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Abstract
M2 tumor-associated macrophages (M2-TAMs) promote cancer cell proliferation and metastasis in the TME. Our study 
aimed to elucidate the mechanism of increased frequency of M2-TAMs infiltration in the colorectal cancer (CRC)-TME, 
focusing on the resistance to oxidative stress through nuclear factor erythroid 2-related factor 2 (Nrf2) pathway. In this study, 
we evaluated the correlation between M2-TAM signature and mRNA expression of antioxidant related genes using public 
datasets, and the expression level of antioxidants in M2-TAMs by flow cytometry and the prevalence of M2-TAMs expressing 
antioxidants by immunofluorescence staining using surgically resected specimens of CRC (n = 34). Moreover, we gener-
ated M0 and M2 macrophages from peripheral blood monocytes and evaluated their resistance to oxidative stress using the 
in vitro viability assay. Analysis of GSE33113, GSE39582, and The Cancer Genome Atlas (TCGA) datasets indicated that 
mRNA expression of HMOX1 (heme oxygenase-1 (HO-1)) was significantly positively correlated with M2-TAM signature 
(r = 0.5283, r = 0.5826, r = 0.5833, respectively). The expression level of both Nrf2 and HO-1 significantly increased in 
M2-TAMs compared to M1- and M1/M2-TAMs in the tumor margin, and the number of  Nrf2+ or HO-1+M2-TAMs in the 
tumor stroma significantly increased more than those in the normal mucosa stroma. Finally, generated M2 macrophages 
expressing HO-1 significantly resisted to oxidative stress induced by  H2O2 in comparison with generated M0 macrophages. 
Taken together, our results suggested that an increased frequency of M2-TAMs infiltration in the CRC-TME is related to 
Nrf2–HO-1 axis mediated resistance to oxidative stress.
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Abbreviations
CRC   Colorectal cancer
H2O2  Hydrogen peroxide
HIF-1α  Hypoxia-inducible factor 1α
HO-1  Heme oxygenase-1
NQO1  Nicotinamide adenine dinucleotide phosphate 

hydrogen, and quinone oxidoreductases
Nrf2  Nuclear factor erythroid 2-related factor 2

ROS   Reactive oxygen species
TAM  Tumor-associated macrophages
TCGA   The Cancer Genome Atlas
TrxR1  Thioredoxin reductase 1

Introduction

Immunotherapy targeting PD-1 axis has recently been a 
major therapeutic strategy for patients with high micro-
satellite instability metastatic colorectal cancer (CRC); 
however, the efficacy rate of this treatment is approxi-
mately 30–60% [1, 2]. A reason for the limited efficacy 
is the immunosuppressive mechanisms in the CRC-TME, 
including the infiltration of immunosuppressive cells 
such as myeloid-derived suppressor cells, Treg cells, and 
M2 tumor-associated macrophages (M2-TAMs) [3–5]. 
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In particular, M2-TAMs interfere with the function of 
cytotoxic T lymphocytes, produce immune suppressive 
cytokines such as IL-10 and TGF-β, and accelerate tumor 
growth, activity of Treg cells, angiogenesis, and epithe-
lial-mesenchymal transition of tumor cells [6–12]. Thus, 
M2-TAMs are one of the key immunosuppressive cells 
and affect cancer cell proliferation and metastasis. Yu 
et al. recently reported that hepatic metastasis is strongly 
related to increase the M2-like gene signature score in 
mouse monocyte-derived macrophages [13], confirming 
that importance of M2-TAMs in the TME.

Among the cells existing in the TME, tumor cells, acti-
vated granulocytes, myeloid-derived suppressor cells, and 
TAMs produce significant amounts of reactive oxygen spe-
cies (ROS) such as hydrogen peroxide  (H2O2), superoxide, 
and nitric oxide [14–16]. It is well established that ROS 
induce apoptosis of natural killer cells and effector mem-
ory  CD8+ T cells [17, 18]. In contrast, Mougiakakos et al. 
reported that Treg cells, which are key immunosuppressive 
cells in the TME, were less sensitive to  H2O2-induced apop-
tosis compared to conventional  CD4+ T cells [19]. Further-
more, we previously reported that the increased frequency 
of Treg cells infiltration in the TME of gastric cancer and 
esophageal squamous cell carcinoma was closely associated 
with their low sensitivity to  H2O2-induced apoptosis [20].

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a tran-
scriptional factor that activates cellular antioxidant response 
[21]. Nrf2 generally binds to Kelch-like ECH-associating 
protein 1 in the cytoplasm, but under oxidative stress Nrf2 is 
separated from it and translocates into the nucleus, and then 
binds to the antioxidant response element, resulting in the 
production of antioxidants such as heme oxygenase-1 (HO-
1), thioredoxin reductase 1 (TrxR1), glutathione, nicotina-
mide adenine dinucleotide phosphate hydrogen, and quinone 
oxidoreductases (NQO1) [21]. Increased cells in the TME 
under conditions of oxidative stress may produce a large 
amount of antioxidants through the Nrf2 pathway, and Treg 
cells were reported to produce a large amount of TrxR1 [19].

We recently reported a significant increase in the fre-
quency of  CD163+M2-TAMs infiltration in the CRC tumor 
stroma [22]. Furthermore, Consonni et al. also reported 
that HO-1+CD163+TAMs preferentially localized at the 
invasive margin of malignant melanoma [23]. However, 
the mechanism of this enrichment is not fully elucidated, 
and we postulated that the resistance to oxidative stress of 
 CD163+M2-TAMs may be one of the mechanisms of their 
selective enrichment in the CRC-TME. Therefore, in this 
study, we investigated the resistance to oxidative stress 
mediated the Nrf2 pathway in M2-TAMs in the CRC-TME 
using the public database and surgically resected specimens 
of CRC. Furthermore, we generated M2 macrophages from 
peripheral blood monocytes in vitro and evaluated their 
resistance to ROS.

Materials and methods

Analysis of microarray and RNA‑sequencing 
datasets

In this study, we used three datasets of CRC including 
GSE33113, GSE39582, and The Cancer Genome Atlas 
(TCGA) [24]. For GSE33113 and GSE39582 datasets that 
analyzed on Affymetrix microarray, normalized mRNA 
expression data of genes were downloaded from the Gene 
Expression Omnibus repository (http:// www. ncbi. nlm. nih. 
gov/ geo). For TCGA colorectal adenocarcinoma dataset 
(PanCancer Atlas), the RNA-sequencing data of genes were 
downloaded through cBioPortal (http:// www. cbiop ortal. 
org/) [25]. We used samples containing all eight genes that 
constituted M2-TAM signature and calculated multi-gene 
expression signatures of M2-TAM in each dataset according 
to our previous paper (M2-TAM signature score) [22, 26]. 
We evaluated the correlation between the M2-TAM signa-
ture score and mRNA expression levels of HMOX1 (HO-1), 
TXNRD1 (TrxR1), NQO1 (NQO1), and HIF1A (hypoxia-
inducible factor 1α (HIF-1α)), and between HMOX1 (HO-1) 
and HIF1A (HIF-1α) mRNA expression levels. To evalu-
ate the correlation between hypoxia and M2-TAM signa-
ture score, mRNA expression level of HMOX1 (HO-1), we 
used the HALLMARK_Hypoxia (https:// www. gsea- msigdb. 
org/ gsea/ msigdb/ human/ genes et/ HALLM ARK_ HYPOX IA. 
html), which include 200 genes that response to hypoxia [27]

Patients

Thirty-four patients who underwent the resection of CRC at 
Fukushima Medical University Hospital between Decem-
ber 2020 and November 2021 were enrolled in this study. 
We excluded patients whose tumor diameter was less than 
2 cm because we needed approximately 0.5–1  cm3 samples 
for flow cytometry analysis. Patients who had undergone 
preoperative treatment such as self-expanding metal stent, 
chemotherapy, and radiotherapy were also excluded as the 
stent induces local inflammation, and the preoperative chem-
otherapy and radiotherapy cause immune response in the 
TME [22, 28, 29].

Flow cytometry

The samples of normal mucosa and tumor margin from the 
fleshly resected surgical specimens (n = 34) were digested 
as previously described, and the collected cells from these 
samples were used for flow cytometry [22, 29]. Staining with 
following antibodies and fixation/permeabilization with FcR 
blocking (130-059-901; Miltenyi Biotec, Bergisch Gladbach, 

http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo
http://www.cbioportal.org/
http://www.cbioportal.org/
https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/HALLMARK_HYPOXIA.html
https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/HALLMARK_HYPOXIA.html
https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/HALLMARK_HYPOXIA.html
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Germany) were performed according to the manufacturer’s 
preparation protocol. Antibodies for direct staining: APC/
Cyanine7-conjugated anti-human CD14 mAb (mouse, clone 
HCD14, 325619; BioLegend, San Diego, CA, USA), PE/
Cyanine7-conjugated anti-human CD163 mAb (mouse, 
clone GHI/61, 333613; BioLegend), PerCP/Cyanine5.5-
conjugated anti-human CD11c mAb (mouse, clone 3.9, 
301623; BioLegend), and Pacific Blue-conjugated annexin-
V (R37177; Thermo Fisher Scientific, Waltham, MA, USA). 
Antibodies for intracellularly staining: APC-conjugated 
anti-human Nrf2 mAb (rabbit, clone EP1808Y, ab223927; 
abcam, Cambridge, UK) and PE-conjugated anti-human 
HO-1 mAb (mouse, clone HO-1–2, ab83214; abcam). The 
unstained sample was used as a negative control. The stained 
samples were measured using a BD FACS CantoII flow 
cytometer (BD Biosciences, San Jose, CA, USA), and the 
measured data were analyzed with FlowJo software version 
10.5.3 (FlowJo, Ashland, OR, USA).

Immunofluorescence staining

The formalin-fixed paraffin-embedded whole tissue samples 
(n = 34) were used for staining, and images were obtained 
with following antibodies and evaluated according to our 
previous paper [22]. The primary antibodies: anti-human 
CD163 mAb (mouse, clone 10D6, NCL-L-CD163, 1:200; 
Leica biosystems, Newcastle upon Tyne, UK), anti-human 
HIF-1α mAb (rabbit, clone EP1215Y, ab51608, 1:500; 
abcam), Nrf2 mAb (rabbit, clone EP1808Y, ab62352, 1:250; 
abcam), HO-1 mAb (rabbit, clone EP1391Y, ab52947, 
1:1000; abcam). The secondary antibodies: Alexa Fluor 
488-conjugated anti-mouse polyclonal antibody (donkey, 
polyclonal, A-21202, 1:200; Thermo Fisher Scientific), 
Alexa Fluor 555-conjugated anti-rabbit polyclonal antibody 
(donkey, polyclonal, A-31572, 1:200; Thermo Fisher Scien-
tific). The nuclei were stained with DAPI (D9542, 40 ng/ml; 
Sigma-Aldrich, St. Louis, MO, USA). CD163 was stained 
with green. HIF-1α, Nrf2, and HO-1 were stained with red, 
and DAPI was stained with blue.

Generation of human M2 macrophages

Monocytes were collected from peripheral blood of healthy 
volunteers using the Pan Monocyte Isolation Kit, human 
(Miltenyi Biotec) [22, 30]. The CD14-positive monocytes 
were cultured at 37℃ with 5%  CO2 atmosphere in RPMI 
1640 (Sigma-Aldrich) supplemented with 20  ng/ml of 
M-CSF (216-MC; R&D systems, Minneapolis, MN, USA), 
10% heat-inactivated FBS, and penicillin/streptomycin for 
6 days. After 6 days, we continued to culture the cells in 
the same medium for 3 days to generate M0 macrophages, 
while we added 20 ng/ml each of IL-4 (200–04; Pepro-
Tech, Rocky Hill, NJ, USA), IL-10 (200–10; PeproTech), 

and IL-13 (200–13; PeproTech) into the culture medium 
and continued to culture the cells for 3 days to generate M2 
macrophages [31].

Viability assay

We used  H2O2 (084–07441; Wako, Osaka, Japan) to induce 
the oxidative stress.  H2O2 was diluted at several concen-
trations in RPMI 1640 and used within 5 min of prepara-
tion. The cells (5.0 ×  104) were cultured in 0.5 ml of RPMI 
1640 with several concentrations of  H2O2 in a 24-well tis-
sue culture plate for 24 h at 37℃ with 5%  CO2 atmosphere. 
Oxidative stress-induced cell death was evaluated by flow 
cytometry using 7-aminoactinomycin D (51–68981; BD 
Biosciences) and PE-conjugated annexin-V (51-65875X; 
BD Biosciences). The frequency of viable cells at 0 μM of 
 H2O2 was used as a control.

Blocking assay

We purchased the THP-1 cell line, human monocytic cell 
line, from the Japanese Collection of Research Bioresources 
Cell Bank (Osaka, Japan) on 16/Feb/2021, and cultivated 
at 37℃ with 5%  CO2 atmosphere in RPMI 1640 (Sigma-
Aldrich) with 10% heat-inactivated FBS and penicillin/
streptomycin. THP-1 cells and generated M2 macrophages 
were cultured with Nrf2 inhibitor (HY-101025; MedChem-
Express, Monmouth Junction, NJ, USA) in culture medium 
for 48 h, and DMSO (Wako) was used as negative control 
and a vehicle.

Western blot

Western blot was performed with the following primary 
and secondary antibodies according to our previous paper 
[22]. The primary antibodies: Nrf2 mAb (rabbit, clone 
EP1808Y, ab62352, 1:1000; abcam), HO-1 mAb (rabbit, 
clone EP1391Y, ab52947, 1:2000; abcam), and β-actin mAb 
(mouse, clone AC-15, sc-69879, 1:10,000; Santa Cruz Bio-
technology, Dallas, TX, USA). The secondary antibodies: 
horseradish peroxidase-linked anti-rabbit antibody (goat, 
polyclonal, #7074, 1:2000; Cell Signaling Technology, 
Danvers, MA, USA) or horseradish peroxidase-linked anti-
mouse antibody (horse, polyclonal, #7076, 1:2000; Santa 
Cruz Biotechnology).

Statistical analysis

Statistical analyses were performed using Graphpad Prism 
8 (Graphpad Software, La Jolla, CA, USA). Two groups 
were compared by the unpaired student’s t-test and multiple 
groups were compared by one-way analysis of variance fol-
lowed by a Tukey's post hoc test. Spearman’s correlation 
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coefficient was used to analyze the association between two 
groups, and significance was calculated with Fisher’s exact 
test. All error bars indicate mean ± standard deviation. A 
p-values less than 0.05 was considered to be significant.

Results

mRNA expression of HMOX1 (HO‑1) was significantly 
positively correlated with M2‑TAM signature

Previous papers have reported a significant increase in the 
frequency of  CD163+TAMs infiltration in the TME [22, 
23]. To evaluate the mechanism of this enrichment, we 

first evaluated the correlation between M2-TAM signature 
and mRNA expression of antioxidant related genes such as 
HMOX1 (HO-1), TXNRD1 (TrxR1), and NQO1 (NQO1) 
using public dataset [22, 26]. Analysis of three CRC datasets 
(GSE33113, GSE39582, and TCGA) showed that mRNA 
expression of HMOX1 (HO-1) was significantly positively 
correlated with M2-TAM signature (r = 0.5283, p < 0.0001; 
r = 0.5826, p < 0.0001; r = 0.5833, p < 0.0001, respectively) 
(Fig. 1a-c). On the other hand, there were no correlations 
between M2-TAM signature and mRNA expression of 
TXNRD1 (TrxR1) or NQO1 (NQO1) (Fig. 1a-c). Therefore, 
we focused on the expression of HO-1 as an antioxidant 
in M2-TAMs to investigate a mechanism of their selective 
enrichment in the CRC-TME in the following experiments.

Fig. 1  Expression of antioxidant related genes in M2-TAMs. The correlation of mRNA expression of each HMOX1 (HO-1), TXNRD1 (TrxR1), 
and NQO1 (NQO1) with M2-TAM signature in GSE33113 dataset (n = 90) (a), GSE39582 (n = 566) (b), TCGA (n = 426) (c)
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M2‑TAMs in the CRC‑TME expressed Nrf2 and HO‑1

We evaluated the frequency of TAMs infiltration in the 
CRC-TME by flow cytometry. The clinical characteristics 
of enrolled patients (n = 34) are shown in Table 1. To evalu-
ate the Nrf2 and HO-1 expression in TAMs in the normal 
mucosa site and tumor margin, we used forward scatter and 
side scatter to gate the population of large cells, followed 
by classification of annexin-V negative and CD14-express-
ing single cells into 4 groups using CD11c and CD163: 
 CD11c+CD163–, M1-TAMs;  CD11c–CD163+, M2-TAMs; 
 CD11c+CD163+, M1/M2-TAMs (Fig. 2a) [22, 28, 30]. We 
analyzed samples that included more than 50 cells in each 
group of M1-TAMs, M2-TAMs, and M1/M2-TAMs. In line 
with our previous paper [22], the frequency of M2-TAMs 

infiltration in the tumor margin significantly increased 
compared with that in the normal mucosa site (p < 0.0001) 
(Fig. 2b). The frequency of M1/M2-TAMs infiltration also 
significantly increased in the tumor margin more than the 
normal mucosa site in this cohort (p < 0.0001) (Fig. 2b).

Next, we assessed the Nrf2 and HO-1 expression in 
TAMs, and representative histograms of these expressions in 
TAMs in the normal mucosa site and tumor margin are pre-
sented in Fig. 2c. The summarized data indicated that both 
Nrf2 and HO-1 expression levels in M2-TAMs significantly 
increased more than those in M1- and M1/M2-TAMs in 
the tumor margin (p < 0.0001 and p < 0.0001, respectively) 
(Fig. 2d right). Even in the normal mucosa site, these expres-
sion levels significantly increased in M2-TAMs compared 
to those in M1-TAMs (p < 0.05 and p < 0.05, respectively) 
(Fig. 2d left).

The prevalence of M2‑TAMs expressing Nrf2 or HO‑1 
increased in the CRC‑TME

Since it was reported that the hypoxic TME activates 
HIF-1α and is related to the polarization of TAMs such as 
M1- or M2-type [7, 21, 32–34], we evaluated the correlation 
between M2-TAM signature and HALLMARK_Hypoxia 
or HIF1A (HIF-1α) mRNA expression. The analysis of 
GSE33113, GSE39582, and TCGA datasets showed that 
M2-TAM signature was significantly positively correlated 
with HALLMARK_Hypoxia (r = 0.6072, p < 0.0001; r = 
0.6013, p < 0.0001; r = 0.6838, p < 0.0001, respectively) or 
HIF1A (HIF-1α) mRNA expression (r = 0.5568, p < 0.0001; 
r = 0.5277, p < 0.0001; r = 0.5320, p < 0.0001, respec-
tively) (Fig. 3a-c). Furthermore, the analysis of same data-
sets also indicated that HMOX1 (HO-1) mRNA expression 
was significantly positively correlated with HALLMARK_
Hypoxia (r = 0.4561, p < 0.0001; r = 0.5775, p < 0.0001; 
r = 0.5601, p < 0.0001, respectively) or HIF1A (HIF-1α) 
mRNA expression (r = 0.4601, p < 0.0001; r = 0.3303, p 
< 0.0001; r = 0.3867, p < 0.0001, respectively) (Fig. 3a-c).

Subsequently, we assessed the prevalence of M2-TAMs 
expressing HIF-1α, Nrf2, or HO-1 in the CRC-TME by 
immunofluorescence staining. We prepared three sets of 
stains using serial sections: the first set including CD163, 
HIF-1α, and DAPI; the second set including CD163, Nrf2, 
and DAPI; and the third set including CD163, HO-1, and 
DAPI. The number of  CD163+ cells (merge and green stain-
ing alone), and HIF-1α+CD163+,  Nrf2+CD163+, and HO-
1+CD163+ cells (merge or localized green plus red staining) 
were counted in three different fields at the stroma region 
of both normal mucosa and tumor sites (× 400). Repre-
sentative images of each staining set are shown in Fig. 4a 
and the summarized data are presented in Fig. 4b. In line 
with our previous report [22], the number of  CD163+ cells 
(M2-TAMs) and HIF-1α+CD163+ cells (HIF-1α+M2-TAMs) 

Table 1  Clinical characteristics of enrolled patients 

* Depth of invasion, lymph node metastasis and TNM stage were 
determined according to the Union for International Cancer Control 
8th Edition

Age (years)
     Mean 69.7
     Range 50–87

Gender
     Male 22
     Female 12

Tumor location
     Cecum 1
     Ascending colon 9
     Transverse colon 1
     Sigmoid colon 9
     Rectum 14

Pathology
     Papillary adenocarcinoma 2
     Tubular adenocarcinoma 28
     Poorly differentiated adenocarcinoma 1
     Mucinous adenocarcinoma 3

Depth of invasion*

     Tl 4
     T2 7
     T3 14
     T4 9

Lymph node metastasis*

     N0 18
     N1 10
     N2 6

TNM stage*

     I 9
     II 9
     III 14
     IV 2
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in the tumor stroma significantly increased more than those 
in the normal mucosa stroma in the first staining set (both 
p < 0.0001) (Fig. 4b left). In the second and third staining 
sets, the number of M2-TAMs in the tumor stroma also sig-
nificantly increased more than that in the normal mucosa 
stroma (both p < 0.0001) (Fig. 4b middle and right upper). 
Furthermore, the number of  Nrf2+ or HO-1+M2-TAMs in 
the tumor stroma significantly increased more than those in 
the normal mucosa stroma (both p < 0.0001) (Fig. 4b middle 
and right lower).

Generated M2 macrophages expressing HO‑1 
resisted to oxidative stress induced by  H2O2

We generated M0 and M2 macrophages from peripheral 
blood monocytes by the generally established method [22, 
30, 31]. The expression of CD163, Nrf2, and HO-1 on gen-
erated M2 macrophages increased in comparison with gener-
ated M0 macrophages evaluated by flow cytometry (Fig. 5a), 
and generated M2 macrophages significantly resisted to oxi-
dative stress induced by  H2O2 in comparison to generated 
M0 macrophages (Fig. 5b).

At the last, we evaluated the effects of Nrf2 inhibitor in 
THP-1 cells, human monocytic cell line, under oxidative 
stress conditions. Nrf2 inhibitor decreased Nrf2 and HO-1 
protein expressions in THP-1 cells in a dose dependent 
manner during 48 h incubation (Fig. 6a). For the following 
experiment, THP-1 cells were treated with 10 μM of Nrf2 
inhibitor for 48 h. THP-1 cells treated with Nrf2 inhibitor 
significantly increased their sensitivity to oxidative stress 
induced by  H2O2 (Fig. 6b). Furthermore, Nrf2 inhibitor 

Fig. 2  Expression level of antioxidants in M2-TAMs. The frequency 
of TAMs and expression level of Nrf2 and HO-1 in TAMs were 
evaluated by flow cytometry. a The gating method to detect TAMs. b 
The summarized data of frequency of M1-, M1/M2-, and M2-TAMs 
infiltration in the normal mucosa site (n = 28) and tumor margin 
(n = 34). c Representative histograms of Nrf2 and HO-1 expressions 
in TAMs in the normal mucosa site (left) and tumor margin (right). d 
The summarized data of these expression levels in M1-, M1/M2-, and 
M2-TAMs in the normal mucosa site (left, n = 28) and tumor margin 
(right, n = 34). *p < 0.05, ****p < 0.0001

◂

Fig. 3  Correlation between hypoxia and antioxidant related genes 
expression. The correlation between M2-TAM signature and HALL-
MARK_Hypoxia or HIF1A (HIF-1α) mRNA expression, and 
between HMOX1 (HO-1) mRNA expression and HALLMARK_

Hypoxia or HIF1A (HIF-1α) mRNA expression was evaluated using 
GSE33113 dataset (n = 90) (a), GSE39582 (n = 566) (b), TCGA 
(n = 426) (c)
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also tended to increase the sensitivity of generated M2 mac-
rophages to oxidative stress (Supplementary Fig. S1).

Discussion

In this study, we indicated that mRNA expression of 
HMOX1 (HO-1) was significantly positively correlated with 
M2-TAM signature in the analysis of three CRC datasets 
(GSE33113, GSE39582, and TCGA) (Fig. 1). Furthermore, 
in the analyses using surgically resected specimens of CRC 
(n = 34), we indicated that the expression level of both Nrf2 
and HO-1 significantly increased in M2-TAMs compared to 
M1- and M1/M2-TAMs in the tumor margin (Fig. 2d right), 
and that the number of  Nrf2+ or HO-1+M2-TAMs in the 
tumor stroma significantly increased more than those in the 
normal mucosa stroma (Fig. 4b lower middle and right). 
Finally, we showed that generated M2 macrophages express-
ing HO-1 had low sensitivity to  H2O2-induced oxidative 
stress (Fig. 5b). Taken together, it was suggested that the 
increased frequency of M2-TAMs infiltration in the CRC-
TME may be associated with their low sensitivity to oxida-
tive stress induced by ROS.

Many reports have shown that M2-TAMs involved in 
the suppression of tumor immune responses in the TME 
through a number of mechanisms [6–12]. In particular, 
 CD163+M2-TAMs suppressed the therapeutic efficacy of 
immunotherapy targeting for PD-1 axis for melanomas in 
a mouse model and were involved in hyper progressive 
disease in non-small cell lung cancer patients subsequent 
to immunotherapy blocking PD-1 axis [35, 36]. Recently, 
Consonni et al. reported that TAMs expressing both HO-1 
and CD163 promoted tumor angiogenesis and epithelial-
mesenchymal transition of tumor cells, and suppressed the 
function of  CD8+ T cells, resulting in the formation of a pro-
metastatic TME [23]. Furthermore, the inhibition of HO-
1+CD163+TAMs infiltration into the tumor region prevented 
the formation of a pro-metastatic TME and improved the 
therapeutic efficacy of anti-PD-1 therapy [23]. Therefore, it 
is crucial to control M2-TAMs in the TME for enhancement 
of efficacy of immunotherapy. In this study, we revealed that 

 CD163+M2-TAMs were selectively enriched in the CRC-
TME and expressed a large amount of HO-1 (Figs. 2 and 
4). It is assumed that HO-1+CD163+M2-TAMs suppresses 
immune responses in the TME. We speculate that control-
ling the increased frequency of HO-1+CD163+M2-TAMs 
in the TME is crucial to enhance the efficacy of immuno-
therapy for patients with CRC.

In this cohort, the M1/M2-TAMs population was 
observed frequently among the TAMs in the tumor margin 
(Fig. 2b). We have also previously confirmed the existence 
of M1/M2-TAMs in the CRC-TME [22, 28], and reported 
that the accumulation of M1/M2 adipose tissue macrophages 
was clearly correlated with body mass index and production 
of ROS [26]. Although the characteristics of M1/M2-TAMs 
were different from those of M1- and M2-TAMs regarding 
Nrf2–HO-1 axis (Figs. 2c-d). We believe that the evalua-
tion of M1/M2-TAMs is necessary to elucidate the immune 
suppressive mechanism caused by TAMs in the CRC-TME. 
However, the function of this population is still unclear in 
the tumor immunology. We would like to advance the pro-
ject to elucidate their function in the future plan.

HO-1+CD163+TAMs preferentially localized at the inva-
sive margin of malignant melanoma depending on Nrf2 
activation [23]. Sun et al. also reported that Nrf2 was an 
inducer of HO-1 in hemophagocytic macrophages [37]. 
Furthermore, Consonni et al. reported that the increase 
of HO-1+CD163+TAMs at the tumor region is depend-
ent on activation of the nuclear factor-κB1–M-CSF-1-
receptor–C3aR–Nrf2 axis [23]. In this study, we identified 
that the expression level of both Nrf2 and HO-1 increased 
in M2-TAMs and the number of  Nrf2+ or HO-1+M2-TAMs 
increased in the CRC-TME (Figs. 2d right and 4b lower). 
Moreover, we also showed that generated M2 macrophages 
expressing HO-1 significantly resisted to oxidative stress 
induced by  H2O2, and THP-1 cells, human monocytic cell 
line, and generated M2 macrophages resist  H2O2-induced 
oxidative stress through the Nrf2–HO-1 axis (Figs. 5, 6, and 
Supplementary Fig. S1). These results including ours sug-
gested that  CD163+M2-TAMs express HO-1 though Nrf2 
axis and can selectively survive in the CRC-TME through 
resistance to oxidative stress via Nrf2–HO-1 system.

Laoui et al. reported that TAMs expressing abundant 
M2 markers exist in regions where are more hypoxic in the 
TME, and those TAMs express high level of mRNA for 
hypoxia-regulated genes [38]. In this study, the analysis of 
three CRC datasets (GSE33113, GSE39582, and TCGA) 
indicated that M2-TAM signature was positively correlated 
with HALLMARK_Hypoxia and mRNA expression of 
HIF1A (HIF-1α) (Figs. 3a-c). In addition, we showed that 
the frequency of HIF-1α+M2-TAMs infiltration in the tumor 
stroma significantly increased in comparison with that in the 
normal mucosa stroma (Fig. 4b lower left). Interestingly, 
previous studies showed that HIF-1α signaling induces 

Fig. 4  Frequency of M2-TAMs expressing HIF-1α, Nrf2, or HO-1. 
We made three sets of stains using serial sections: the first set includ-
ing HIF-1α, CD163, and DAPI, the second set including Nrf2, 
CD163, and DAPI, and the third set including HO-1, CD163, and 
DAPI. The frequency of each M2-TAMs infiltration was evaluated 
by immunofluorescence staining. a Representative images of each 
immunofluorescence staining are shown and these images indicated 
the stromal region of each site. White scale bars indicate 100 μm and 
each bottom image is an enlarged image of the white-boxed region. 
b The summarized data of number of  CD163+ cells (M2-TAMs), 
HIF-1α+CD163+ cells (HIF-1α+M2-TAMs),  Nrf2+CD163+ cells 
 (Nrf2+M2-TAMs), and HO-1+CD163+ cells (HO-1.+M2-TAMs) in 
both sites are shown. (n = 34). ****p < 0.0001
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cellular localization of Nrf2 [39, 40], and Nrf2 signaling 
induces production of antioxidants including HO-1 [21]. 
These reports indicated that hypoxia may induce anti-
oxidants such as HO-1 through Nrf2 axis in M2-TAMs. 

Actually, we identified in this study that mRNA expression 
of HIF1A (HIF-1α) was positively correlated with that of 
HMOX1 (HO-1) and the frequency of M2-TAMs expressing 
HIF-1α+,  Nrf2+, or HO-1+ in the CRC-TME significantly 

Fig. 5  Sensitivity of generated 
M2 macrophages to oxidative 
stress. a The CD163, Nrf2, and 
HO-1 expression levels in M0/
M2 macrophages generated 
from peripheral blood mono-
cytes were evaluated by flow 
cytometry. b Summarized data 
of sensitivity of generated M0/
M2 macrophages to oxidative 
stress induced by  H2O2 (n = 3). 
The frequency of viable cells 
at 0 μM of  H2O2 was used as a 
control. *p < 0.05, **p < 0.01

Fig. 6  Effect of Nrf2 inhibitor on the apoptosis induced by ROS in 
THP-1 cells. a The effect of Nrf2 inhibitor on the Nrf2 and HO-1 
protein expressions in THP-1 cells was evaluated by western blot. 
For the following experiment, THP-1 cells were treated with 10 μM 
of Nrf2 inhibitor for 48  h. b The effect of Nrf2 inhibitor on the 

 H2O2-induced apoptosis. The average of viability of THP-1 cells 
treated with DMSO (control) and 10 μM of Nrf2 inhibitor at 0 μM of 
 H2O2 were 90.6% and 62.5%, respectively. The frequency of viable 
cells at 0 μM of  H2O2 was used as a control. **p < 0.01
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increased more than those in the normal mucosa site (Figs. 3 
and 4). These our results taken together with those of previ-
ous studies suggest that the upregulation of HO-1 expression 
in M2-TAMs may be related to Nrf2 pathway activated by 
HIF-1α signaling through hypoxia in the CRC-TME.

In conclusion, an increased frequency of M2-TAMs infil-
tration may be related to the Nrf2–HO-1 mediated resistance 
to oxidative stress in the CRC-TME.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00262- 023- 03406-6.
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