neutrophil count is an independent
prognostic indicator for predicting OS and DFS in patients with
CRC. Yamamoto et al. also reported that a high neutrophil count
was independently associated with worse survival in patients with
metastatic CRC with wild-type RAS (46). Wculek et al. have
suggested that the deletion of Smad4 in CRC promotes the
expression of CCL15 and recruits more CCR1+ TANs and matrix
TABLE 7 | Univariate and multivariate Cox regression analysis for OS in the propensity-matched cohort.

Variables Univariate HR (95% CI) P Value Multivariate HR (95% CI) P Value

Pre-Neutrophils classification
<3.5×10^9/L 1 1
≥3.5×10^9/L 1.187 (1.084-1.300) <0.001 1.157(1.055-1.268) 0.002
Sex
Male 1
Female 1.020 (0.931-1.119) 0.667
Age <0.001 <0.001
≤44 1 1
45-54 0.936 (0.788-1.112) 0.451 1.102 (0.926-1.311) 0.276
55-64 0.964 (0.825-1.126) 0.643 1.197 (1.023-1.400) 0.025
65-74 1.221 (1.038-1.435) 0.016 1.696 (1.437-2.002) <0.001
>75 1.910 (1.602-2.276) <0.001 2.892 (2.416-3.460) <0.001
Preoperative Neoadjuvant
chemotherapy
No 1 1
Yes 1.507 (1.279-1.776) <0.001 1.594 (1.333-1.907) <0.001
Surgical approach
Laparotomy 1
Laparoscopy 0.911 (0.759-1.093) 0.316
Tumor histology <0.001
Adenocarcinoma 1
Mucinous adenocarcinoma 1.252 (1.097-1.429) 0.001
Signet-ring cell carcinoma 2.574 (1.901-3.486) <0.001
Tumor Differentiation <0.001 <0.001
Well 1 1
Moderate 1.484 (1.006-2.189) 0.047 0.930(0.628-1.379) 0.719
Poor 2.986 (2.016-4.425) <0.001 1.267(0.848-1.895) 0.248
Unknown 1.595 (1.048-2.425) 0.029 1.083(0.706-1.663) 0.715
TNM stage <0.001 <0.001
0-1 1 1
II 1.472 (1.200-1.807) <0.001 1.398 (1.136-1.721) 0.002
III 3.250 (2.704-3.906) <0.001 2.354 (1.939-2.857) <0.001
IV 13.686 (11.323-16.542) <0.001 9.819 (8.011-12.035) <0.001
Unknown 0.701 (0.379-1.298) 0.258 0.564 (0.299-1.066) 0.078
Surgical margin positive
No 1 1
Yes 2.990 (2.302-3.885) <0.001 1.678 (1.284-2.193) <0.001
Infiltrating Lymph nodes > 12
No 1 1
Yes 0.718 (0.648-0.796) <0.001 0.826 (0.741-0.920) 0.001
Number of cancer nodule≥1
No 1 1
Yes 2.911 (2.632-3.220) <0.001 1.434 (1.284-1.601) <0.001
Blood Transfusion
No 1 1
Yes 1.699 (1.331-2.168) <0.001 1.420 (1.109-1.817) 0.005
Blood loss
<400ml 1
≥400ml 1.545 (1.024-2.331) 0.038
Surgery again within 30days
No 1
Yes 1.049 (0.751-1.466) 0.778
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metalloproteinase-9 to the metastatic site to form the premetastatic
niche of disseminated tumor cells (47). Presently, the underlying
mechanism behind MPO and the prognosis of patients with CRC
have not yet been clarified; our research, however, suggests that
neutrophils are potential key players in the mechanism linking
MPO levels with poor CRC outcomes.

In our study, there was no significant difference in MMR-status
between high/low preoperative neutrophil counts. There was no
significant difference in overall survival betweenMMR-deficient and
MMR-proficient patients. These results may be due the insufficient
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sample size.Wewill investigate the correlation betweenMMR-status
and peripheral neutrophil counts in our future study. Zhu et al.
reported that patients with CRC who had lost at least one MMR
protein (MLH1,MSH2,MSH6, or PMS2) had a better prognosis. An
unexpected finding was that there was a correlation betweenMMR-
deficiency and elevatedCD66b+TAN levels (48). Park et al. reported
that MMR-deficiency was associated with increased peritoneal
involvement and poor tumor differentiation. C-reactive protein,
neutrophil count, neutrophil count > 7.5×109/L and NPS
(neutrophil/platelet score) were higher in patients with MMR-
TABLE 8 | Univariate and multivariate Cox regression analysis for DFS in the propensity-matched cohort.

Variables UnivariateHR (95% CI) P Value Multivariate HR (95% CI) P Value

Pre-Neutrophils classification
<3.5×10^9/L 1 1
≥3.5×10^9/L 1.134 (1.025-1.256) 0.015 1.118 (1.009-1.238) 0.033
Sex
Male 1
Female 0.974 (0.878-1.080) 0.616
Age <0.001 <0.001
≤44 1 1
45-54 0.994 (0.814-1.213) 0.951 1,192 (0.976-1.457) 0.086
55-64 0.985 (0.822-1.180) 0.866 1.174 (0.978-1.409) 0.085
65-74 1.345 (1.117-1.619) 0.002 1.748 (1.448-2.111) <0.001
>75 2.161 (1.774-2.631) <0.001 2.877 (2.356-3.514) <0.001
Preoperative Neoadjuvant chemotherapy
No 1 1
Yes 1.612 (1.345-1.933) <0.001 1.892 (1.556-2.302) <0.001
Surgical approach
Laparotomy 1
Laparoscopy 0.849 (0.689-1.045) 0.123
Tumor histology <0.001
Adenocarcinoma 1
Mucinous adenocarcinoma 1.292 (1.117-1.495) 0.001
Signet-ring cell carcinoma 2.676 (1.929-3.712) <0.001
Tumor Differentiation <0.001 <0.001
Well 1 1
Moderate 1.381 (0.913-2.089) 0.126 0.880 (0.579-1.339) 0.551
Poor 2.718 (1.787-4.135) <0.001 1.190 (0.774-1.830) 0.428
Unknown 1.565 (1.001-2.448) 0.050 1.056 (0.667-1.672) 0.816
TNM stage <0.001 <0.001
0-1 1 1
II 1.491 (1.215-1.830) <0.001 1.400 (1.137-1.725) 0.002
III 3.354 (2.790-4.032) <0.001 2.351 (1.930-2.864) <0.001
IV 15.001 (12.099-18.598) <0.001 9.237 (7.315-11.664) <0.001
Unknown 0.713(0.386-1.320) 0.282 0.520 (0.274-0.986) 0.045
Surgical Margin positive
No 1 1
Yes 3.075 (2.284-4.139) <0.001 1.578 (1.163-2.141) 0.003
Infiltrating Lymph nodes > 12
No 1 1
Yes 0.700(0.624-0.786) <0.001 0.781 (0.693-0.880) <0.001
Number of cancer nodule ≥1
No 1 1
Yes 2.861(2.549-3.212) <0.001 1.449 (1.274-1.648) <0.001
Blood Transfusion
No 1 1
Yes 1.732(1.317-2.279) <0.001 1.562 (1.185-2.059) 0.002
Blood loss
<400ml 1
≥400ml 1.615 (1.015-2.571) 0.043
Surgery again within 30days
No 1
Yes 0.970 (0.658-1.429) 0.876
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deficientCRCthan that inpatientswithMMR-proficientCRCbefore
operation. In multivariate survival analysis, there was no significant
correlation between MMR-deficiency and cancer-specific survival,
while NPS was independently related to survival. When the analysis
was limited to patients with II/III disease, NPS was still associated
with survival, whileMMR-statuswas still not associatedwith survival
(49). Overall, the relationship between MMR-status and systemic
inflammatory responses remains unclear and needs
further investigation.

Our study addressed an important concern and confirmed
that MPO is upregulated in patients with CRC and is related to
malignant progression and survival of the patients. Furthermore,
neutrophils were identified as potential key players in the
mechanism linking MPO levels with poor CRC outcomes. It
may be challenging to directly apply MPO in clinical settings, but
the bridging role played by neutrophils can facilitate the
transformation of basic research into clinical practice. One of
the advantages of our clinical study is that the overall sample size
(>8000) and allocation (>3000) in each group in this study were
much larger than those of previous studies, and the data were
obtained from one of the largest cancer centers in China.
Another advantage is that the median postoperative follow-up
period in this study was more than 5 years (median: 69.6
months), and we focused on the long-term outcomes of CRC
patients. In addition, we used propensity score matching and
multivariate Cox regression analysis to correct for confounding
factors. It is usually difficult to assess the expression of MPO
before operation, but the expression of neutrophils from
peripheral blood can easily be determined; this aspect is the
greatest contribution of our study. The prognosis of patients with
CRC could be predicted using a simple and feasible method
before operation. In light of this, it is suggested that
anesthesiologists and surgeons pay more attention to the
patients with a higher preoperative inflammation status and
take measures to inhibit perioperative stress response and
inflammation, so as to improve the prognosis of patients (50–
52). In this regard, the present study findings can have
reasonable clinical applications.

Our study had several limitations. First, the clinical validation
part of the study was retrospective and non-randomized, and
patient information was obtained from a single cancer center.
Second, owing to various perioperative factors associated with a
high neutrophil count, although we utilized propensity score
matching, we still could not eliminate the potential influence of
unmeasured confounders. In addition, although we found that
MPO expression and preoperative neutrophil counts are involved
in CRC progression, the potential mechanism needs to be
further studied.

In conclusion, our study showed that increased MPO is
positively correlated with high peripheral neutrophil counts, both
of which serve as potential risk indicators for malignant progression
and worse survival in CRC. Our study suggests that neutrophils are
key players in the mechanism linking MPO levels with poor CRC
outcomes, which implies the clinical applicability of our study
results. In the future, well-designed prospective and basic studies
are warranted to explore the underlying mechanisms further.
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Supplementary Figure 1 | The association between MPO and
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Supplementary Figure 2 | Kaplan-Meier analysis of OS according to MMR-
status. (A) Kaplan-Meier survival curve for OS according to MMR-status in 668
patients with CRC. (Logrank=0.008, P = 0.928).

Supplementary Table 1 | The relationship between MMR-status and high/low
preoperative neutrophil counts.
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