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New insights into macrophage polarization and its prognostic
role in patients with colorectal cancer liver metastasis
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BACKGROUND: As liver metastasis is the most common cause of mortality in patients with colorectal cancer, studying colorectal
cancer liver metastasis (CLM) microenvironment is essential for improved understanding of tumor biology and to identify novel
therapeutic targets.
METHODS: We used a multiplex immunofluorescence platform to study tumor associated macrophage (TAM) polarization and
adaptive T cell subtypes in tumor samples from 105 CLM patients (49 without and 56 with preoperative chemotherapy).
RESULTS: CLM exhibited M2 macrophage polarization, and helper T cells were the prevalent adaptive T cell subtype. The density of
total, M2 and TGFβ-expressing macrophages, and regulatory T cells was lower in CLM treated with preoperative chemotherapy.
CLM with right-sided primary demonstrated enrichment of TGFβ-expressing macrophages, and with left-sided primary had higher
densities of helper and cytotoxic T cells. In multivariate analysis, high density of M2 macrophages correlated with longer
recurrence-free survival (RFS) in the entire cohort [hazard ratio (HR) 0.425, 95% CI 0.219–0.825, p= 0.011) and in patients without
preoperative chemotherapy (HR 0.45, 95% CI 0.221–0.932, p= 0.032). High pSMAD3-expressing macrophages were associated with
shorter RFS in CLM after preoperative chemotherapy.
CONCLUSIONS: Our results highlight the significance of a multi-marker approach to define the macrophage subtypes and identify
M2 macrophages as a predictor of favorable prognosis in CLM.

BJC Reports; https://doi.org/10.1038/s44276-024-00056-8

INTRODUCTION
Colorectal cancer is the third most common malignancy in the
world and the second leading cause of cancer deaths globally
[1]. The incidence of colorectal cancer has been declining in
North America, Australia, and Europe but increasing in parts of
Asia and South America. Colorectal cancer incidence in
individuals younger than 50 years of age is increasing [2]. Liver
is the most common non-regional site of colorectal cancer
metastasis, and approximately 50% of patients with colorectal
cancer develop liver metastasis [3, 4]. Surgical resection is the
only potentially curative treatment for colorectal cancer liver
metastases (CLM) [5, 6]. Oxaliplatin- or irinotecan-based systemic
chemotherapy is used in combination with targeted agents (anti-
vascular endothelial growth factor and epidermal growth factor
inhibitor) for perioperative treatment of CLM [7]. However, more
than 50% of patients with CLM develop recurrence after
resection, most often within 2 years [8, 9]. In patients with
CLM, clinical outcomes and therapeutic responsiveness are
determined in part by tumor somatic mutation status, especially
RAS mutations, which predict higher relapse rates and poor
surgical outcomes [10–12].

In addition to genetic makeup of the tumor cells, the tumor
microenvironment (TME) is critical in determining response to
chemotherapy, immunotherapy, and other targeted therapies [13].
Tumor-associated macrophages (TAMs) form a major component
of the TME [14] and demonstrate significant plasticity. Two major
activation/polarization states in response to environmental stimuli
have been described for macrophages. Classically activated
macrophages, referred to as M1 macrophages, are activated by
cytokines like interferon-gamma, tumor necrosis factor-1, and
lipopolysaccharides. Alternatively activated macrophages, referred
to as M2 macrophages, are induced by interleukin-4, interleukin-
13, and transforming growth factor beta (TGFβ) [15–17].
The prognostic significance of TAMs in primary colorectal

cancers has been extensively studied; however, the complexity of
TAMs and their influence on survival of patients with CLM has not
yet been determined. To address this gap in knowledge, we used
multiplex immunofluorescence tyramide signal amplification to
quantify and determine the polarization of macrophages in CLM,
and we examined the relationship between TAMs and recurrence-
free survival (RFS). We identified CD68+CD163+M2 macrophages
as a predictor of better RFS.
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MATERIALS AND METHODS
The study was approved by the Institutional Review Board of The
University of Texas MD Anderson Cancer Center with a waiver of informed
consent (protocol no: LAB-09-0373).

Patient population and samples
Patient eligibility criteria included resection of liver metastasis of colorectal
adenocarcinoma during 2002–2007, completion of hepatic resection with
intent to resect all CLM [18], and the presence of viable tumor in the
resection specimen. Pathologic response was graded based on criteria
described previously [19, 20]. Patients who underwent macroscopically
incomplete resection (R2 resection) or hepatectomy for recurrent CLM and
patients with complete pathologic response to preoperative chemother-
apy were excluded from the study.
The study included 105 patients with liver metastasis of colorectal

adenocarcinoma who underwent liver resection with (n= 56) or without
(n= 49) preoperative chemotherapy. Patients’ demographic, clinical, and
pathologic characteristics, type of preoperative chemotherapy, and
pathologic response to chemotherapy were retrieved from the electronic
medical records. Tumor (pT) category of the primary colorectal cancer was
classified according to the AJCC Cancer Staging Manual, eighth edition.

Processing of surgically resected colorectal liver metastases
Surgically resected samples from all the patients were reviewed to
determine tumor viability and adequacy for construction of tissue
microarrays. Two tissue microarrays composed of 203 cores from 105
patients (average 1.9 cores/tumor) were constructed by obtaining one or
two 1-mm2 cores from formalin-fixed, paraffin-embedded blocks of each
CLM. The cores were obtained from two nonnecrotic and nonadjacent
regions of the tumor nodule. The entire area of each tissue core was
subjected to multiplex immunofluorescence phenotyping.

Multiplex immunofluorescence phenotyping
Macrophages have been widely studied in solid tumors using the general
macrophage marker CD68 or other single markers to detect M1 and M2
macrophage polarization [21–24]. However, due to recent developments

and insights into macrophage polarization, TAMs and their subtypes are
better characterized by assessing co-expression of multiple markers by
multiplex analytical platforms like multiplex immunofluorescence. Com-
mon markers for M1 macrophages are CD86, CD11c, HLA-DR, inducible
nitric oxide synthase, and MRP8-14, and for M2 macrophages are CD163,
CD206, CD204, and Arginase 1 [25, 26]. We studied independent
expression (expression of a single marker without quantitating any co-
expression) and co-localization of CD68, CD163, CD206, CD86, Arginase 1,
and MRP8-14, along with T cell markers (CD3, CD4, CD8 and FOXP3), using
multiplex immunophenotyping. This approach evaluates the impact of co-
expression of markers on quantification of the macrophage subtypes
(Supplementary Table S1). M1 macrophage subtype was identified by co-
expression of CD68 and CD86 and absence of expression of CD163, CD206,
and Arginase 1. M2 macrophage subtype was identified by co-expression
of CD68 and CD163 and absence of expression of CD86 and MRP8-14.
Additionally, expression of TGFβ and pSMAD3 on tumor cells, TAMs, and
adaptive T cells was analyzed, along with the impact of such expression on
survival of patients with CLM.
Automated multiplex immunofluorescence staining was performed on

4-micrometer-thick formalin-fixed, paraffin-embedded tissue microarray
sections using techniques developed and validated previously [27–29]. The
stained slides were scanned using Vectra Polaris 3.0.3, a multispectral
imaging system (Akoya Biosciences, Marlborough, MA, USA)), at a 200×
magnification.
The immunofluorescence markers were grouped into two panels for

analysis of the macrophage and T cell populations: panel 1 included
common macrophage markers and markers for macrophage polarization;
CD68, CD163, CD86, CD206, MRP8-14, Arginase 1, and epithelial marker
(pan cytokeratin), and panel 2 included markers for macrophages, T cell
subtypes, TGFβ and pSMAD3 expression on macrophage and T cells; CD68,
CD3, CD4, CD8, FOXP3, pSMAD3, TGFβ, and epithelial marker (pan
cytokeratin) (Supplementary Table S2).

Multispectral analysis
Inform 2.4.6 Image Analysis software (Akoya Biosciences, Marlborough, MA,
USA) was used to analyze the scanned multispectral component images.
The raw images were prepared by eliminating the autofluorescence
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Fig. 1 Workflow of multiplex immunofluorescence digital image analysis. a Multiplex immunofluorescence image of a representative
tumor core. b Tissue segmentation was performed by training the software using representative examples from each compartment (red-
tumor, green- stroma). c Cell limits were defined, and cells were individually identified. d Cells were phenotyped based on expression of
surface proteins. Representative examples of macrophages (e) and their specific phenotypes (f–j) based on co-expression of markers.
Representative examples of adaptive T cells (k) and their specific phenotypes (l–p) based on co-expression of markers. DAPI (blue) stained the
nuclei.
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emitted. Each region of interest was segmented into the epithelial
component, composed of glandular structures and nests of malignant
cells, and the stromal component, composed of the fibrous connective
tissue intervening between the malignant cell clusters. Following tissue
segmentation, individual cell segmentation was performed. This entailed
identification and segmentation of the DAPI-stained cells using multiple
parameters, including DAPI intensity, minimum nuclear size, splitting
sensitivity, and cytoplasmic thickness. The images were then subjected to
the Inform active phenotyping algorithm, which allows identification of
individual cells based on their pattern of fluorophore expression and

indicates the phenotype. Phenotypes were defined based on the markers
present in the panel, and cells not expressing any of the markers were
classified as “other.” The final phenotype of each cell was defined based on
co-localization of antibodies (Supplementary Table S1), obtained by using
the specific x and y spatial coordinates of each cell. In the final report, cell
density was expressed as number of cells per square millimeter. In cases
where 2 TMA cores were analyzed, the cell density was derived by
calculating the mean of densities of the individual cores. Figure 1 shows
the workflow of multiplex immunofluorescence digital image analysis.

Statistical analysis
To evaluate the densities of biomarkers and association of cell phenotype
distribution with survival, we dichotomized biomarker densities by the
median. The differences in nonparametric continuous variables were
assessed using the Mann–Whitney U test. RFS was calculated from the date
of liver resection to the date of recurrence. Survival curves were obtained
using the Kaplan–Meier method and compared using the log-rank test.
Multivariate Cox proportional hazards model analysis was performed
including factors with a threshold p value less than 0.10 in univariate
analyses for the final model [30, 31]. All statistical tests were two-sided, and
statistical significance was defined as a p value of less than 0.05. Statistical
analysis was conducted with SPSS version 26.0 (SPSS Inc., Chicago, IL, USA)
and GraphPad Prism 9.0.0 (GraphPad Software Inc., San Diego, CA, USA).

Table 1. Clinicopathological and demographic characteristics of the
patient population (n= 105).

Age, range (median) 58 (19–79)

Male: Female 57:48

Primary tumor site

Left colon 56 (53.4%)

Right colon 29 (27.6%)

Rectum 20 (19%)

Positive lymph node- Primary tumor

Yes 77 (73%)

No 28 (27%)

Extrahepatic metastasis

Yes 10 (9.4%)

No 95 (90.4%)

CLM synchronous to primarya

Yes 58 (55.2%)

No 47 (44.8%)

Preoperative chemotherapy

None 49 (46.7%)

Fluoropyrimidine+Oxaliplatin+ Bevacizumab 23 (21.9%)

Fluoropyrimidine+ Irinotecan+ Bevacizumab 13 (12.4%)

Oxaliplatin 9 (8.6%)

Irinotecan 6 (5.7%)

other/multiple 5 (4.7%)

Pathologic Responseb

Major 26 (46.4%)

Minor 27 (48.2%)

N/A 3 (5.4%)

Median preoperative serum CEA (range), ng/mlc 5.4 (0.5–1349)

Median preoperative serum CEAc

<5 ng/ml 51 (48.6%)

>5 ng/ml 54 (51.4%)

Median diameter of largest CLM (range), cm 3.0 (0.8–15)

Number of metastatic liver nodules

Solitary 50 (47.6%)

Multiple 55 (52.4%)

Hepatectomy margin

R1 9 (8.6%)

R0 96 (91.4%)

Recurrence free survival, range (median), months 11.4 (0.2–225.7)
aSynchronous CLM was defined as CLM diagnosed within 1 year after
diagnosis of primary tumor.
bMajor pathologic response was defined as tumors whose viability had
been less than 50% and evaluated in patients who underwent
preoperative chemotherapy.
cThe value at diagnosis of CLM.
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RESULTS
Characteristics of the study population
Table 1 shows the clinicopathologic characteristics of the study
population. The majority of the patients had left-sided primary
tumors, lymph-node-positive primary tumors, and no evidence of
extrahepatic metastasis before surgery for CLM.
Patients who received preoperative chemotherapy (n= 56; 53%)

were older, had a higher frequency of synchronous CLM (p= 0.001),
and had a higher number of CLM (p= 0.009); patients who did not
receive preoperative chemotherapy (n= 49; 47%) had higher median
carcinoembryonic antigen levels at diagnosis of CLM (p= 0.03).

Density of macrophage and adaptive T cell subtypes in CLM.
Figure 2a and Supplementary Table S3 shows the cell density for the
various markers used as part of the multiplex immunofluorescence
panel for characterization of TAMs and adaptive T cells. The density
of CD68+ macrophages was significantly higher than the density of
CD3+ T cells [median (range), 45 (2–273) cells/mm2 vs 17 (0–389)
cells/mm2; p= 0.0001]. pSMAD3 was the most abundant of the
markers (median density, 660 cells/mm2) due to its high expression
on tumor cells. CD4 had the highest cell density among the adaptive
T cell markers [median (range) density, 81.29 (0–868.79) cells/mm2],
due to its expression on both T cells and macrophages. Expression
of TGFβ on tumor cells resulted in higher density of cells expressing
TGFβ as compared to the density of cells co-expressing CD3 and
TGFβ or CD68 and TGFβ.
Among the TAMs, median (range) cell density was significantly

higher for CD68+CD163+M2 macrophages than for
CD68+CD86+M1 macrophages [1 (0–97) cells/mm2 vs 0 (0–14)
cells/mm2, p= 0.001] (Fig. 2b, Supplementary Table S3). Hence,
TAMs in our cohort exhibited M2 macrophage polarization. Median
(range) cell density was significantly lower for TGFβ-expressing
macrophages and pSMAD3-expressing macrophages [1 (0–29) cells/
mm2 and 2 (0–93) cells/mm2, respectively, Supplementary Table S3]
than for TGFβ-expressing tumor cells and pSMAD3-expressing
tumor cells [4 (0–95) and 524 (0–4723), respectively, p < 0.01].
Median (range) cell density for FOXP3-expressing macrophages was
very low: 0 (0–16) cells/mm2.
Of the adaptive T cells, helper T cells were the most abundant,

with a median (range) density of 2 (0–259) cells/mm2 (Supplemen-
tary Table S3). Median (range) densities of cytotoxic T cells [1 (0–49)
cells/mm2] and T regulatory cells [0 (0–6) cells/mm2] were low.
T cells overall (Fig. 2b, Supplementary Table S3) and the T cell
subtypes (data not shown) exhibited absent to minimal TGFβ and
pSMAD3 expression.

Correlation of density of macrophage and adaptive T cell
subtypes in CLM with clinicopathologic characteristics
Several correlations were observed between macrophages and T
cell phenotypes and clinicopathologic characteristics. The density
of CD68+CD163+M2 macrophages was higher in CLM with
largest diameter more than 3 cm than in smaller CLM. The density
of TGFβ-expressing macrophages was higher in CLM with right-
sided primary tumors (Table 2). The densities of helper T cells and
cytotoxic T cells were higher in CLM with left-sided primary
tumors. The density of pSMAD3-expressing cytotoxic T cells was
higher in CLM with node-positive primary tumors. Densities of
several cell phenotypes were higher in CLM not treated (vs
treated) with preoperative chemotherapy: total macrophages,
TGFβ-expressing macrophages, FOXP3-expressing macrophages,
CD68+CD163+M2 macrophages, and pSMAD3-expressing helper
T cells (Table 2). The densities of macrophage and adaptive T cell
phenotypes did not differ by preoperative CEA level, timing of
detection of CLM (synchronous or metachronous), or pathologic
response to preoperative chemotherapy.
Higher than median M2 macrophages was seen in patient with

pT3 or higher primary tumor stage, administration of preoperative
chemotherapy, and smaller tumor (Table 3).Ta
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Association of macrophage subtypes with RFS
In the entire study population, on univariate analysis, higher than
median density (vs lower density) of the following macrophage
subtypes were associated with longer RFS: CD68+ macrophages
[median (range), 11.98 (0.30–225.74) months vs 11.0 (0.36–166.89)
months; p= 0.016; Fig. 3a]; TGFβ-expressing macrophages

[median (range), 11.61 (0.30–200.4) months vs 11.26
(0.69–225.74) months; p= 0.037; Fig. 3b]; and CD68+CD163+M2
macrophages [median (range), 17.44 (0.30–225.74) months vs
10.85 (1.7–148.52) months; p= 0.001; Fig. 3c)].
Expression of TGFβ on CD68+ macrophages potentiated the

effect of M2 macrophages on RFS. Higher than median density of

Table 3. Correlation of M2 macrophage density with clinicopathologic characteristics in CLM patientsa,b.

Factors All patients (n= 105) <1 n/mm2 M2 (n= 52) ≥1 n/mm2 M2 (n= 53) pb

Age, year, median [IQR] 58 [50–67] 55 [48–66] 60 [54–68] 0.111c

Gender, male 57 (54.3) 29 (55.8) 28 (52.8) 0.845

Primary tumor location, right 29 (27.6) 15 (28.8) 14 (26.4) 0.830

Primary tumor T stage ≥T3 93 (88.6) 52 (100.0) 41 (77.4) <0.001

Primary nodal status (N1) 77 (73.3) 38 (73.1) 39 (73.6) 1.000

Extrahepatic metastasis 10 (9.5) 7 (13.5) 3 (5.7) 0.201

Synchronous liver metastasis 58 (55.2) 33 (63.5) 25 (47.2) 0.117

Preoperative CEA level, ng/mL [IQR] 5.4 [1.9–15.4] 3.7 [1.7–9.4] 6.0 [2.2–32.6] 0.084c

Preoperative CEA level, >5 ng/mL 54 (51.4) 24 (46.2) 30 (56.6) 0.331

Prehepatectomy chemotherapy 56 (53.3) 34 (65.4) 22 (41.5) 0.019

Major hepatectomy (Couinaud ≥3) 73 (69.5) 34 (65.4) 39 (73.6) 0.402

Posthepatectomy chemotherapy 74 (70.5) 38 (73.1) 36 (67.9) 0.670

Median CLM diameter, cm [IQR] 3.0 [2.0–4.9] 2.9 [1.7–4.4] 3.3 [2.3–5.1] 0.035c

Maximum CLM diameter, >5 cm 21 (20.0) 8 (15.4) 13 (24.5) 0.330

Median number of CLM metastasis [IQR] 2 (1–3) 2 (1,2) 2 (1–3) 0.953c

Multiple CLM 55 (52.4) 28 (53.8) 27 (50.9) 0.846

Positive liver resection margin, R1 9 (8.6) 4 (7.7) 5 (9.4) 1.000

Major pathological responsed 26 (49.1) 18 (56.3) 8 (38.1) 0.264

IQR interquartile range, CEA carcinoembyonic antigen, CLM colorectal liver metastasis.
Statistically significant p-values are in bold.
aValues in table are number of patients (percentage) unless otherwise indicated.
bp values determined using Fisher’s exact test unless otherwise indicated.
cp value determined using Mann–Whitney U test.
dMajor pathologic response is defined as tumors with viability of less than 50%. Data was missing in 3 post treatment patients.
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M2 macrophages in combination with higher than median density
of TGFβ-expressing macrophages was associated with longer RFS
than higher than median density of M2 macrophages in
combination with lower than median density of TGFβ-expressing
macrophages (Fig. 3d).
On multivariate analysis, only higher than median density of

CD68+CD163+M2 macrophages was associated with longer RFS
(p= 0.011, Table 4).
Among the patients not treated with preoperative chemother-

apy, on univariate analysis, higher than median density (vs lower
density) of CD68+CD163+M2 macrophages was associated with
longer RFS [median (range), 20.36 (0.30–200.39) months vs 11.61
(1.70–124.72) months; Fig. 4a]. Higher than median density (vs
lower density) of CD68+TGFβ+ macrophages showed trend of
longer RFS (Fig. 4b)
On multivariate analysis also, higher than median density of M2

macrophages was associated with longer RFS (p= 0.032, Table 5).
Among the patients treated with preoperative chemotherapy,

higher than median density (vs lower density) of
CD68+CD163+M2 macrophages was associated with longer RFS

[median (range), 12.28 (0.36–225.74) months vs 10.52
(2.39–148.52) months; p= 0.047; Fig. 5a], and higher than median
density of pSMAD3-expressing macrophages was associated with
shorter RFS [median (range), 9.28 (1.27–58.03) months vs 11
(0.36–225.74) months; p= 0.018, Fig. 5b].
On multivariate analysis, only higher density of pSMAD3-

expressing macrophages was significant (p= 0.034; Table 6).
Although we found similar trend of significance of macrophage

subtypes in the context of overall survival, we chose to focus on
recurrence-free survival as likelihood of tumor microenvironment
changes in liver as more likely to correlate with recurrence free
survival. Supplementary Tables S4–S6 show the univariate and
multivariate Cox regression overall survival analysis for clinico-
pathologic features and adaptive T cell and macrophage
phenotypes in the CLM cohorts.

DISCUSSION
Macrophages in CLM exhibit extreme heterogeneity in terms of
morphology, function, and localization and hence their

Table 4. Univariate and multivariate Cox proportional hazard model recurrence free survival analysis for clinicopathologic features and adaptive T
cell and macrophage phenotypes in entire CLM cohort (n-105).

Factor Univariate Multivariate

HR 95% CI p value HR 95% CI p value

Age (year) 0.99 0.975–1.014 0.555

Gender 0.85 0.548–1.323 0.474

Primary tumor location 0.91 0.544–1.532 0.731

Primary tumor T stage (T3-T4) 2.35 1.021–5.429 0.045 1.35 0.540–3.390 0.518

Primary nodal status (N1) 1.35 0.810–2.235 0.252

Synchronous liver metastasis 1.40 0.897–2.173 0.140

Preoperative CEA level (>5 ng/mL) 0.82 0.531–1.280 0.389

Prehepatectomy chemotherapy, yes 1.91 1.214–2.994 0.005 1.52 0.936–2.454 0.091

Major hepatectomy (Couinaud ≥3) 0.95 0.591–1.512 0.815

Post hepatectomy chemotherapy 1.77 1.044–3.006 0.034 1.73 0.996–2.996 0.052

Diameter of largest liver metastasis (>5 cm) 1.14 0.657–1.967 0.646

Number of liver metastasis 1.47 0.944–2.277 0.089 1.10 0.687–1.747 0.700

Liver resection margin 1.23 0.588–2.557 0.587

Cell phenotype

CD68+ 0.58 0.372–0.907 0.017 0.887 0.500–1.576 0.683

CD68+pSMAD3+ 1.15 0.738–1.776 0.545

CD68+FOXP+ 0.76 0.489–1.180 0.221

CD68+TGFb+ 0.62 0.397–0.965 0.034 0.937 0.535–1.642 0.821

CD68+CD86+ (M1) 1.26 0.782–2.038 0.341

CD68+CD163+ (M2) 0.39 0.247–0.625 0.001 0.425 0.219–0.825 0.011

CD3+ 1.00 0.644–1.548 0.994

CD3+pSMAD3+ 0.98 0.612–1.554 0.916

CD3+FOXP3+ 1.07 0.674–1.706 0.769

CD3+TGFb+ 0.92 0.594–1.429 0.716

CD3+CD4+ 0.86 0.557–1.340 0.514

CD3+CD4+pSMAD3+ 0.79 0.441–1.403 0.416

CD3+CD4+FOXP3+ 1.10 0.677–1.788 0.699

CD3+CD4+TGFb+ 1.30 0.597–2.837 0.508

CD3+CD8+ 1.09 0.700–1.693 0.707

CD3+CD8+pSMAD3+ 0.93 0.535–1.608 0.790

CD3+CD8+TGFb+ 0.86 0.455–1.630 0.647

Statistically significant p-values are in bold.
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Table 5. Univariate and multivariate Cox proportional hazard model recurrence free survival analysis for clinicopathologic features and macrophage
phenotypes in CLM without chemotherapy (n-49).

Factor Univariate Multivariate

HR 95% CI p value HR 95% CI p value

Age (year) 1.01 0.976–1.039 0.665

Gender 0.78 0.393–1.551 0.479

Primary tumor location 0.91 0.410–2.029 0.822

Primary tumor T stage (T3-T4) 2.05 0.719–5.855 0.179

Primary nodal status (N1) 1.36 0.612–3.021 0.451

Synchronous liver metastasis 1.15 0.563–2.331 0.707

Preoperative CEA level (>5 ng/mL) 1.30 0.615–2.727 0.497

Major hepatectomy (Couinaud ≥3) 1.51 0.656–3.490 0.331

Post hepatectomy chemotherapy 1.45 0.689–3.053 0.327

Diameter of largest liver metastasis (>5 cm) 2.52 1.180–5.365 0.017 2.11 0.939–4.723 0.071

Number of liver metastasis 1.35 0.676–2.699 0.394

Liver resection margin 1.46 0.442–4.825 0.535

Cell phenotype

CD68+ 0.63 0.313–1.252 0.185

CD68+pSMAD3+ 0.72 0.364–1.432 0.351

CD68+TGFb+ 0.50 0.252–1.001 0.050 0.69 0.328–1.449 0.327

CD68+FOXP+ 1.02 0.485–2.146 0.957

CD68+CD163+ (M2) 0.42 0.206–0.847 0.015 0.45 0.221–0.932 0.032

CD68+CD86+ (M1) 0.99 0.460–2.134 0.982

Factors with a threshold p value < 0.10 were selected for the final model.
HR hazard ratio, CI confidence interval, CEA carcinoembryonic antigen, CLM colorectal liver metastasis.
Statistically significant p-values are in bold.
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Fig. 5 Kaplan–Meier survival analysis. a, b Kaplan–Meier survival analysis of RFS demonstrated the survival benefit of high M2 macrophage
subtype and low pSMAD3 macrophage expression in CLM with preoperative chemotherapy (n= 56). Median value used as cutoff.
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characterization is challenging. As macrophages exist along a
polarization spectrum at any given point in time and single markers
to clearly define these macrophage populations are lacking,
combinations of markers are necessary to identify macrophage
subsets. Our analysis revealed that the density of M2 macrophages
was higher than the density of M1 macrophages in the entire cohort
of CLM, was significantly lower in the CLM of patients who received
preoperative chemotherapy, and predicted better RFS in patients
with CLM.
Our finding of CD68+CD163+M2 macrophage polarization in

CLM is in accordance with prior studies, which suggest that most
TAMs exhibit an M2 phenotype [32–35]. Wu et al. also demon-
strated that MRC1+CCL18+M2 macrophages had higher meta-
bolic activity in CLM than in primary colorectal cancer. These
authors hypothesized that metastatic tumor cells, through
expression of the ligand CD47, may recruit M2 macrophages via
the SIRPA receptor [36].
Breast cancer, prostate cancer, lung cancer, and colorectal

cancer have demonstrated an increase in TAM infiltration after
neoadjuvant chemotherapy [37]. In contrast, we observed lower
density of total macrophages, M2 macrophages, and TGFβ-
expressing macrophages in patients who received preoperative
chemotherapy than in patients who did not receive preoperative
chemotherapy. This is in accordance with a previous study in
which preoperative chemotherapy led to downregulation of the
metabolic status of M2 macrophages and upregulation of
cytotoxic T cells [36]. We did not observe any difference in the
density of cytotoxic T cells between patients who did and did not
receive preoperative chemotherapy.
The density of helper T cells and cytotoxic T cells was

significantly higher in CLM with left-sided colonic primary tumors.
Guo et al. also demonstrated that left-sided colonic primary

tumors had high infiltration by cytotoxic T cells [38]. We found
that CLM with right-sided colonic primary tumors had higher
density of TGFβ-expressing macrophages.
Macrophage polarization has been extensively studied in the

literature, and the distinct roles of M1 and M2 macrophages in the
TME have been broadly outlined. Briefly, M1 macrophages are
considered anti-tumor due to their cytotoxic effect on tumors cells
exerted via tumor necrosis factor-α and nitric oxide, whereas M2
macrophages are considered protumorigenic due to their
immunosuppressive and angiogenic roles [16]. Previous studies
have shown that M2 macrophages are associated with worse
prognosis in primary colorectal cancer [39], lung adenocarcinoma
[16], ovarian cancer [40], breast cancer, and esophageal cancer
[41]. In contrast, Algars et al. [42] and Nagorsen et al. [43] observed
that CD163-expressing M2 macrophages were associated with a
better prognosis in colorectal cancer using CLEVER1/Stabillin-1.
Koelzer et al. [24] and Algars et al. [42] also identified CD68+ TAMs
as a positive prognostic factor in colorectal cancer. Consistent with
the findings of Algers et al., Nagrosen et al. and Koelzer et al. in
primary colorectal cancer, we found that high CD68+CD163+M2
macrophage density was associated with longer RFS. These results
were further supported by our finding that TGFβ expression on
macrophages potentiated the effect of M2 macrophages on RFS.
Our finding that higher density of pSMAD3-expressing macro-
phages correlated with shorter RFS in the cohort with preopera-
tive chemotherapy on both univariate and multivariate analysis
(Fig. 4e, f) is interesting; this finding suggests that preoperative
chemotherapy causes TME alterations in CLM leading to a
significant reduction in M2 macrophage function and augments
the impact of pSMAD3 expression by macrophages on survival.
One of the limitations of this study include assessment of

macrophages subtypes on TMA and not on whole tumor sections.

Table 6. Univariate and multivariate Cox proportional hazard model recurrence free survival analysis for clinicopathologic features and adaptive T
cell and macrophage phenotypes in CLM with preoperative chemotherapy (n-56).

Factor Univariate Multivariate

HR 95% CI p value HR 95% CI p value

Age (year) 0.99 0.961–1.018 0.458

Gender 0.93 0.524–1.665 0.817

Primary tumor location 0.94 0.474–1.859 0.855

Primary tumor T stage (T3-T4) 2.07 0.497–8.577 0.318

Primary nodal status (N1) 1.33 0.687–2.585 0.396

Synchronous liver metastasis 1.25 0.671–2.318 0.485

Preoperative CEA level (>5 ng/mL) 0.81 0.444–1.466 0.482

Post hepatectomy chemotherapy 1.90 0.874–4.123 0.106

Diameter of largest liver metastasis (>5 cm) 0.56 0.236–1.332 0.190

Number of liver metastasis 1.38 0.765–2.475 0.286

Liver resection margin 0.96 0.379–2.448 0.936

Major pathological responsea 1.45 0.792–2.657 0.229

Cell phenotype

CD68+ 0.63 0.345–1.142 0.127

CD68+pSMAD3+ 2.01 1.113–3.634 0.021 1.96 1.052–3.655 0.034

CD68+TGFb+ 0.88 0.490–1.594 0.681

CD68+FOXP+ 0.91 0.487–1.709 0.776

CD68+CD163+ (M2) 0.44 0.235–0.833 0.012 0.69 0.262–1.815 0.450

CD68+CD86+ (M1) 1.67 0.895–3.119 0.107

Factors with a threshold p value < 0.10 were selected for the final model.
HR hazard ratio, CI confidence interval, CEA carcinoembryonic antigen, CLM colorectal liver metastasis.
aData of major pathological response was missing in 3 patients.
Statistically significant p-values are in bold
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This may not sufficiently capture heterogeneity in density and
distribution of macrophages. We analyzed an average of 1.9 cores
per tumor and using a TMA gave us the advantage of staining all
samples uniformly to avoid any batch effects. A correlative study
of matched TMA and whole tumor section will address the impact
of heterogeneity in multiplex immunofluorescence analysis for
CLM as well as for other sites of colorectal cancer.
A sizable proportion of CD68+ macrophages did not show M1

or M2 polarization. That is likely because the state of polarization is
described as the phenotype of the macrophage at a given point in
time, hence TAMs exposed to multiple stimuli in the TME might
exhibit phenotypes not readily classified as M1 or M2 [44–46].
Multiplex immunofluorescence enabled us to incorporate a wide
array of markers for macrophage characterization. However,
calculating the nearest neighbor distances can help us correlate
the spatial distribution and proximity of macrophage and T cell
phenotypes to tumor cells to determine the role of geographical
distribution of immune cells in tumor biology. Using techniques
like NanoString digital spatial profiling, bulk RNA sequencing or
single cell sequencing would help us further delineate the
macrophage subpopulations. Lastly, performing macrophage
phenotype analysis and quantification in an independent valida-
tion cohort would be the next step to further validate our findings.

CONCLUSION
In summary, ours is one of the first studies to quantify
macrophages and analyze the prognostic significance of macro-
phage polarization in CLM using multiplex immunofluorescence.
Our results provide insights into the TME of CLM and identify M2
macrophages as a predictor of better RFS. This indicates that if
further studies into the role of M2 macrophages in CLM support
our findings, targeted therapy to upregulate M2 macrophages in
CLM without neoadjuvant therapy may be developed to improve
prognosis. Our findings are novel; however, because of the
extreme plasticity of macrophages, it will be important to explore
the possibility that macrophage polarization in CLM does not
strictly adhere to the M1/M2 model.
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