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Introduction: Circulating monocytes are main source for tumor-associated

macrophages (TAMs) that control tumor growth, angiogenesis, metastasis and

therapy resistance. We raised the questions how monocyte programming is

affected by growing tumors localized in colon and rectal sections, and how

treatment onsets affect monocyte programming in the circulation.

Methods: Patients with rectal cancer and colon cancer were enrolled in the

study. Peripheral blood monocytes were characterized by phenotypic analysis

using flow cytometry, by transcriptomic analysis using RNA sequencing and by

gene expression analysis using real-time RT-PCR. Phenotypic analysis was

performed with IF/confocal microscopy. Spatial transcriptomic analysis was

applied using GeoMX DSP-NGS.

Results: In patients with rectal cancer, increased amount of CCR2+monocytes

was indicative for the absence of both lymphatic and hematogenous

metastasis. In contrast, in patients with colon cancer CD163+ monocytes

were indicative for LN metastasis. NGS analysis identified tumor-specific
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transcriptional programming of monocytes in all CRC patients compared to

healthy individuals. The key transcriptional difference between monocytes of

patients with colon and rectal cancer was increased expression of PFKFB3,

activator of glycolysis that is currently considered as therapy target for major

solid cancers. PFKFB3-expressing monocyte-derived macrophages massively

infiltrated tumor in colon. Nanostring technology identified correlation of

PFKFB3 with amount and tumor-promoting properties of TAMs in colon but

not in rectal cancer. PFKFB3 was indicative for tumor relapse specifically in

colon cancer.

Discussion:Our findings provide essential argument towards CRC definition to

cover two clinically distinct cancers – colon cancer and rectal cancer, that

differentially interact with innate immunity.
KEYWORDS

monocyte, PFKFB3, colorectal cancer, tumor-associated macrophage, transcriptome,
GeoMx DSP, chemotherapy
1 Introduction

Colorectal cancer (CRC) is third most commonly diagnosed

malignancy and the third leading cause of cancer-related deaths

in the world. In 2020 more than one million new cases of

colorectal cancer were diagnosed, and almost 570 thousand

deaths were registered worldwide (1). Colorectal cancer is

characterized by high inter- and intra-tumoral heterogeneity

(2). This heterogeneity is an obstacle to reach a complete

response after anti-cancer therapy that requires personification

(3). Although colon cancer (CC) and rectal cancer (RC) are

usually classified as colorectal cancer (CRC), evidences

accumulated towards considering CC and RC as self-standing

tumor entities due to their topography, surgical challenge,

therapy, complications, and relapse patterns (3, 4).

The key innate immune cells in tumor microenvironment

(TME) are tumor-associated macrophages (TAMs) (5, 6). There

are experimental and clinical data showing that TAMs promote

primary tumor growth and dissemination in major cancer types,

including breast, lung, kidney, ovarian, prostate cancers,

melanoma, and glioblastoma (6, 7). However, in CRC the role

of TAMs remains controversial. Accumulating findings indicate

antitumor effect of TAMs in the number of cohorts of CRC

patients (6, 8–10). Pro-tumor functions have been reported for

specific TAM subpopulations expressing M2 markers CD206,

CD163 and CD204 (11, 12). TAMs develop their functional

phenotype in response to local TME, and are very plastic cells

that can define patients’ outcome (13).
02
Essential factor that defines functional state of TAMs in the

tumor site is the activation status of blood monocytes, which are

recruited to tumor site from the circulation and give origin to TAMs

(14). Circulating monocytes are also heterogeneous. Based on their

phenotype and function, human monocytes can be divided into

three major subsets: classical (CD14++16-), intermediate (CD14

+16+) and non-classical (CD14+16++) monocytes (15). We and

others found that pathological stimuli can drive changes in the

activation level of monocytes affecting their potential to differentiate

into functionally distinct macrophages in the tissues (16–19).

Changes in monocyte activation status in pathology can serve as

a protective mechanism of the organism, can be a part of the disease

pathogenesis, or can reflect a response of immune system to the

anti-cancer treatment (20). However, very limited knowledge is

available about the cancer-specific programming of monocytes.

In the present study, for the first time we used RNA

sequencing to identify tumor-specific programming of

monocytes in CRC versus healthy individuals. We considered

CRC as two clinically distinct cancers – colon cancer and rectal

cancer, and, for the first time, we demonstrated different

monocyte subpopulation content in patients with these two

distinct intestine tumor localizations. We applied most

advanced Nanostring technology to identify spatial

distribution of monocyte-derived TAMs with elevated

expression of the metabolic regulator. We analyzed whether

monocytes can be predictive biomarkers for neoadjuvant

chemotherapy (NAC) response and can have prognostic value

for metastasis. We evaluated our data in the context of
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prognostic and therapeutic significance of monocyte

programming by the design of anti-cancer immunotherapy

and planning clinical trials (Figure 1).
2 Materials and methods

2.1 Patients

The study included patients with colorectal adenocarcinoma

with morphologically verified diagnosis, treated in the Department

of abdominal oncology, Cancer Research Institute of Tomsk

National Research Medical Center (Tomsk, Russia) from 2019 to

2021, and healthy donors. The study was carried out according to
Frontiers in Immunology 03
Declaration of Helsinki (from 1964, revised in 1975 and 1983) and

was approved by the local committee of Medical Ethics of Tomsk

Cancer Research Institute (15 May 2019, the approval No. 6/1); all

patients signed informed consent for the study. Patients were

divided into two groups according to morphological diagnosis

and treatment strategy: 1) patients with colon cancer who did not

receive neoadjuvant chemotherapy (NAC) (T2-4N0-3M0, stages I–

III), and 2) patients with rectal cancer underwent NAC (T2-4N0-

3M0, stages II–III). Colon cancer included cancers of different

sections of colon: the cecum, the ascending colon, the transverse

colon, the descending colon, and the sigmoid colon. Rectal cancer

combined localization of tumors in rectum and rectosigmoid

junction. Patients with rectal cancer received 3 courses of

neoadjuvant chemotherapy (NAC). Chemotherapeutic regimens
FIGURE 1

The overall study design. The samples (monocytes and tumor tissue) were collected from patients with colon and rectal cancers (1). Peripheral
blood monocytes were characterized by phenotypic analysis using flow cytometry, by transcriptomic analysis using RNA sequencing (Illumina
technology) and by gene expression analysis using real-time RT-PCR (2). In tumors of colon and rectum, phenotypic analysis was performed
with IF/confocal microscopy. Spatial transcriptomic analysis was applied using GeoMX DSP-NGS (Nanostring technology). TCGA data were
obtained for survival analysis and correlations with the parameters of progression in colon and rectal cancers. All patients` cohorts and
technologies are described in the methods.
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included XELOX (Capecitabine plus Oxaliplatin) or FOLFOX-4

(oxaliplatin, L-leucovorin and fluorouracil). Five-grade Mandard

Tumor Regression Grading (TRG) system was used for assessment

of NAC response in rectal cancer patients, where TRG1 – no

residual cancer, TRG2 – rare residual cancer cells, TRG3 – fibrosis

outgrowing residual cancer, TRG4 – residual cancer outgrowing

fibrosis, TRG5 – absence of regressive changes (21). All patients

underwent surgical treatment. In adjuvant regime, patients received

chemotherapy by the same schemes up to 6 months.

Healthy male and female volunteers were enrolled in this

study as a control group. The age and sex of donors

corresponded to patients` ones. Inclusion criteria for the

healthy cohort were as follows: (a) age from 48 to 70 years, (b)

no acute inflammatory diseases and severe chronic diseases

(diabetes, hepatitis, HIV, myocarditis), (c) no taking

immunomodulatory medication within 30 days of study (d) to

be able to provide informed consent, (e) no current or past

history of any oncological disease.

The material for the study was peripheral blood monocytes.

For flow cytometry analysis 70 patients (34 with colon cancer

and 36 with rectal cancer) and 40 healthy volunteers were

enrolled. The mean age of patients with colon cancer was 66,3

± 7,9 years, and patients with rectal cancer – 63,7 ± 8,4 years.

RNA sequencing study included patients with colon (n=17) and

rectal (n=12) cancers, and healthy individuals (n=19). Real time

PCR analysis enrolled independent cohort of 12 patients with

colon and 12 patients with rectal cancer, and 16 healthy

individuals. The mean age of patients with colon cancer was

65,8 ± 11,6 years, and rectal cancer – 59,2 ± 12,1 years.
2.2 Monocyte isolation

Monocyte isolation was performed with FACS and CD14+

magnetic separation. For RNA sequencing, the peripheral blood

mononuclear cells (PBMCs) were separated from whole blood

by density gradient centrifugation using Lymphosep,

Lymphocyte Separation Media (#L0560-500, Biowest, France),

density 1.077 g/ml. After that, monocytes from PBMC fraction

were obtained by FACS. Cells were resuspended in 150 ml of
staining buffer (#2701005, Cell Staining Buffer, Sony, Japan).

Monocytes were defined as CD45+CD56-CD14+7-AAD-

population. Conjugated monoclonal antibodies to CD45,

CD56, CD14, 7-AAD were added to the cell suspension.

Samples were analyzed on a MoFlo XDP cell sorter (RRID :

SCR_019665, Beckman Coulter, USA). Sorting of monocytes

was carried out in the Purify 1-2 mode, the sorting efficiency was

70%, the purity of the target population was 96-99%.

Monocytes for real-time PCR were isolated from peripheral

blood by density gradients followed by positive magnetic

selection using CD14+ MACS beads (#130-050-201, Miltenyi

Biotech, Germany), resulting to 90–98% monocyte purity as

confirmed by flow cytometry.
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Monocytes were obtained from the following experimental

points: primary before treatment (1), after NAC (2), and after

surgery (3) for patients with rectal cancer; and before surgery (1)

and after surgery (2) for patients with colon cancer.
2.3 Flow cytometry

Whole blood samples were obtained from the healthy

volunteers and for cancer patients before any treatment

procedures and after four cycles of NAC (for rectal cancer only),

and on 5-7 days after surgery (for colon and rectal cancer). The

PBMCs were separated from whole blood by density gradient. The

PBMC aliquots were incubated with optimized volumes of

fluorochrome-conjugated monoclonal antibodies: CD45-APC-

Cy7, CD14-Pacific Orange, CD16-APC, CD163-PE, and CCR2-

PerCP-Cy5.5, with isotype controls and 7‐aminoactinomycin D (7-

AAD) (BD Biosciences) to exclude the dead cells. Cells were

incubated with the optimized monoclonal antibody cocktails for

15 minutes in the dark at room temperature, and then, samples

were lysed using VersaLyse (#A09777, Beckman Coulter, USA).

After red blood cells lysing, cells were analyzed within 20 min. For

each sample, a minimum of 200.000 events were collected.

Compensation procedure was performed using VersaComp

antibody capture beads (#B22804, Beckman Coulter, USA). The

threshold for positive staining was determined using unstained or

fluorescence minus one (FMO) controls. Sample acquisition was

performed on a NovoCyte flow cytometer (RRID : SCR_019522,

ACEA Biosciences, USA). Data analyses were performed with

NovoExpress software (ACEA Biosciences, USA).
2.4 RNA extraction

Total RNA was extracted from the lysed FACS-purified

samples using RNeasy Plus Micro Kit (#74034, Qiagen, USA).

The quality of RNA was assessed by TapeStation 4150

automated electrophoresis system (RRID : SCR_019393,

Agilent Technology, USA). RNA integrity index (RIN) was

9.0-9.9. The quantity of RNA was assessed by Qubit 4

fluorometer (#RRID : SCR_018095, ThermoFisher Scientific,

USA). The amount of obtained RNA was 0.4-2.8 ng/ml.
2.5 Whole-transcriptome RNA-
sequencing

RNA libraries were prepared with NEXT flex Rapid

Directional qRNA-SeqKit using indexed barcodes NEXTflex-

qRNA-8nt-Barcodes (#NOVA-5198-02, Bioo Scientific,

Perk inE lmer Appl i ed Genomics , USA) accord ing

manufacture`s protocols. Ribosomal RNA depletion was
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performed with NEBNext® rRNA Depletion Kit (Human/

Mouse/Rat) (NEB #E7400, New England Biolabs Inc., USA).

Whole-transcriptome sequencing was performed on total 62

samples of monocytes isolated from CRC patients. Prepared

libraries were then pooled and sequenced on Illumina

NextSeq500 instrument (RRID : SCR_014983, Illumina, USA)

with NextSeq 500/550 High-Output v2.5 Kit (75 cycles)

(#20024906, Illumina, USA). Raw data quality control was

performed using FastQC (FastQC, RRID : SCR_014583) and

visualized by MultiQC (MultiQC, RRID : SCR_014982) (22).

Read alignment was performed using STAR aligner (STAR,

RRID : SCR_004463) with GRCh38 genome and Gencode

annotations (23). The numbers of reads assigned to genomic

features were calculated using QoRTs software (QoRTs, RRID :

SCR_018665) (24). Subsequent analysis steps were performed

using DESeq2 software (DESeq2, RRID : SCR_015687) (25).

Differential expression data was visualized with pheatmap

(pheatmap, RRID : SCR_016418), EnhancedVolcano

(EnhancedVolcano, RRID : SCR_018931), ggplot2 (ggplot2,

RRID : SCR_014601), and Phantasus software (https://genome.

ifmo.ru/phantasus). Fgsea (fgsea, RRID : SCR_020938) (https://

www.biorxiv.org/content/early/2016/06/20/060012) and

clusterProfiler (clusterProfiler, RRID : SCR_016884) (26) were

used for gene set enrichment analysis of biochemical and

regulatory pathways using gene lists ranked by expression level

and p-value. GSEA results were visualized using ggpubr (ggpubr,

RRID : SCR_021139) and GOplot (27).

Quality control revealed poor quality samples in rectal

cancer group (n=1), rectal cancer after NAC group (n=8), and

healthy control group (n=6). Poor quality samples were

identified as outliers and were excluded from the analysis.
2.6 Quantitative real-time PCR

The gene expression was measured by quantitative real-time

PCR using the Taqman technology and was normalized to the

expression of housekeeping gene glyceraldehyde 3-phosphate

dehydrogenase (GAPDH). Primers were designed using Vector

NTI Advance 11.5.4 (Vector NTI, RRID : SCR_014265) program

and NCBI base. Primer synthesis was carried out by the DNA-

synthesis company (Moscow, Russia). The complete sequences

of used primers are listed in online Supplementary Table S1.

qRT-PCR was performed using AriaMx Real-Time PCR

thermocycler (RRID : SCR_019469, Agilent Technologies, USA).
2.7 Immunofluorescence and confocal
microscopy

Formalin fixed paraffin embedded (FFPE) tissue sections

were obtained from 10 colon cancer patients. The antigen

unmasking was performed using the PT Link module (Dako,
Frontiers in Immunology 05
Denmark) in T/E buffer (pH 9.0). For immunofluorescence (IF)

staining, tumor FFPE clinical samples were treated with xylol

solution and blocked with 3% BSA in PBS for 45 min, incubated

with a combination of primary antibodies for 1,5 h; washed, and

incubated with a combination of appropriate secondary

antibodies for 45 min. Anti-PFKFB3 rabbit monоclonal

antibody (1:50, #ab181861, Abcam, USA); anti-CD68

monoclonal mouse antibody (1:100, #NBP2-44539, clone KP1,

Novus Biologicals); anti-CD14 polyclonal sheep antibody (1:50,

#BAF383, R&D Systems) were used. Combination of secondary

antibodies were applied: donkey Cy3-conjugated anti-rabbit

antibody (#711-165-152, Dianova, Germany, dilution 1:400),

donkey AlexaFluor488-conjugated anti-mouse antibody (#715-

545-150, Dianova, Germany, dilution 1:400) and donkey

AlexaFluor647-conjugated anti-sheep antibody (#A-21448,

Thermo Fisher Scientific, USA, dilution 1:500). Samples were

mounted with Fluoroshield Mounting Medium with DAPI

(#ab104135, Abcam, USA) and analyzed by confocal

microscopy. Confocal laser scanning microscopy was

performed with Carl Zeiss LSM 780 NLO laser scanning

spectral confocal microscope (Carl Zeiss, Germany), equipped

with 40x objective. Data were acquired and analyzed with Black

Zen software (RRID : SCR_018163). All four-color images were

acquired using a sequential scan mode.
2.8 NGS-GeoMx digital spatial profiler
analysis

NanoString GeoMx digital spatial profiling (DSP) was

applied to perform spatially resolved RNA profiling analysis in

colorectal cancer tissue. FFPE samples (5 µm) were taken from

five untreated patients with colon cancer and five NAC-treated

patients with rectal cancer. We used the Cancer Transcriptome

Atlas (CTA) panel designed for comprehensive profiling of

tumor biology, the tumor microenvironment, and the immune

response. Briefly, once the slides were deparaffinised and

subjected to antigen retrieval procedures, samples were co-

incubated with fluorescent-labeled visualization antibodies to

detect tumor cells (pan-cytokeratin [CK]), all immune cells

(CD45), together with DAPI for nuclei detect ion.

Customizable fluorescent morphology markers, conjugated to

unique oligonucleotide tags with an ultraviolet (UV)

photocleavable linker, helped visualizing the tissue

architecture. The samples were imaged and regions of interest

(ROIs) were exposed to UV light that cleaved the linker and

released the barcoded oligos for capture by microfluidics and

GeoMx DSP then were coupled to next generation sequencing

(NGS) readout to profile RNA expression for identifying over

1,800 genes in colon and rectal cancers.

The 97 areas of illumination (AOIs) across all slides in mixed

stroma/tumor regions was selected. After UV illumination, the

barcodes were collected in 96-well plates and were used in the
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NGS-readout library preparation procedure. The resulted

libraries were sequenced by the Illumina NextSeq 500 platform

using 2 x 27 base paired reads. The total number of the raw reads

and the average per AOI were 740M and 5M, respectively. The

raw counts were processed in the NanoString’s GeoMx NGS

pipeline v.2.1 where they were converted to the digital count

conversion (DCC) files. The GeomxTools was used for quality

control (QC) and downstream analysis of the DCC files in R.

The failed QC AOIs were excluded from analysis due to

sequencing quality and low number of expressed genes. The

Grubbs test was used for local and global outlier probes

identification. Eventually, 6 AOIs, 353 global outlier probes,

and 811 local outlier probes were excluded from analysis. Genes

were retrieved by probe aggregation. The low expressed gene

targets were excluded regarding to the limit of quantification

(LOQ). The LOQ was defined as the negative probe geomean

multiplied by the 0.5 squared geometric standard deviations of

the negative probes. After LOQ filtering 1367 gene targets out of

1812 were retained for further analysis. The Q3 normalization

was then applied on the filtered AOIs and the gene targets. The

SpatialDecon R package was used for estimating mixed cell type

abundance in the AOIs. The obtained cell abundance scores

were used for the Spearman’s correlation test with the Q3

normalized gene expression. The adjusted p values were

calculated using the Benjamini-Hochberg correction.

Difference in monocyte and macrophage cell abundance scores

were tested via the non-parametric Mann-Whitney U test.
2.9 TCGA database analysis

The Cancer Genome Atlas (TCGA) data were used to

examine the expression analysis and survival analysis of

colorectal cancer for PFKFB3. PFKFB3 expression was

evaluated in the following groups of patients (stage I-III): a)

with colorectal cancer (common group) (N=417), b) with colon

cancer, including transverse colon, ascending colon, descending

colon, sigmoid colon, cecum, hepatic flexure, splenic flexure

(n=305), c) with rectal cancer, including rectosigmoid junction

and rectum (N=112), with available clinical information and

records on recurrence and survival rates (in details in

Supplementary Table S2). The TCGAbiolinks was used for

retrieving RNA-seq data from the GDC database. The raw

sequencing reads were processed via the DESeq2 R package.

The raw counts were depth normalized and variance stabilized

via the variance stabilizing transformation (VST) for

downstream survival analysis. Survival analysis was performed

by the ROC analysis and the Kaplan–Meier estimator in the

Graph Prism 8. The difference in PFKFB3 expression between

two independent groups was tested by the non-parametric

Mann-Whitney U test.
Frontiers in Immunology 06
2.10 Statistical analysis

Statistical analysis was performed using STATISTICA 8.0 for

Windows (STATISTICA, RRID : SCR_014213) and GraphPad

Prism 8.4.2 (GraphPad Prism, RRID : SCR_002798). The

Manna-Whitney test and t-test for independent groups were

implemented. The prognostic values of PFKFB3 (area under the

ROC curve, confidence interval (CI), sensitivity, specificity, and

threshold criteria) were determined using ROC analysis. The OS

and DFS rates were determined by the Kaplan–Meier method,

and the log-rank test was used to identify if the result was

statistically significant. Results of real-time PCR, flow cytometry

analysis and TCGA data were presented using GraphPad Prism

8.4.2 software. Results were considered to be significant with

***p<0,001, ** p<0,01 and * p<0,05. Data with marginal

significance (p value <0.1) were also discussed.
3 Results

3.1 Phenotypic characterization of
peripheral blood monocytes in CRC

First, we examined the differences in peripheral blood

monocyte major subpopulations between CRC (CC plus RC)

patients and healthy donors. Flow cytometry analysis was

applied to identify tumor-associated changes in monocyte

subsets in patients with CRC (N=70) compared to healthy

volunteers (N=42). After that, patients with colon (N=42) and

rectal (N=28) cancers were separately studied to reveal tumor

localization-specific features in monocyte state. Clinical and

pathological parameters of patients are summarized in

Supplementary Table S3.

By comparison of all CRC patients and healthy donors,

matched by age and gender, no statistically significant

differences were identified between the percentage of major

monocyte subpopulations: classical (CD14+CD16-),

intermediate (CD14+CD16+) and non-classical (CD14-CD16+)

(Table 1). By comparison of major monocyte subsets in patients

with colon and rectal cancers, statistically significant decrease in

the percentage of CD14-16+ monocytes was found in patients

with colon cancer compared to rectal cancer (5,94 (3,38–7,6) vs.

3,62 (1,72–7,28), p=0,04) (Table 1).

We analyzed the expression of CCR2, a key chemotactic

receptor on monocytes responsible for their recruitment into

tumor mass (28), and CD163, a clearance receptor for

hemoglobin-haptoglobin complex, which expression on TAMs

correlates with tumor growth and metastasis in various cancers

including CRC (6). The total amount of CD163+ and CCR2+

monocytes in all three populations was similar in healthy donors

and CRC patients (Table 1).
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Next, we analyzed the distribution of CD163 and CCR2

between three monocyte subsets. CCR2 was expressed on more

than 60% of monocytes of classical CD14+CD16- subset, and the

minimal expression level of CCR2 was observed in non-classical

CD14-CD16+ subset in both healthy donors and cancer patients

(Table 1). The main differences in CCR2 expression were

identified by comparison of monocytes from patients with RC

compared to monocytes of healthy individuals. The amount of

CD14+CD16-CCR2+ monocytes in RC patients was 1,4 times

higher compared to healthy individuals (85,94 (19,09–95,11) vs.

61,00(45,58-79,53)), however this difference didn`t reach

statistical significance (Table 1). The amount of CCR2-

expressing minor subsets, CD14+CD16+CCR2+ and CD14-

CD16+CCR2+, were decreased (1,77 times and 1,48 times,

respectively) in RC patients compared to healthy individuals.

The classical subpopulation of CCR2-expressing monocytes

(CD14+CD16-CCR2+) was increased in patients with RC

compared to the patients with CC. Minor CCR2 expressing

subsets CD14+CD16+CCR2+ and CD14-CD16+CCR2+ were

decreased in patients with RC compared to patients with CC.

Comparison of monocytes from patients with colon and rectal

cancer showed decrease in CD14-CD16+CCR2+ in rectal cancer

(fold change 2,4), however statistical significance has not been

reached (Table 1). By comparison of monocytes of patients with

CC and healthy individuals, the major difference identified was

an increase of CD14-CD16+163+ monocytes in CC patients
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(fold change 1,4 times; 58,88(26,88-94,3) vs. 42,12(20,43-85,77)).

However, this difference also didn`t reach statistical significance.

The redistribution of CCR2+ and CD163+ monocytes

between non-classical subpopulations was found in patients

after treatment onset: NAC (for rectal cancer patients) and

surgical resection (for rectal and colon cancer patients).

Despite of overall statistical significance was not reached, to

clearly identify the effect of NAC and surgery on monocyte

subsets we created individual profiles for each patient (Figure 2).

Monocytes of classical CD14+CD16- subset didn`t show

pronounced changes after NAC or surgery. In patients with

rectal cancer, who had the percentage of CD14+CD16+CCR2+

monocytes below 20% out of CD14+CD16+, the percentage of

CD14+CD16+CCR2+ was increased after NAC (in 6 out of 7

patients tested). In patients who had percentage of CD14+CD16

+CCR2+ monocytes over 20%, the proportion of this subset was

not increased after NAC (Figure 2A). After NAC, these patients

underwent tumor surgical resection. The percentage of CD14

+CD16+CCR2+ was no further changed or only slightly

decreased after surgery compared to the level after NAC. For

minor subpopulation CD14-CD16+ the decrease in CCR2

+expression was found in patients who had high (cut-

o ff >80%) ba s e l i n e l e v e l o f CD14 -CD16+CCR2+

monocytes (Figure 2A).

In colon cancer patients, which didn’t receive NAC, and

therapy consisted only out of surgical tumor resection, more
TABLE 1 Monocyte subpopulations` content in healthy individuals and CRC patients.

Subpopulations Healthy donors
(N=42)

Cancer patients

Colorectal cancer
(N=70)

Colon cancer
(N=42)

Rectal cancer
(N=28)

CD14+CD16-, % 82,06
(71,36-85,13)

83,49
(77,21-88,25)

84,89
(77,33-88,43)

82,66
(76,36-86,35)

CD14+CD16+, % 2,35
(1,89-4,16)

2,74
(2,3-7,3)

2,79
(1,8-4,12)

2,69
(1,93-4,1)

CD14-CD16+,% 5,99
(2,75-8,02)

4,62
(1,98-7,33)

3,62
(1,72-7,28)
p=0,04

5,94
(3,38-7,6)

CD14+CD16-CD163+,% 95,27
(85,44-98,73)

89,79
(73,93-99,2)

94,44
(73,93-99,37)

87,53
(77,5-97,36)

CD14+CD16-CCR2+,% 61,00
(45,58-79,53)

70,12
(29,58-91,4)

68,47
(40,93-80,65)

85,94
(19,09-95,11)

CD14+CD16+CD163+,% 94,51
(86,89-97,87)

92,81
(81,9-96,45)

92,8
(83,89-96,45)

93,13
(80,81-96,18)

CD14+CD16+CCR2+,% 18,04
(11,88-41,84)

18,95
(10,77-48,47)

23,48
(6,55-51,85)

10,17
(2,96-18,55)

CD14-CD16+163+,% 42,12
(20,43-85,77)

56,73
(23,51-58,19)

58,88
(26,88-94,3)

43,15
(21,14-65,17)

CD14-CD16+CCR2+,% 4,39
(0,65-7,17)

5,85
(0,69-6,83)

7,25
(0,97-12,43)

2,96
(0,47-12,69)

p – difference between colon and rectal cancer groups.
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pronounced difference between baseline and post-surgery levels

was identified. In 9 out of 12 patients with cut-off<60% of CD14

+CD16-CCR2+ cells we found the elevation of the amount of

these monocyte subset after surgery, in some cases more than 6

times (Figure 2B). However, in patients with pre-surgery level

over 60%, the percentage of CD14+CD16-CCR2+ monocytes

was decreased, that was critical in two cases (19 and 17 times).

The same tendency was found for CD14+CD16+ and CD14-
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CD16+ monocytes expressing CCR2. In case of minor CD14-

CD16+ subtype, critical decrease in 23, 28 and 34 times was

observed in patients with more than 50% of pre-surgery CD14-

16+CCR2+ monocytes.

The subsets of CD163+ monocytes were indicative for

chemotherapy impact in rectal cancer patients. Statistically

significant increase in CD163+ monocytes was found in RC

patients after NAC for CD14-CD16+CD163+ subset (59,9
D

A

B

C

FIGURE 2

The distribution of CD163+ and CCR2+ peripheral blood monocytes in patients with colon and rectal cancers. Individual profiles of CCR2+ and
CD163+ monocyte subsets for each patient with rectal and colon cancers. (A), The distribution of monocytes of classical (CD14+CD16-),
intermediate (CD14+CD16+) and non-classical (CD14-CD16+) populations expressing CCR2 (upper panel) and CD163 (lower panel) is
demonstrated before and after NAC and after surgical resection in rectal cancer patients. (B), The distribution of monocytes of classical (CD14
+CD16-), intermediate (CD14+CD16+) and non-classical (CD14-CD16+) populations expressing CCR2 (upper panel) and CD163 (lower panel) is
demonstrated before and after surgical resection in colon cancer patients. (C), Associations of CCR2-expressing monocyte subsets with
hematogenous and lymphatic metastasis in rectal cancer patients. (D), Associations of CD163-expressing monocyte subsets with hematogenous
and lymphatic metastasis in colon cancer patients. M0, metastasis-negative status, M1, metastasis-positive status. N0, lymph node-negative
status, N1-3, lymph node-positive status.
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(44,46-94,51) vs. 31,79(14,88-59,8), p=0,04) and CD14+CD16-

CD163+ subset (94,07(88,15-98,62) vs. 86,56(73,93-96,74),

p=0,02) (data not shown). When the amount of CD14-CD16

+CD163+ monocytes was below 50%, NAC stimulated the

increase of this subpopulation in 100% cases. In patient 1 this

elevation reached 30 times (Figure 2A). In colon cancer patients,

high percentage of CD14+CD16- and CD14-CD16+ monocytes

expressing CD163 was not changed after surgery. However, 10

out of 11 patients with colon cancer, with baseline level of CD14-

CD16+CD163+ cells below 40% the percentage of this

subpopulation was increased up to 18 times (Figure 2B).

In summary, we have identified biological valid differences

in the distribution of CCR2 and CD163 expression among colon

and rectal cancer patients. The major finding is both NAC and

surgical intervention affect proportion of CCR2+ and CD163+

monocytes within non-classical CD14-CD16+ and CD14+CD16

+ subsets in patients with CRC, and the effects are specific for

colon and rectal cancer patients.
3.2 CCR2+ and CD163+ monocytes are
specific indicators for hematogenous
and lymphatic metastatic status and NAC
response in patients with colon and
rectal cancer

We compared all monocyte subsets before any treatment in

patients who had hematogenous (TNM1 stage) and lymphatic

(TN1-3M) metastasis with patients without metastasis (TNM0

and TN0M, correspondingly). The increase in total monocyte

percentage was detected in lymph node (LN)-positive patients

with rectal cancer (18,57 (15,86-21,74) vs. 9,43 (5,90-12,02),

p=0,01). In rectal cancer, the percentage of CD14+CD16-

monocytes was increased in patients with M-positive status,

compared to M-negative status (85,66 (70,18-93,7) vs. 81,53

(74,59-86,07), p=0,019), while percentage of CD14-CD16+

monocytes was decreased in M-positive status, compared to

M-negative status (5,98 (3,19-8,08) vs. 6,92 (1,73-13,14), p=0,07)

(data not shown). The decrease in the amount of CCR2+

monocytes in all three subsets was found in RC patients with

hematogenous metastasis compared to M-negative patients:

32,59 (10,08-56,81) vs. 70,90 (18,33-90,31), p=0,086 (for CD14

+CD16-CCR2+); 12,28 (3,96-30,90) vs. 19,57 (6,55-40,60),

p=0,035 (for CD14+CD16+CCR2+), and 4,84 (3,58-18,80) vs.

7,80 (1,46-13,72), p=0,062 (for CD14-CD16+CCR2+)

(Figure 2C). In RC patients with lymphatic metastasis,

statistically significant decrease in the percentage of classical

CD14+CD16-CCR2+ monocytes was found compared to

patients without lymphatic metastasis (21,26 (10,55-63,41) vs.

70,90 (18,71-88,96), p=0,013) (Figure 2C). However, comparing

RC patients with good response to NAC (TRG2) and bad

response to NAC (TRG3-5), the percentage of CD14-CD16

+CCR2+ monocytes had a tendency to be increased in bad
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response group (7,8 (1,13-18,08), n==20 vs. 0,62 (0,40-3,89),

n=4, p=0,074).

In colon cancer patients, the number of classical CD163+

monocytes negatively correlated with hematogenous metastasis

(70,63 (47,08-74,51) in M1 vs. 83,86 (72,79-98,86) in M0,

p=0,029). In contrast, in CC patients with lymphatic metastasis,

the amount of CD163+ monocytes (3 subsets were examined) was

increased compared to patients without lymphatic metastasis: 87,59

(76,86-99,36) vs. 79,56 (70,72-94,31), p=0,29 (for CD14+CD16-

CD163+), 91,48 (86,50-98,05) vs. 77,81 (66,21-94,53), p=0,053 (for

CD14+16+163+), and 64,28 (46,67-90,37) vs. 34,18 (4,50-56,29),

p=0,061 (for CD14-16+163+) (Figure 2D).

In summary, we found that in patients with rectal cancer

increased amount of CCR2+ monocytes was indicative for the

absence of both lymphatic and hematogenous metastasis. In

contrast, in patients with colon cancer CD163+ monocyte

population was indicative for LN metastasis development.

CD14-CD16+CCR2+ subpopulation can be predictive for bad

NAC response in rectal cancer.
3.3 Colorectal cancer induces
transcriptional programming in human
monocytes

We performed bulk RNA sequencing (RNAseq) on total 62

samples of monocytes isolated from CRC patients. The study

included patients with colon (n=17) and rectal (n=12) cancers,

rectal (n=14) cancer after NAC, and healthy individuals (n=19).

Differential expression analysis (DEA) was performed by

comparing monocytes of CRC patients with monocytes of

healthy controls (Dn) (Figure 3A).

Principal component analysis (PCA) and hierarchical

clustering separated the transcriptome of CRC monocytes from

the transcriptome of Dn monocytes. DEA revealed 232 (353)

upregulated and 84 (174) downregulated genes in CRCmonocytes

(false discovery rate (FDR)<0.05 (0.1)). The top significant genes

are demonstrated by heatmap at Figure 3B. Volcano plot shows

genes (|Log2FC| > 0.58, FDR<0.1) expression of which was

deregulated in CRC monocytes (Figure 3C).

Gene set enrichment analysis (GSEA) was performed for up-

and downregulated genes in CRC monocytes. Pathways with

normalized enrichment score |NES|>1.50 and FDR<0.1 were

considered. All genes were distributed in groups according to the

biochemical and functional pathways using the following

databases REACTOM, KEGG, HALLMARK, GO BP. The

TNFa signaling, inflammatory response and hypoxia were the

top upregulated pathways, along with mTORC1 signaling, IL-4,

IL-10 and IL-13 signaling, angiogenesis involved in wound

healing, TGFb signaling, TLR pathways, and epithelial-

mesenchymal t rans i t ion (EMT) (F igure 3E) . The

downregulated genes were enriched in processes mainly

associated with chromatin remodeling, DNA conformation, T-
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cell linage commitment pathway, and histone post-translational

modification (Figure 3E). Top upregulated pathways

(FDR<0.01) and their top enriched genes (FDR<0.05) in CRC

monocytes are demonstrated in chord plot (Figure 3F).

Taken into account different clinical characteristics of colon

and rectal cancers, we divided all patients into two groups and
Frontiers in Immunology 10
distinctly compared the transcriptome of monocytes of colon

and rectal cancers with monocytes of healthy donors. DEA for

monocytes of colon and rectal patients with monocytes of

healthy individuals separately are available as supplementary

materials (Supplementary Figures S1, S2). Overlapping pathways

were identified to be affected in monocytes of patient with colon
D
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FIGURE 3

Comparative transcriptome of monocytes from CRC patients (Crc) and healthy donors (Dn). (A), Heatmap demonstrates hierarchical clustering
of samples and upregulated and downregulated genes in monocytes of CRC patients (FDR<0.25). (B), Heatmap with top 20 DEGs upregulated
and downregulated in monocytes of CRC patients (FDR<0.1). (C), Volcano plot shows p-value and log2 fold-change value for DEGs in
monocytes of CRC patients (|L2FC|>0.58, FDR<0.1). (D), Set of genes from DEA analysis selected for RT-PCR validation. (E), Bar plot with GSEA
results demonstrates top deregulated pathways in monocytes of CRC patients (FDR<0.1). (F), Chord plot demonstrates top upregulated
pathways (FDR<0.01) and their top enriched genes (FDR<0.05) in CRC monocytes.
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and rectal cancer compared to monocytes of healthy individuals.

We next applied several bioinfomatical methods to identify

possible differences in transcriptome of monocytes in patients

with colon and rectal cancer.
3.4 Comparative bioinformatical analysis
of the transcriptome of monocytes in
patients with colon and rectal cancers
before therapy

To evaluate the presence of differences between the

transcriptome of colon cancer monocytes and rectal cancer

monocytes we performed DEA (Figure 4A). PCA and

hierarchical clustering did not noticeably distinguish the

differences in CC monocytes and RC monocytes. DEA
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revealed no genes with FDR<0.1. Top genes with failed FDR

are demonstrated by heatmap and volcano plot (Figures 4B, C).

Nevertheless, using GSEA we were able to find significant

pathways with normalized enrichment score |NES|>1.40 and

FDR<0.25, that are enriched by set of genes. The top upregulated

pathways in CC monocytes were degradation of extracellular

matrix (ECM), collagen metabolic process, superoxide metabolic

process, apoptotic cell clearance, and membrane invagination.

The top upregulated pathways in RC monocytes were antigen

processing and presentation, HSF1 activation, interferon alpha

production, regulation of response to interferon gamma, and

synthesis of PIPs at the plasma membrane (Figure 4D).

Although there are no statistically significant genes with

FDR<0.1, GSEA identified statistically significant difference

(FDR<0.25) in pathway enrichment in CC and RC monocytes.

Our data suggest that monocytes in CC are programmed
D
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FIGURE 4

Comparative transcriptome of monocytes from colon cancer (CC) and rectal cancer (RC) patients. (A), Heatmap demonstrates hierarchical
clustering of samples and upregulated and downregulated genes in monocytes of CRC patients (FDR<0.25). (B), Heatmap with top 20 DEGs in
monocytes of colon and rectal cancers (FDR<0.25). (C), Volcano plot shows p-value and log2 fold-change value for DEGs in monocytes of
colon and rectal cancers (|L2FC|>0.58, FDR<0.25). (D), Bar plot with GSEA results demonstrates top deregulated pathways in monocytes of
colon and rectal cancers (FDR<0.25).
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towards clearance and matrix remodeling activity, while

monocytes in rectal cancer are programmed more towards

pathogen response.
3.5 Chemotherapy affects monocyte
profile in rectal cancer

DEA analysis was performed for the monocytes before and

after NAC in rectal cancer (Figures 5A–C). GSEA was

performed for up- and downregulated genes in monocytes of

rectal cancer under NAC effect. Pathways with normalized

enrichment score |NES|>1.40 and FDR<0.1 were considered.

The top upregulated processes in post-NAC fraction of
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monocytes are collagen metabolic processes, interleukin

signaling, fatty acid beta and lipid oxidation, microtubule

formation, histone acetylation (Figure 5D). The inhibited

pathways included TNFa signaling, mTORC1 signaling,

inflammatory response, antigen processing and presentation,

signaling by TGF-b, IL-10 signaling, hypoxia, IL-6 JAK STAT3

signaling (Figure 5D). Interestingly, NAC revoked monocyte

programming that is induced in response to tumor growth and

can be beneficial for patients, and programmed monocytes

towards M2-phenotype that is typical for TAMs of other solid

cancers and that supports tumor progression. Top

downregulated pathways (FDR<0.01) and their top enriched

genes (FDR<0.25) under NAC effect in Rcb monocytes are

demonstrated in chord plot (Figure 5E). Key effects of NAC
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FIGURE 5

Comparative transcriptome of monocytes from rectal cancer patients before (Rca) and after (Rcb) neoadjuvant chemotherapy. (A), Heatmap
demonstrates hierarchical clustering of samples and upregulated and downregulated genes in RC patients after NAC (FDR<0.25). (B), Heatmap
with top 20 DEGs upregulated and downregulated in monocytes of in RC patients after NAC (FDR<0.1). (C), Volcano plot shows p-value and
log2 fold-change value for DEGs in monocytes of RC patients after NAC (|L2FC|>0.58, FDR<0.1). (D), Bar plot with GSEA results demonstrates
top deregulated pathways in monocytes of in RC patients after NAC (FDR<0.1). (E), Chord plot demonstrates top upregulated pathways
(FDR<0.01) and their top enriched genes (FDR<0.05) in RC patients after NAC.
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on monocyte transcriptome included inhibition of cytokine

pathways and immune responses and stimulation of M2-

associated metabolism and histone modifications.
3.6 Validation of RNAseq results revealed
significant changes in transcriptomic
profile of monocytes in patients

PCR validation of RNAseq results confirmed differential

expression of following genes: DDIT4, CCRL2, CCL3, PFKFB3,

TNFAIP3, SOCS3, LDLR, DNAJB1, HES4, IL1b, CXCL8, NR4A1,

and HSPA1B (Figure 3D). These genes belong to chemokines

and cytokines, heat shock proteins, metabolic regulators,

transcription factors and DNA-binding proteins. The

expression of these genes was assessed in similar independent

cohorts: common group of patients with CRC (N=23)

(Supplementary Figure S5), patients with rectal cancer before

(N=11) and after (N=9) NAC (Supplementary Figure S3),

patients with colon cancer before (N=12) and after (N=14)

surgery (Supplementary Figure S4).

The significant differences were demonstrated for the

baseline expression of PFKFB3, NR4A1 and IL1b, which was

more than 2 times upregulated in colon cancer compared to

healthy control (0,52 (0,43-1,04) vs. 0,23 (0,18-0,36), p= 0,0007;

2,10 (0,83-4,30) vs. 0,30 (0,20-2,75), p=0,02, and 1,60 (0,76-2,82)

vs. 0,18 (0,07-0,46), p=0,00081, relatively) (Supplementary

Figure S5). This increase was also detected in common CRC

group of patients. The expression of IL1b was 2,6 times increased

in RC patients compared to healthy individuals (1,27 (,0,42-1,61)

vs. 0,48 (0,08-0,46) (p=0,005). The expression of PFKFB3 was

2,5 times elevated in colon cancer compared to rectal cancer

(0,76 (0,21-0,71) vs 0,31 (0,19-0,37) (p=0,003) (Supplementary

Figure S5). Interestingly, post-surgery levels of PFKFB3, IL1b,

HSPA1B and DDIT4 in colon cancer were increased compared

to control (Supplementary Figure S4). For rectal patients only

upregulation of baseline and post-NAC levels of IL1b were

detected compared to control (Supplementary Figure S3). The

decrease in CCL3 and DNAJB1 was found after NAC

(Supplementary Figure S3).
3.7 Nanostring technology identified
PFKFB3+ monocytes as a key source of
TAMs in colon cancer

We focused on glycolytic activator 6-phosphofructose-2-

kinase and fructose-2,6-bisphosphatase (PFKFB3), which

demonstrated most significant differences in colon cancer.

PFKFB3 is a regulator of metabolic switch in macrophages,
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was found in LPS-activated M1 macrophages (29). We

questioned whether PFKFB3-positive monocytes infiltrate

colon cancer tissue. We performed IF/confocal microscopy

analysis in tumor tissues of 10 patients with colon cancer. It

was demonstrated that PFKFB3 is predominantly expressed on

CD14+CD68+ monocyte-derived macrophages that massively

infiltrate tumor tissue (Figure 6A).

Next question we asked whether monocytes is a major

source of TAMs in colon and rectal cancer. We applied

GeoMX DSP (Nanostring technologies) coupled with NGS

readout to perform profiling of RNA expression of over 1,800

genes. GeoMX DSP allowed us to apply spatial transcriptomic

analysis on FFPE tumor samples taken from NAC-treated RC

patients and untreated CC patients. We found that PFKFB3

expression strongly correlated with the expression of CD14

(monocyte marker), CD163 (marker of monocytes and

immature monocyte-derived macrophages) and receptor

markers of M2 polarization: CD206 [MRC1], CD204 [MSR1]

and MARCO (Figure 6B). We also found significant correlation

of PFKFB3 expression with myeloid cell population, as well as

with CD8 T cells, fibroblasts and neutrophils. We performed

separate analysis of colon and rectal cancer samples, and found

that listed above correlations are specific only for colon cancer.

In rectal cancer, correlation of PFKFB3 expression with CD14,

but not with M2-like markers was found (Figure 6B).

Enrichment by macrophages and monocytes was more

pronounced in colon cancer compared to rectal cancer

(p=0,006 and p=0,049, correspondingly) (Figures 6C, D).
3.8 Prognostic significance of PFKFB3
expression in colon cancer but not rectal
cancer

On the final step, we assessed the prognostic significance of

PFKFB3 in colorectal cancer. The high PFKFB3 expression level

was significantly associated with recurrence in patients with

colorectal cancer (p=0,046). The same tendency was found for

colon, but not rectal cancer (p=0,075) (Figure 6E). Moreover,

PFKFB3 expression was upregulated in colon cancer patients

with larger tumor size (T3-4) compared to patients with smaller

tumor size (T1-2) (FC=1,4, p<0,0001) (Figure 6E). The

association between the PFKFB3 and disease-free survival

(DFS) and overall survival (OS) was determined by ROC curve

analysis. A cut-off values of 10,50 for prognosis of DFS and 10,66

for OS were established. In DFS analysis, the corresponding

sensitivity was 82,35%, the specificity was 31,8%, and the area

under the curve (AUC) was 0.586 (95%CI: 0.514–0.657,

p=0,025). Therefore, we divided the patients into two groups

(a high PFKFB3 group ≥ 10,50 and low PFKFB3 group < 10,50).
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The DFS rate of the low PFKFB3 group was higher than that of

the high PFKFB3 group (p=0,04, Figure 6F). In OS analysis, the

corresponding sensitivity was 79,09%, the specificity was

45,04%, and the AUC was 0.616 (95%CI: 0.531–0.703).

We divided the patients into two groups (a high PFKFB3

group ≥ 10,66 and low PFKFB3 group < 10,66). In low

PFKFB3 group the OS rate was higher than that of the high

PFKFB3 group (p=0,006, Figure 6F). In rectal cancer cohort,

PFKFB3 was not significantly associated with outcome.

Thus, PFKFB3 was found as a prognostic factor for tumor
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relapse and unfavorable outcome in patients with colon

cancer, but not with rectal cancer.
4 Discussion

Monocytes are innate immune cells belonging to mononuclear

phagocyte system that serve as important regulators of cancer

development and progression, and can be programmed also by

cancer therapy (14, 29). Humanmonocytes are heterogenic and can
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FIGURE 6

An activator of glycolysis PFKFB3 is overexpressed in colon cancer and is indicative for higher risk of tumor relapse in colon cancer but not
rectal cancer. (A), Сolon cancer tissue is massively infiltrated by PFKFB3-positive monocytes. IF/confocal microscopy analysis was performed for
10 colon tumor tissues. The infiltration of CD14+CD68+PFKFB3+ cells was found in all samples. Representative image is given from one patient.
Scale bar corresponds to 50 µm in main image and 20 µm in zoom image. (B), Spearman correlation coefficients between PFKFB3 expression,
M2 macrophage gene expressions and predicted cell abundance scores, FDR<0.05. (C), Predicted cell composition of CD45+ AOIs and
hierarchical clustering of AOIs. (D), Difference in monocyte and macrophage cell abundance scores between the CD45+ AOIs in colon and
rectal cancers (the Mann-Whitney U test was applied). (E), PFKFB3 gene expression is elevated in patients with recurrence and larger tumor size
in colon cancer. Variance in PFKFB3 expression was stabilized via the variance stabilizing transformation (VST). (F), PFKFB3 had prognostic
significance for the DFS and OS. High-risk group had worse survival rates compared to low-risk group. ROC analysis and Kaplan–Meier method
were applied.
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be defined by various markers, such as HLA-DR, CX3CR1, CCR2,

CD62L, Tie2, CD86, CD206, and others (30–32). Using flow

cytometry we investigated the distribution of CCR2 and CD163

expression on classical (CD14+16-), intermediate (CD14+16+) and

non-classical (CD14+16++) monocytes` subsets. Chemokine

CCL2, the main monocyte chemoattractant, determines the

mobilization of monocytes from bone marrow into the blood and

recruitment to the tissue from the bloodstream (14, 28). TAMs

recruited in CCR2-dependent manner contribute to the tumor

development (33). An accumulation of CD163+ monocytes was

considered as a marker of high malignancy in CRC, however, the

level of CD163 expression on monocytes was not associated with

clinical outcome (34). Our own previous results on breast cancer

(BC) patients revealed that the percentage of CD163-expressing

CD14-CD16+ and CD14+CD16+ monocyte subpopulations was

higher in BC patients compared to healthy women (19).

Here we have identified biological valid differences in the

distribution of CCR2 and CD163 expression on monocytes

among colon and rectal cancer patients. Both NAC and surgical

intervention affected proportion of CCR2+ and CD163+monocytes

within non-classical CD14-CD16+ and CD14+CD16+ subsets in

patients with CRC, and effects were specific for colon and rectal

cancer patients. We demonstrated that in patients with rectal cancer

increased percentage of CCR2+ monocytes was indicative for the

absence of both lymphatic and hematogenous metastasis. In

contrast, in patients with colon cancer, CD163+ monocyte

population was indicative for higher risk of lymphatic metastasis.

These findings provide essential argument towards CRC

definition to cover two clinically distinct cancers – colon

cancer (including cancers of different sections of colon: the

cecum, the ascending colon, the transverse colon, the

descending colon, the sigmoid colon) and rectal cancer

(combined localization of tumor in rectum and recto-sigmoid

junction), that differentially interact with innate immunity.

Convincing clinical evidences showed that these two cancers

have to be considered as two different entities due to their

topography, surgical challenge, therapy, complications, and

relapse pattern (3).

In the present study, using RNAseq of peripheral blood

monocytes we identified tumor-specific programming of

monocytes in patients with CRC. We compared transcriptomic

profile of CRC monocytes and monocytes of healthy donors.

Genes with upregulated expression were preferentially

functionally attributed to inflammatory and M2-associated

signaling. There are limited data about tumor-educated

monocytes in cancer patients. In breast cancer (BC), RNAseq

revealed increased expression of transcripts encoding immune

regulatory receptors (CD200R1), pro-apoptotic molecules

(TNFSF10), and pro-angiogenic factors (HGF and ANGPT1)

in BC patients compared to healthy donors (17). Using

microarray analysis, blood monocytes from renal cell

carcinoma (RCC) patients and healthy donors were compared

(35). Compared to monocytes of healthy controls, RCC
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monocytes consistently displayed upregulation of pro-

inflammatory cytokine and chemokine genes and genes,

associated with pro-tumor polarization (35). Overlapped with

our RNAseq results genes include IL1b, CCL3, CXCL8, VEGFA

and CXCR4 (35). RNA microarray analysis allowed to find

distinct gene signature in monocytes of CRC patients in

comparison with healthy individuals (36). After validation, a

prognostic panel consisting of 23 genes was established.

However, this data set was not powered to address the

question about clinical value of these genes with sufficient

statistical significance (36). Hamm A. et al. in their study have

not found the differences between monocytes of metastatic and

non-metastatic CRC, but this study did not discriminate

between colon and rectal cancer (36). The effect of different

types of therapy was also not studied.

In our study for the first time, we have compared monocytes

of colon and rectal cancer as separate types of tumor localization,

and examined effect of both NAC and surgery on monocyte

transcriptional profile. We identified chemotherapy-induced

programming of monocytes in these patients. Cytostatic agents

are able to modulate the recruitment of monocytes into the

tumor, their differentiation into specific TAM populations and

their participation in adaptive antitumor immune response (37,

38). Such modulation can dramatically affect tumor progression

after chemotherapy, contributing to poor response and poor

outcome. Our data show that monocytes of rectal cancer patients

before therapy onset develop rather beneficial transcriptional

program (compared to colon cancer patients) that would allow

monocyte-derived TAMs to retain anti-tumor activity. However,

NAC in rectal cancer patients revoked monocyte program

towards M2-phenotype that is typical for TAMs of other solid

cancers, and that supports tumor progression and TAM-

mediated therapy resistance (6, 39, 40).

RNAseq analysis validated by RT-PCR allowed to identify

specific upregulation of glycolytic activator PFKFB3 monocytes

of colon cancer patients compared to healthy individuals and to

patients with rectal cancer. PFKFB3 was initially identified in

human macrophages in the mid-1990s as a vital regulator of

glycolysis (41). Rapidly proliferating cancer cells constitutively

express PFKFB3 in vitro, and inhibition of PFKFB3 expression

decreases tumor growth in experimental animal models (42). In

number of cancers, PFKFB3 expression was increased compared

to normal tissue (41). The altered metabolism of cancer cells is

called the Warburg effect and is characterized by an increase in

glycolysis (43, 44). In macrophages, activation of the NLRP3

inflammasome and the release of IL1b, play key role in

modulating glycolysis via PFKFB3 (45). A number of PFKFB3

inhibitors demonstrated efficacy in reducing tumor growth in

several tumor models, including melanoma, lung, colon,

pancreatic, gastric and breast cancers (46, 47). PFKFB3 was

found to be central element of the mechanism of metabolic

switch that regulates the pro-tumor programming of monocytes

in human hepatocellular carcinoma (48). However, in breast and
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in colorectal cancer, despite large number of studies

demonstrating critical role of PFKFB3 in cancer cells

metabolism and proliferation, and despite the ongoing studies

on the therapeutic targeting of PFKFB3, its role in the

programming of immune system on systemic or local levels is

largely unexplored (49, 50).

Our data for the first time demonstrate that colon cancer

affects circulating monocytes transcriptome and induces

elevation of PFKFB3 expression. Confocal microscopy

demonstrated that PFKFB3-positive monocytes, that are

precursors of TAMs, massively infiltrate tumor mass. GeoMX

DSP-NGS analysis of colon cancer patients identified the

correlation of PFKFB3 expression with monocytes infiltration

and M2-type polarization markers, including CD163, CD206,

CD204 and MARCO. Cell type analysis revealed that monocyte

and macrophage cell count is more abundant in colon cancer

tissue compared to rectal cancer tissue. Finally, we showed that

PFKFB3 expression is a significant prognostic factor for poor OS

and DFS and for high risk of tumor relapse in colon but not

rectal cancer patients.

Overall, for the first time we defined the key differences in

monocyte programming and their potential to give origin to

tumor-supporting TAMs in colon versus rectal cancer. The

essential feature of monocytes in colon cancer patients is their

transcriptional program supporting activation of glycolytic

pathway that correlates with the pro-tumoral phenotype of

monocyte-derived TAMs and with unfavorable prognosis for

patients. The differences in monocyte phenotype between colon

and rectal cancers can be potentially explained by specific

immune status of tumors in colon and rectal compartments.

At this stage we can hypothesize that distinct immune status of

colon and rectal cancer is affected by the exposure of immune

cells to distinct metabolic composition of the processed food

from one side, and by distinct composition and metabolism of

microbiota in these two compartments of the digestive tract.

Attractive is the fact that monocytes are located in the

circulation, that makes them accessible as minimally invasive

biomarkers and therapeutic targets (14). Recent studies using

high throughput technologies have revealed that transcriptional

alterations in peripheral blood monocytes can serve as

diagnostic, predictive and prognostic biomarkers in renal,

colorectal, breast, cervical, skin, thyroid, hepatocellular and

lung cancers (35, 36, 51–56). Our data open the perspective

for the differential development of monocyte/macrophage

targeted immunotherapy for patients with colon and

rectal cancer.
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found below: RNAseq (GSE221925): https://
Frontiers in Immunology 16
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE221925; GeoMx

(GSE221924): https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE221924.
Ethics statement

The studies involving human participants were reviewed and

approved by Medical Ethics of Tomsk Cancer Research Institute.

The patients/participants provided their written informed

consent to participate in this study.
Author contributions

IL: Conceptualization, data curation, formal analysis,

validation, investigation, visualization, methodology, writing-

original draft, project administration. MP: Software, formal

analysis, validation, investigation, visualization. PI: Resources,

software, formal analysis, validation. EK: Formal analysis,

validation, visualization. AnK: Validation, visualization,

methodology. MR: Validation, visualization, methodology. EG:

Validation, visualization. AT: Validation, methodology. SA:

Validation, visualization. NB: Validation, visualization. ArK:

Software, resources. AD: Validation, methodology. DK:

Val idat ion , methodology . NC: Val idat ion , project

administration. JK: Conceptualization, data curation,

supervision, project administration, writing-review and editing.

All authors contributed to the article and approved the

submitted version.
Funding

This work was supported by Russian Science Foundation,

grant RSF 19-15-00151 (to JK), a state contract of the Ministry of

Science and Higher Education of the Russian Federation

“Genetic and epigenetic editing of tumor cells and

microenvironment in order to block metastasis” no. 075-15-

2021-1073 (to JK), and by Tomsk State University Development

Programme (Priority-2030).
Acknowledgments

Work was carried out on equipment of Tomsk regional

common use center and The Core Facility «Medical genomics»,

Tomsk NRMC. We used the STREGA checklist when writing

our report (55).
frontiersin.org

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE221925
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE221925
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE221924
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE221924
https://doi.org/10.3389/fimmu.2022.1080501
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Larionova et al. 10.3389/fimmu.2022.1080501
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated
Frontiers in Immunology 17
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fimmu.2022.1080501/full#supplementary-material
References
1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al.
Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2021) 71:209–49.
doi: 10.3322/CAAC.21660

2. Molinari C, Marisi G, Passardi A, Matteucci L, De Maio G, Ulivi P.
Heterogeneity in colorectal cancer: A challenge for personalized medicine? Int J
Mol Sci (2018) 19:3733. doi: 10.3390/IJMS19123733

3. Paschke S, Jafarov S, Staib L, Kreuser ED, Maulbecker-Armstrong C, Roitman M,
et al. Are colon and rectal cancer two different tumor entities? a proposal to abandon the
term colorectal cancer. Int J Mol Sci (2018) 19:2577. doi: 10.3390/IJMS19092577

4. van der Sijp MPL, Bastiaannet E, Mesker WE, van der Geest LGM, Breugom
AJ, Steup WH, et al. Differences between colon and rectal cancer in complications,
short-term survival and recurrences. Int J Colorectal Dis (2016) 31:1683.
doi: 10.1007/S00384-016-2633-3

5. Binnewies M, Roberts EW, Kersten K, Chan V, Fearon DF, Merad M, et al.
Understanding the tumor immune microenvironment (TIME) for effective
therapy. Nat Med (2018) 24:541–50. doi: 10.1038/s41591-018-0014-x

6. Larionova I, Tuguzbaeva G, Ponomaryova A, Stakheyeva M, Cherdyntseva N,
Pavlov V, et al. Tumor-associated macrophages in human breast, colorectal, lung,
ovarian and prostate Cancers1. larionova, i. et al. tumor-associated macrophages in
human breast, colorectal, lung, ovarian and prostate cancers. Front Oncol (2020)
10:566511. doi: 10.3389/fonc.2020.566511

7. Poh AR, Ernst M. Targeting macrophages in cancer: From bench to bedside.
Front Oncol (2018) 8:49/BIBTEX. doi: 10.3389/FONC.2018.00049/BIBTEX

8. Gulubova M, Ananiev J, Yovchev Y, Julianov A, Karashmalakov A, Vlaykova
T. The density of macrophages in colorectal cancer is inversely correlated to TGF-
b1 expression and patients’ survival. J Mol Histol (2013) 44:679–92. doi: 10.1007/
S10735-013-9520-9

9. Koelzer VH, Canonica K, Dawson H, Sokol L, Karamitopoulou-Diamantis E,
Lugli A, et al. Phenotyping of tumor-associated macrophages in colorectal cancer:
Impact on single cell invasion (tumor budding) and clinicopathological outcome.
Oncoimmunology (2016) 5:e1106677. doi: 10.1080/2162402X.2015.1106677

10. Nakayama Y, Nagashima N, Minagawa N, Inoue Y, Katsuki T, Onitsuka K,
et al. Relationships between tumor-associated macrophages and clinicopathological
factors in patients with colorectal cancer. Anticancer Res (2002) 22:4291–6.

11. Shabo I, Olsson H, Elkarim R, Sun XF, Svanvik J. Macrophage infiltration in
tumor stroma is related to tumor cell expression of CD163 in colorectal cancer.
Cancer Microenviron (2014) 7:61–9. doi: 10.1007/S12307-014-0145-7

12. Taniyama D, Taniyama K, Kuraoka K, Yamamoto H, Zaitsu J, Saito A, et al.
CD204-positive tumor-associated macrophages relate to malignant transformation
of colorectal adenoma. Anticancer Res (2019) 39:2767–75. doi: 10.21873/
ANTICANRES.13403

13. Norton SE, Dunn ETJ, McCall JL, Munro F, Kemp RA. Gut macrophage
phenotype is dependent on the tumor microenvironment in colorectal cancer. Clin
Transl Immunol (2016) 5:e76. doi: 10.1038/CTI.2016.21

14. Olingy CE, Dinh HQ, Hedrick CC. Monocyte heterogeneity and functions
in cancer. J Leukoc Biol (2019) 106:309–22. doi: 10.1002/JLB.4RI0818-311R

15. Ziegler-Heitbrock L, Ancuta P, Crowe S, Dalod M, Grau V, Hart DN, et al.
Nomenclature of monocytes and dendritic cells in blood. Blood (2010) 116:e74–
e80. doi: 10.1182/BLOOD-2010-02-258558
16. Mosig S, Rennert K, Krause S, Kzhyshkowska J, Neunübel K, Heller R, et al.
Different functions of monocyte subsets in familial hypercholesterolemia: potential
function of CD14+CD16+ monocytes in detoxification of oxidized LDL. FASEB J
(2009) 23:866–74. doi: 10.1096/FJ.08-118240

17. Cassetta L, Fragkogianni S, Sims AH, Swierczak A, Forrester LM, Zhang H,
et al. Human tumor-associated macrophage and monocyte transcriptional
landscapes reveal cancer-specific reprogramming, biomarkers, and therapeutic
targets. Cancer Cell (2019) 35:588–602.e10. doi: 10.1016/j.ccell.2019.02.009

18. Kzhyshkowska J, Gudima A, Moganti K, Gratchev A, Orekhov A.
Perspectives for Monocyte/Macrophage-based diagnostics of chronic
inflammation. Transfus Med Hemotherapy (2016) 43:66–77. doi: 10.1159/
000444943

19. Patysheva M, Larionova I, Stakheyeva M, Grigoryeva E, Iamshchikov P,
Tarabanovskaya N, et al. Effect of early-stage human breast carcinoma on
monocyte programming. Front Oncol (2022) 11:800235/BIBTEX. doi: 10.3389/
FONC.2021.800235/BIBTEX

20. Cormican S, Griffin MD. Human monocyte subset distinctions and
function: Insights from gene expression analysis. Front Immunol (2020) 11:1070/
BIBTEX. doi: 10.3389/FIMMU.2020.01070/BIBTEX

21. Santos MD, Silva C, Rocha A, Matos E, Nogueira C, Lopes C. Prognostic
value of mandard and dworak tumor regression grading in rectal cancer: Study of a
single tertiary center. ISRN Surg (2014) 2014:1–8. doi: 10.1155/2014/310542

22. Ewels P, Magnusson M, Lundin S, Käller M. MultiQC: summarize analysis
results for multiple tools and samples in a single report. Bioinformatics (2016)
32:3047–8. doi: 10.1093/BIOINFORMATICS/BTW354

23. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR:
ultrafast universal RNA-seq aligner. Bioinformatics (2013) 29:15–21. doi: 10.1093/
BIOINFORMATICS/BTS635

24. Hartley SW, Mullikin JC. QoRTs: A comprehensive toolset for quality
control and data processing of RNA-seq experiments. BMC Bioinf (2015) 16:1–7.
doi: 10.1186/S12859-015-0670-5/TABLES/1

25. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol (2014) 15:1–21.
doi: 10.1186/S13059-014-0550-8

26. Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0: A
universal enrichment tool for interpreting omics data. Innov (2021) 2:100141.
doi: 10.1016/J.XINN.2021.100141

27. Walter W, Sánchez-Cabo F, Ricote M. GOplot: an r package for visually
combining expression data with functional analysis. Bioinformatics (2015)
31:2912–4. doi: 10.1093/BIOINFORMATICS/BTV300

28. Lee HW, Choi HJ, Ha SJ, Lee KT, Kwon YG. Recruitment of monocytes/
macrophages in different tumor microenvironments. Biochim Biophys Acta - Rev
Cancer (2013) 1835:170–9. doi: 10.1016/J.BBCAN.2012.12.007

29. Patysheva M, Frolova A, Larionova I, Afanas’ev S, Tarasova A,
Cherdyntseva N, et al. Monocyte programming by cancer therapy. Front
Immunol (2022) 13:994319. doi: 10.3389/FIMMU.2022.994319

30. Kapellos TS, Bonaguro L, Gemünd I, Reusch N, Saglam A, Hinkley ER, et al.
Human monocyte subsets and phenotypes in major chronic inflammatory diseases.
Front Immunol (2019) 10:2035/BIBTEX. doi: 10.3389/FIMMU.2019.02035/
BIBTEX
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2022.1080501/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1080501/full#supplementary-material
https://doi.org/10.3322/CAAC.21660
https://doi.org/10.3390/IJMS19123733
https://doi.org/10.3390/IJMS19092577
https://doi.org/10.1007/S00384-016-2633-3
https://doi.org/10.1038/s41591-018-0014-x
https://doi.org/10.3389/fonc.2020.566511
https://doi.org/10.3389/FONC.2018.00049/BIBTEX
https://doi.org/10.1007/S10735-013-9520-9
https://doi.org/10.1007/S10735-013-9520-9
https://doi.org/10.1080/2162402X.2015.1106677
https://doi.org/10.1007/S12307-014-0145-7
https://doi.org/10.21873/ANTICANRES.13403
https://doi.org/10.21873/ANTICANRES.13403
https://doi.org/10.1038/CTI.2016.21
https://doi.org/10.1002/JLB.4RI0818-311R
https://doi.org/10.1182/BLOOD-2010-02-258558
https://doi.org/10.1096/FJ.08-118240
https://doi.org/10.1016/j.ccell.2019.02.009
https://doi.org/10.1159/000444943
https://doi.org/10.1159/000444943
https://doi.org/10.3389/FONC.2021.800235/BIBTEX
https://doi.org/10.3389/FONC.2021.800235/BIBTEX
https://doi.org/10.3389/FIMMU.2020.01070/BIBTEX
https://doi.org/10.1155/2014/310542
https://doi.org/10.1093/BIOINFORMATICS/BTW354
https://doi.org/10.1093/BIOINFORMATICS/BTS635
https://doi.org/10.1093/BIOINFORMATICS/BTS635
https://doi.org/10.1186/S12859-015-0670-5/TABLES/1
https://doi.org/10.1186/S13059-014-0550-8
https://doi.org/10.1016/J.XINN.2021.100141
https://doi.org/10.1093/BIOINFORMATICS/BTV300
https://doi.org/10.1016/J.BBCAN.2012.12.007
https://doi.org/10.3389/FIMMU.2022.994319
https://doi.org/10.3389/FIMMU.2019.02035/BIBTEX
https://doi.org/10.3389/FIMMU.2019.02035/BIBTEX
https://doi.org/10.3389/fimmu.2022.1080501
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Larionova et al. 10.3389/fimmu.2022.1080501
31. Ong SM, Teng K, Newell E, Chen H, Chen J, Loy T, et al. Five-marker
alternative to CD16-CD14 gating to identify the three human monocyte subsets.
Front Immunol (2019) 10:1761/BIBTEX. doi: 10.3389/FIMMU.2019.01761/
BIBTEX

32. Merah-Mourah F, Cohen SO, Charron D, Mooney N, Haziot A.
Identification of novel human monocyte subsets and evidence for phenotypic
groups defined by interindividual variations of expression of adhesion molecules.
Sci Rep 2020 101 (2020) 10:1–16. doi: 10.1038/s41598-020-61022-1

33. Loyher PL, Hamon P, Laviron M, Meghraoui-Kheddar A, Goncalves E,
Deng Z, et al. Macrophages of distinct origins contribute to tumor development in
the lung. J Exp Med (2018) 215:1–18. doi: 10.1084/JEM.20180534

34. Krijgsman D, De Vries NL, Andersen MN, Skovbo A, Tollenaar RAEM,
Møller HJ, et al. CD163 as a biomarker in colorectal cancer: The expression on
circulating monocytes and tumor-associated macrophages, and the soluble form in
the blood. Int J Mol Sci (2020) 21:1–20. doi: 10.3390/IJMS21165925

35. Chittezhath M, Dhillon MK, Lim JY, Laoui D, Shalova IN, Teo YL, et al.
Molecular profiling reveals a tumor-promoting phenotype of monocytes and
macrophages in human cancer progression. Immunity (2014) 41:815–29.
doi: 10.1016/J.IMMUNI.2014.09.014

36. Hamm A, Prenen H, Van Delm W, Di Matteo M, Wenes M, Delamarre E,
et al. Tumour-educated circulating monocytes are powerful candidate biomarkers
for diagnosis and disease follow-up of colorectal cancer. Gut (2016) 65:990–1000.
doi: 10.1136/GUTJNL-2014-308988

37. Huang A, Zhang B, Wang B, Zhang F, Fan KX, Guo YJ. Increased CD14(+)
HLA-DR (-/low) myeloid-derived suppressor cells correlate with extrathoracic
metastasis and poor response to chemotherapy in non-small cell lung cancer patients.
Cancer Immunol Immunother (2013) 62:1439–51. doi: 10.1007/S00262-013-1450-6

38. DeNardo DDG, Brennan D, Rexhepaj E, Ruffell B, Shiao S, Madden S, et al.
Leukocyte complexity predicts breast cancer survival and functionally regulates
response to chemotherapy. Cancer Discovery (2011) 1:54–67. doi: 10.1158/2159-
8274.CD-10-0028

39. Huang XZ, Gao P, Song YX, Xu Y, Sun JX, Chen XW, et al. Antibiotic use
and the efficacy of immune checkpoint inhibitors in cancer patients: a pooled
analysis of 2740 cancer patients. Oncoimmunology (2019) 8:e1665973. doi: 10.1080/
2162402X.2019.1665973

40. Burlaka AP, Virko SV, Burlaka AA, Krupnyk KL. Redox dependent features
of tumors, adipose tissue, neutrophiles and platelets in patients with metastatic
colorectal cancer. Exp Oncol (2021) 43:261–5. doi: 10.32471/EXP-
ONCOLOGY.2312-8852.VOL-43-NO-3.16571

41. Shi L, Pan H, Liu Z, Xie J, Han W. Roles of PFKFB3 in cancer. Signal
Transduct Target Ther (2017) 2:1–10. doi: 10.1038/sigtrans.2017.44

42. Atsumi T, Chesney J, Metz C, Leng L, Donnelly S, Makita Z, et al. High
expression of inducible 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase
(iPFK-2; PFKFB3) in human cancers. Cancer Res (2002) 62:5881–7.

43. Larionova I, Kazakova E, Patysheva M, Kzhyshkowska J. Transcriptional,
epigenetic and metabolic programming of tumor-associated macrophages. Cancers
(Basel) (2020) 12:1–40. doi: 10.3390/cancers12061411

44. Vitale I, Manic G, Coussens LM, Kroemer G, Galluzzi L. Macrophages and
metabolism in the tumor microenvironment. Cell Metab (2019) 30:36–50.
doi: 10.1016/J.CMET.2019.06.001

45. Finucane OM, Sugrue J, Rubio-Araiz A, Guillot-Sestier MV, Lynch MA. The
NLRP3 inflammasome modulates glycolysis by increasing PFKFB3 in an IL-1b-
Frontiers in Immunology 18
dependent manner in macrophages. Sci Rep (2019) 9:1–10. doi: 10.1038/s41598-
019-40619-1

46. Lu L, Chen Y, Zhu Y. The molecular basis of targeting PFKFB3 as a
therapeutic strategy against cancer. Oncotarget (2017) 8:62793. doi: 10.18632/
ONCOTARGET.19513

47. Wang Y, Qu C, Liu T, Wang C. PFKFB3 inhibitors as potential anticancer
agents: Mechanisms of action, current developments, and structure-activity
relationships. Eur J Med Chem (2020) 203:112612. doi : 10.1016/
J.EJMECH.2020.112612

48. Chen DP, Ning WR, Jiang ZZ, Peng ZP, Zhu LY, Zhuang SM, et al.
Glycolytic activation of peritumoral monocytes fosters immune privilege via the
PFKFB3-PD-L1 axis in human hepatocellular carcinoma. J Hepatol (2019) 71:333–
43. doi: 10.1016/J.JHEP.2019.04.007

49. Galindo CM, Oliveira Ganzella FA de, Klassen G, Souza Ramos EA de, Acco
A. Nuances of PFKFB3 signaling in breast cancer. Clin Breast Cancer (2022) 22:
e604–14. doi: 10.1016/J.CLBC.2022.01.002

50. Yan S, Li Q, Li S, Ai Z, Yuan D. The role of PFKFB3 in maintaining
colorectal cancer cell proliferation and stemness. Mol Biol Rep 2022 (2022) 1–15.
doi: 10.1007/S11033-022-07513-Y

51. Kiss M, Caro AA, Raes G, Laoui D. Systemic reprogramming of monocytes
in cancer. Front Oncol (2020) 10:1399. doi: 10.3389/FONC.2020.01399

52. Wang L, Simons DL, Lu X, Tu TY, Avalos C, Chang AY, et al. Breast cancer
induces systemic immune changes on cytokine signaling in peripheral blood
monocytes and lymphocytes. EBioMedicine (2020) 52:102631. doi: 10.1016/
J.EBIOM.2020.102631

53. Zhang W, Ruan J, Zhou D, Han X, Zhang Y, Wang W, et al. Predicting
worse survival for newly diagnosed T cell lymphoma based on the decreased
baseline CD16-/CD16 + monocyte ratio. Sci Rep (2020) 10:1–9. doi: 10.1038/
S41598-020-64579-Z

54. Zilionis R, Engblom C, Pfirschke C, Savova V, Zemmour D, Saatcioglu HD,
et al. Single-cell transcriptomics of human and mouse lung cancers reveals
conserved myeloid populations across individuals and species. Immunity (2019)
50:1317–1334.e10. doi: 10.1016/J.IMMUNI.2019.03.009

55. Fuhrmann DC, Brüne B. miR-193a-3p increases glycolysis under hypoxia by
facilitating akt phosphorylation and PFKFB3 activation in human macrophages.
Cell Mol Life Sci (2022) 79:1–15. doi: 10.1007/S00018-022-04146-Z/FIGURES/7

56. Palsson-Mcdermott EM, Curtis AM, Goel G, Lauterbach MAR, Sheedy FJ,
Gleeson LE, et al. Pyruvate kinase M2 regulates hif-1a activity and IL-1b induction
and is a critical determinant of the warburg effect in LPS-activated macrophages.
Cell Metab (2015) 21:65–80. doi: 10.1016/J.CMET.2014.12.005

COPYRIGHT

© 2023 Larionova, Patysheva, Iamshchikov, Kazakova, Kazakova, Rakina,
Grigoryeva, Tarasova, Afanasiev, Bezgodova, Kiselev, Dobrodeev,
Kostromitskiy, Cherdyntseva and Kzhyshkowska. This is an open-access
article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
frontiersin.org

https://doi.org/10.3389/FIMMU.2019.01761/BIBTEX
https://doi.org/10.3389/FIMMU.2019.01761/BIBTEX
https://doi.org/10.1038/s41598-020-61022-1
https://doi.org/10.1084/JEM.20180534
https://doi.org/10.3390/IJMS21165925
https://doi.org/10.1016/J.IMMUNI.2014.09.014
https://doi.org/10.1136/GUTJNL-2014-308988
https://doi.org/10.1007/S00262-013-1450-6
https://doi.org/10.1158/2159-8274.CD-10-0028
https://doi.org/10.1158/2159-8274.CD-10-0028
https://doi.org/10.1080/2162402X.2019.1665973
https://doi.org/10.1080/2162402X.2019.1665973
https://doi.org/10.32471/EXP-ONCOLOGY.2312-8852.VOL-43-NO-3.16571
https://doi.org/10.32471/EXP-ONCOLOGY.2312-8852.VOL-43-NO-3.16571
https://doi.org/10.1038/sigtrans.2017.44
https://doi.org/10.3390/cancers12061411
https://doi.org/10.1016/J.CMET.2019.06.001
https://doi.org/10.1038/s41598-019-40619-1
https://doi.org/10.1038/s41598-019-40619-1
https://doi.org/10.18632/ONCOTARGET.19513
https://doi.org/10.18632/ONCOTARGET.19513
https://doi.org/10.1016/J.EJMECH.2020.112612
https://doi.org/10.1016/J.EJMECH.2020.112612
https://doi.org/10.1016/J.JHEP.2019.04.007
https://doi.org/10.1016/J.CLBC.2022.01.002
https://doi.org/10.1007/S11033-022-07513-Y
https://doi.org/10.3389/FONC.2020.01399
https://doi.org/10.1016/J.EBIOM.2020.102631
https://doi.org/10.1016/J.EBIOM.2020.102631
https://doi.org/10.1038/S41598-020-64579-Z
https://doi.org/10.1038/S41598-020-64579-Z
https://doi.org/10.1016/J.IMMUNI.2019.03.009
https://doi.org/10.1007/S00018-022-04146-Z/FIGURES/7
https://doi.org/10.1016/J.CMET.2014.12.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fimmu.2022.1080501
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	PFKFB3 overexpression in monocytes of patients with colon but not rectal cancer programs pro-tumor macrophages and is indicative for higher risk of tumor relapse
	1 Introduction
	2 Materials and methods
	2.1 Patients
	2.2 Monocyte isolation
	2.3 Flow cytometry
	2.4 RNA extraction
	2.5 Whole-transcriptome RNA-sequencing
	2.6 Quantitative real-time PCR
	2.7 Immunofluorescence and confocal microscopy
	2.8 NGS-GeoMx digital spatial profiler analysis
	2.9 TCGA database analysis
	2.10 Statistical analysis

	3 Results
	3.1 Phenotypic characterization of peripheral blood monocytes in CRC
	3.2 CCR2+ and CD163+ monocytes are specific indicators for hematogenous and lymphatic metastatic status and NAC response in patients with colon and rectal cancer
	3.3 Colorectal cancer induces transcriptional programming in human monocytes
	3.4 Comparative bioinformatical analysis of the transcriptome of monocytes in patients with colon and rectal cancers before therapy
	3.5 Chemotherapy affects monocyte profile in rectal cancer
	3.6 Validation of RNAseq results revealed significant changes in transcriptomic profile of monocytes in patients
	3.7 Nanostring technology identified PFKFB3+ monocytes as a key source of TAMs in colon cancer
	3.8 Prognostic significance of PFKFB3 expression in colon cancer but not rectal cancer

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


