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Abstract

Background: Biological evidence indicates that smoking can influence macrophage functions and polarization, thereby
promoting tumor evolution. We hypothesized that the association of smoking with colorectal cancer incidence might differ
by macrophage infiltrates. Methods: Using the Nurses’ Health Study and the Health Professionals Follow-up Study, we exam-
ined the association of smoking with incidence of colorectal cancer subclassified by macrophage counts. Multiplexed immu-
nofluorescence (for CD68, CD86, IRF5, MAF, and MRC1 [CD206]) combined with digital image analysis and machine learning
was used to identify overall, M1-polarized, and M2-polarized macrophages in tumor. We used inverse-probability–weighted
multivariable Cox proportional hazards regression models to control for potential confounders and selection bias because of
tissue data availability. All statistical tests were 2-sided. Results: During follow-up of 131 144 participants (3 648 370 person-
years), we documented 3092 incident colorectal cancer cases, including 871 cases with available macrophage data. The asso-
ciation of pack-years smoked with colorectal cancer incidence differed by stromal macrophage densities (Pheterogeneity ¼ .003).
Compared with never smoking, multivariable-adjusted hazard ratios (95% confidence interval) for tumors with low macro-
phage densities were 1.32 (0.97 to 1.79) for 1-19 pack-years, 1.31 (0.92 to 1.85) for 20-39 pack-years, and 1.74 (1.26 to 2.41) for 40
or more pack-years (Ptrend ¼ .004). In contrast, pack-years smoked was not statistically significantly associated with the inci-
dence of tumors having intermediate or high macrophage densities (Ptrend > .009, with an a level of .005). No statistically sig-
nificant differential association was found for colorectal cancer subclassified by M1-like or M2-like macrophages.
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Conclusions: The association of smoking with colorectal cancer incidence is stronger for tumors with lower stromal
macrophage counts. Our findings suggest an interplay of smoking and macrophages in colorectal carcinogenesis.

Smoking is recognized as one of the most established risk factors
for colorectal cancer (1). Colorectal cancer comprises heteroge-
neous tumors with complex interactions between neoplastic and
immune cells in the tumor microenvironment (2-5). Accordingly,
evidence indicates that the magnitude of the association of
smoking with colorectal cancer incidence differs by tumor sub-
types (6-12). For example, several studies have consistently
shown that the association of smoking with colorectal cancer in-
cidence is stronger for microsatellite instability (MSI)-high tumors
compared with non–MSI-high tumors (10,12). A recent study
has also reported that the association of smoking with colorectal
cancer incidence was stronger for MSI-high and non-MSI-high
tumors containing a higher density of CD3þ cells (8). These find-
ings emphasize not only the importance of clarifying the hetero-
geneity of colorectal cancer but also the future potential of
developing immune-based cancer prevention strategies (3,4,13).

Tumor-associated macrophages are among the most abun-
dant types of immune cells in the tumor microenvironment and
are known to influence tumor evolution (14-17). Two functional
subgroups of macrophages namely, pro-inflammatory M1-like
macrophages and anti-inflammatory M2-like macrophages—
represent a phenotypic spectrum (18). In addition, macrophages
have been shown to exhibit wide functional plasticity and het-
erogenous phenotypes in response to environmental stimuli
(18-21). The abundance of macrophages has been associated
with clinical outcomes in colorectal cancer patients (22,23).

Evidence suggests that smoking may influence macrophage
functions and polarization, which could potentially promote tu-
mor development (24). However, to our knowledge, no study
has yet examined the effect of smoking on colorectal cancer in-
cidence according to macrophage infiltration in cancer tissue.
We therefore hypothesized that the association of smoking
with colorectal cancer incidence might differ by macrophage
counts. We tested this hypothesis using 2 large US prospective
cohort studies that included data on incident colorectal cancer
cases and macrophage counts and polarization determined by
multiplex immunofluorescence assays.

Methods

Study Population

As shown in Figure 1, we used data from 2 large US prospective
cohort studies: the Nurses’ Health Study (NHS; 121 701 women
aged 30-55 years at enrollment followed-up since 1976) and the
Health Professionals Follow-up Study (HPFS; 51 529 men aged
40-75 years at enrollment followed-up since 1986) (25). In both
cohorts, participants were required to report their lifestyle fac-
tors, including smoking behavior and newly diagnosed diseases
every 2 years and to report dietary data using the food fre-
quency questionnaires every 4 years (26). The follow-up rate
has been more than 90% for each follow-up questionnaire cycle
in both cohorts. In this analysis, we excluded participants who
met any of the following exclusion criteria at the baseline (1980
for the NHS and 1986 for the HPFS): 1) no data on smoking habits
or vital statistics, 2) unreasonable total calorie intake (<600 or
>3500 calories/d for women, and <800 or >4200 calories/d for
men), and 3) history of inflammatory bowel disease or cancer

(except for nonmelanoma skin cancer). Participants were fol-
lowed-up until colorectal cancer diagnosis, death, loss to
follow-up, or the end of follow-up (June 1, 2014, for the NHS;
January 1, 2014, for the HPFS), whichever came first.

Informed consent was obtained from all participants at en-
rollment in the NHS and the HPFS, and additional consent for
tissue analyses was obtained before tissue collection. The study
protocol was approved by the institutional review boards of the
Brigham and Women’s Hospital and Harvard T.H. Chan School
of Public Health. In addition, this study followed the state regis-
try rules and policies for the use of cancer registry data for
research.

Assessment of Smoking Behavior

The details of the assessment of smoking behavior were de-
scribed previously (8,12). Briefly, smoking status and daily ciga-
rette consumption have been reported by participants every 2
years since 1980 (for the NHS) and 1986 (for the HPFS). On the
baseline questionnaires, they also reported their age when they
began smoking and ceased smoking if applicable. Every 2 years,
participants have updated their current smoking status and av-
erage daily cigarette consumption in the preceding 2 years.
Information on cumulative pack-years smoked in each partici-
pant has been updated every 2 years.

Acquisition of Colorectal Cancer Cases

In both cohorts, incident colorectal cancer cases were identi-
fied based on biennial questionnaires. For nonrespondents,
colorectal cancer–related deaths were ascertained through
the National Death Index and US post office authorities. To
confirm the diagnosis and to record tumor characteristics (eg,
disease stage and primary tumor location), study physicians
who were blinded to exposure data reviewed medical records
of identified colorectal cancer cases. Formalin-fixed paraffin-
embedded tissue specimens were retrieved from hospitals
throughout the United States. The study pathologist (S.O.) con-
firmed diagnosis of colorectal cancer. We included both colon
and rectal cancers based on the colorectal continuum model
(27,28).

Multiplex Immunofluorescence and Tumor Analysis

As previously described (29), we used multiplex immunofluo-
rescence combined with digital image analysis and machine
learning to identify and count M1-polarized and M2-polarized
macrophages (Figure 2). Tissue microarray was made using
2-4 tissue cores from each tumor, as previously indicated
(30). The multiplex immunofluorescence panel contained a
pan-macrophage marker (CD68), 2 M1 phenotype markers
(CD86, IRF5), 2 M2 phenotype markers [MAF, MRC1 (CD206)],
a tumor epithelial cell marker [KRT (keratin, cytokeratin)],
and a nuclear marker (40,6-diamidino-2-phenylindole) follow-
ing standardized protein nomenclature recommended by
a panel of experts (31). We scanned the immunofluorescence
slides using the Vectra 3.0 System (Akoya Biosciences,
Hopkinton, MA, USA). The images were processed with
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pathologist-supervised machine learning algorithms within
the inForm software package to perform tissue category
segmentation, cell segmentation, and cell type classification.
We calculated the M1:M2 polarization index using the formula
“(CD86� IRF5)/(MRC1�MAF).” We defined the highest 30% of

the index as M1-like macrophages and the lowest 30% as M2-
like macrophages. We calculated a cell density measure (cells
per square millimeter) in tumor intraepithelial and stromal
regions separately. CD3þ cell density and tumor MSI status
were determined as previously described (32).

Nurses’ Health Study (NHS)
(N=121,701 women aged 30-55 years)

Health Professionals Follow-up Study (HPFS)
(N= 51,529 men aged 40-75 years in 1986)

Baseline exclusions:
� History of inflammatory bowel disease or cancer (n=6,927)
� Missing data on smoking habits or vital statistics (n=34,740)
� Implausible energy intake (n=419)

131,144 participants were followed up until 2014; Smoking data were 
assessed every two years.

3,092 incident colorectal cancer cases were documented

Primary analysis
Smoking and colorectal cancer

incidence subclassified by
tumor-associated

macrophages (n=871)

Inverse probability weighting
method: using all of the 3,092
incident colorectal cancer to
adjust for selection bias

Tumor-associated macrophage
data available (n=871)

Tumor-associated macrophage
data not available (n= 2,221)

Figure 1. Flow diagram of the study population in the Nurses’ Health Study and the Health Professionals Follow-up Study.

CD68 CD86 IRF5 MAF 
MRC1 KRT DAPI

M1-like macrophage 
M2-like macrophage
Tumor cell Other cell

Nucleus Tumor epithelium 
Stroma Other

Cell segmentation Tissue category
classification

Cell type classificationMultiplex 
immunofluorescence

Figure 2. Representative images of the quantification of macrophage counts and polarization in the colorectal cancer microenvironment using a customized multiplex

immunofluorescence assay. The multiplex immunofluorescence images were processed with pathologist-supervised image analysis algorithms to perform cell seg-

mentation, tissue category classification, and cell type classification. The scale bar is 100 mm. The details were described in our previous article (26).
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Statistical Analyses

Details of statistical analyses are described in the
Supplementary Methods (available online). All statistical analy-
ses were conducted using SAS software (version 9.4, SAS
Institute, Cary, NC, USA). All P values were 2-sided, and we used
the stringent a level of .005 as recommended by the expert sta-
tisticians (33). Our primary hypothesis testing was an assess-
ment of heterogeneity in the associations of cumulative pack-
years smoked (a continuous variable with a ceiling at 50 pack-
years to eliminate outlier effect) with the incidence of colorectal
cancer subgroups defined by macrophage density measures. All
other assessments were secondary analyses.

We used multivariable Cox proportional hazards models to
estimate the hazard ratio (HR) of colorectal cancer incidence. To
assess differential associations of smoking variables with colo-
rectal cancer subgroups by macrophage densities, we applied
the duplication-method Cox regression model for competing
risks (34). To test whether the strength of the exposure–out-
come association might differ across the ordinal subtypes, we
used the meta-regression method with a subtype-specific ran-
dom effect term. The multivariable Cox regression models in-
cluded body mass index (continuous with a ceiling at 35 kg/m2),
family history of colorectal cancer in any first-degree relative
(yes or no), physical activity (continuous with a ceiling at 50
metabolic equivalent task score-h/week), regular use of aspirin
or nonsteroidal antiinflammatory drugs (yes or no), alcohol con-
sumption (continuous with a ceiling at 30 g/d), red and proc-
essed meat intake (continuous with a ceiling at 14 servings/
week), and folate intake (continuous with a ceiling at 1000 lg/d).
For the NHS-only analyses, we additionally adjusted for meno-
pausal hormone therapy (yes or no). To control for confounding
by age, calendar time, and sex (ie, cohort), the Cox models were
stratified by these factors using the “strata” option in SAS.
Analyses were conducted in each stratum of combined statuses
of age, calendar time, and sex (ie, cohort) and then summary
hazard ratios were obtained. Proportional hazards assumptions
were assessed by including an interaction term between

cumulative pack-years and follow-up time and found to be jus-
tified. To control for selection bias due to macrophage density
data availability, the inverse probability weighting (IPW)
method (35) was integrated into multivariable Cox proportional
hazards model using covariate data on the 3092 colorectal can-
cer. Proportional hazards assumptions were assessed by includ-
ing an interaction term between cumulative pack-years smoked
and follow-up time in the Cox model and found to be justified
for analyses of all 3092 incident cases, 871 incident cases with
available macrophages data, and 2221 incident cases without
available macrophages data.

Use of Standardized Official Symbols

We used Human Genome Organisation–approved official sym-
bols (or root symbols) for genes and gene products, including
CD3, CD68, CD86, IRF5, KRT, MAF, and MRC1, all of which are de-
scribed at www.genenames.org. The gene symbols are italicized
to differentiate from nonitalicized gene product names.

Results

Age-standardized characteristics of participants in the prospec-
tive cohort studies according to cumulative pack-years smoked
are shown in Table 1. During the follow-up of 131 144 partici-
pants (3 648 370 person-years), we documented 3092 incident
colorectal cancer cases, including 871 cases with available
tumor-associated macrophage data. Cumulative pack-years
smoked were associated with the incidence of overall colorectal
cancer, using the 3092 incident colorectal cancers, with a multi-
variable-adjusted hazard ratio of 1.28 (95% confidence interval
[CI] ¼ 1.15 to 1.42) for those who smoked 40 pack-years and
more compared with never smokers (Supplementary Table 1,
available online). This association was similarly apparent in
analyses using the 871 cases with macrophage data and in anal-
yses using the 2221 cases without macrophage data
(Supplementary Table 1, available online). In further analyses,

Table 1. Age-standardized characteristics of participants according to cumulative pack-years smoked in the NHS (1980-2014) and the HPFS
(1986-2014)

Characteristica

Women (NHS) Men (HPFS)

Cumulative pack-years smoked Cumulative pack-years smoked

0 1-19 20-39 �40 0 1-19 20-39 �40
(n¼ 38 062) (n¼26 603) (n¼15 649) (n¼ 6043) (n¼ 21 193) (n¼ 10 387) (n¼8277) (n¼ 4930)

Mean age (SD), y 61.7 (11.9) 60.2 (11.9) 60.5 (11.4) 64.8 (9.8) 63.9 (11.5) 63.9 (11.3) 66.0 (11.1) 68.9 (9.8)
Family history of colorectal cancer, % 13.6 13.8 13.8 12.9 12.7 12.5 12.7 12.3
Mean BMI (SD), kg/m2 25.5 (4.7) 25.2 (4.6) 25.2 (4.5) 25.1 (4.4) 25.6 (3.4) 25.7 (3.1) 26.3 (3.6) 26.4 (3.6)
Postmenopausal status, % 77.5 76.8 80.5 88.0 — — — —

Menopausal hormone therapy, % 26.4 27.9 24.3 20.9 — — — —
History of colonoscopy/sigmoidoscopy, % 41.5 44.7 39.9 36.2 56.0 57.7 53.8 49.0
Regular use of aspirin, % 34.2 35.0 36.4 37.2 46.1 49.0 49.6 50.6
Regular use of other NSAIDs, % 35.0 38.1 38.4 34.4 16.2 19.1 17.8 16.9
Physical activity, mean (SD), METS-h/wk 16.6 (16.8) 18.1 (18.7) 16.8 (17.7) 13.3 (14.4) 29.3 (24.7) 29.6 (24) 26.1 (22.7) 20.7 (20.1)
Alcohol intake, mean (SD), g/d 3.8 (6.9) 6.9 (8.9) 8.0 (10.6) 9.9 (13.3) 8.0 (11.1) 12.5 (13.8) 14.3 (15.8) 16.6 (18.7)
Red and processed meat intake, mean

(SD), servings/wk
6.6 (3.7) 6.3 (3.5) 6.6 (3.6) 7.1 (3.7) 6.1 (4.3) 6.1 (4.2) 6.8 (4.6) 7.9 (5.1)

Total folate intake, mean (SD), lg/d 432 (212) 442 (213) 413 (204) 389 (208) 552 (253) 563 (256) 524 (251) 494 (246)

aAll variables other than age were standardized to age distribution of each cohort. Mean (SD) for continuous variables or percentages for categorical variables are pre-

sented. BMI ¼ body mass index; HPFS ¼ Health Professionals Follow-up Study; METS ¼metabolic equivalent task score; NHS ¼ Nurses’ Health Study; NSAID ¼ nonste-

roidal anti-inflammatory drug.
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we used the IPW and all of the 3092 incident cases to adjust for
selection bias because of macrophage data availability.

In our primary hypothesis testing, the association of pack-
years smoked with colorectal cancer incidence differed by the
macrophage density in tumor stromal areas (Pheterogeneity ¼ .003;
Table 2). Compared with never smoking, multivariable-adjusted

hazard ratios (95% CI) for tumors with low (tertile 1) macro-
phage densities were 1.32 (0.97 to 1.79) for 1-19 pack-years, 1.31
(0.92 to 1.85) for 20-39 pack-years, and 1.74 (1.26 to 2.41) for 40
and more pack-years (Ptrend ¼ .004). In contrast, pack-years
smoked were not statistically significantly associated with the
incidence of tumors having intermediate (tertile 2) or high

Table 2. Cumulative pack-years smoked and colorectal cancer incidence, overall and by stromal macrophage density

Colorectal cancer subtype

Cumulative pack-years smoked

Ptrend
a Pheterogeneity

b0 1-19 20-39 �40

Person-years 1 695 634 985 798 579 878 387 060
All colorectal cancer (N¼871)

No. 361 209 149 152
Age-adjusted HR (95% CI)c 1 (Referent) 1.09 (0.91 to 1.29) 1.14 (0.94 to 1.38) 1.38 (1.14 to 1.67) <.001 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 1.08 (0.91 to 1.29) 1.09 (0.90 to 1.33) 1.27 (1.04 to 1.55) .02 —

Macrophage density .003d

Low (n¼ 288)
No. 106 71 50 61
Age-adjusted HR (95% CI)c 1 (Referent) 1.32 (0.98 to 1.80) 1.36 (0.96 to 1.91) 1.89 (1.37 to 2.60) <.001 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 1.32 (0.97 to 1.79) 1.31 (0.92 to 1.85) 1.74 (1.26 to 2.41) .004 —

Intermediate (n¼ 294)
No. 125 60 53 56
Age-adjusted HR (95% CI)c 1 (Referent) 0.83 (0.61 to 1.13) 1.09 (0.79 to 1.51) 1.50 (1.09 to 2.05) .002 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 0.83 (0.61 to 1.13) 1.04 (0.75 to 1.44) 1.38 (1.01 to 1.90) .01 —

High (n¼ 289)
No. 130 78 46 35
Age-adjusted HR (95% CI)c 1 (Referent) 1.12 (0.85 to 1.48) 0.99 (0.70 to 1.38) 0.89 (0.61 to 1.30) .36 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 1.12 (0.84 to 1.48) 0.95 (0.68 to 1.34) 0.82 (0.56 to 1.20) .17 —

M1-like macrophage density .63
Low (n¼ 289)

No. 126 63 50 50
Age-adjusted HR (95% CI)c 1 (Referent) 0.93 (0.68 to 1.26) 1.04 (0.75 to 1.45) 1.28 (0.92 to 1.79) .10 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 0.93 (0.68 to 1.26) 1.01 (0.72 to 1.40) 1.19 (0.85 to 1.66) .24 —

Intermediate (n¼ 290)
No. 112 71 50 57
Age-adjusted HR (95% CI)c 1 (Referent) 1.20 (0.89 to 1.62) 1.23 (0.88 to 1.72) 1.74 (1.27 to 2.40) .003 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 1.19 (0.88 to 1.61) 1.17 (0.83 to 1.65) 1.61 (1.17 to 2.23) .02 —

High (n¼ 288)
No. 123 75 49 45
Age-adjusted HR (95% CI)c 1 (Referent) 1.11 (0.83 to 1.47) 1.12 (0.80 to 1.56) 1.18 (0.84 to 1.65) .27 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 1.10 (0.83 to 1.47) 1.08 (0.77 to 1.51) 1.08 (0.77 to 1.52) .57 —

M2-like macrophage density .12
Low (n¼ 291)

No. 113 66 56 56
Age-adjusted HR (95% CI)c 1 (Referent) 1.25 (0.92 to 1.69) 1.37 (0.99 to 1.89) 1.65 (1.20 to 2.28) .004 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 1.23 (0.90 to 1.67) 1.31 (0.94 to 1.82) 1.52 (1.10 to 2.10) .02 —

Intermediate (n¼ 292)
No. 122 71 47 52
Age-adjusted HR (95% CI)c 1 (Referent) 0.95 (0.71 to 1.28) 1.04 (0.74 to 1.47) 1.42 (1.03 to 1.96) .02 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 0.96 (0.71 to 1.28) 1.00 (0.71 to 1.41) 1.32 (0.95 to 1.83) .08 —

High (n¼ 288)
No. 126 72 46 44
Age-adjusted HR (95% CI)c 1 (Referent) 1.05 (0.78 to 1.40) 0.99 (0.71 to 1.39) 1.12 (0.79 to 1.59) .60 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 1.05 (0.78 to 1.40) 0.96 (0.68 to 1.34) 1.03 (0.73 to 1.47) .99 —

aPtrend was calculated using pack-years as a continuous variable with a ceiling at 50 pack-years; 50 pack-years were used for pack-years greater than 50 to eliminate

outlier effects. BMI ¼ body mass index; CI ¼ confidence interval; HR ¼ hazard ratio.
bPheterogeneity was calculated using the meta-regression method with a subtype-specific random effect term.
cInverse probability weighting was applied to reduce a potential selection bias because of the differential availability of macrophage density data (see “Statistical analy-

ses” subsection in the Supplementary Methods, available online for details). The Cox models were stratified by age, calendar year of questionnaire cycle, and sex (ie, co-

hort). Multivariable models are adjusted for BMI (continuous with a ceiling at 35 kg/m2), family history of colorectal cancer in any first-degree relative (yes or no),

physical activity (continuous with a ceiling at 50 metabolic equivalent task score-h/week), regular use of aspirin or nonsteroidal antiinflammatory drugs (yes or no), al-

cohol consumption (continuous with a ceiling at 30 g/d), red and processed meat intake (continuous with a ceiling at 14 servings/week), and folate intake (continuous

with a ceiling at 1000 lg/d).
dStatistically significant at the stringent a level of .005.
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(tertile 3) macrophage densities (Ptrend > .009, with the a level of
.005). We confirmed that similar results were obtained by a sen-
sitivity analysis without IPW adjustment (Supplementary Table
2, available online). We did not observe a statistically significant
difference in the associations with tumor subgroups by stromal
M1 or M2 macrophage densities (Table 2) or tumor intraepithe-
lial macrophage densities (Supplementary Table 3, available
online).

In secondary analyses, we found a differential association of
smoking status with the incidence of colorectal cancer subclas-
sified by tumor stromal macrophage densities (Pheterogeneity ¼
.001; Table 3). Compared with never smokers, current smokers
were associated with higher incidence of colorectal cancer hav-
ing low stromal macrophage densities (multivariable-adjusted
HR ¼ 1.80, 95% CI ¼ 1.23 to 2.61), whereas there was no such as-
sociation with cancer having intermediate or high stromal mac-
rophage densities (Table 3).

In analyses of smoking cessation, no statistically significant
heterogeneity between tumor subgroups by macrophage densi-
ties was observed (Supplementary Table 4, available online).

To investigate the potential influence of MSI status and T-
cell density on our findings, we performed additional stratified
analyses according to MSI status and CD3þ cell densities. We
conducted analyses limited to non–MSI-high tumors, which
yielded similar differential associations of pack-years with colo-
rectal cancer incidence by stromal macrophage densities
(Pheterogeneity < .001; Table 4). We also conducted analyses using
MSI-high tumors, but the small event count of MSI-high tumors
precluded a robust assessment (Supplementary Table 5, avail-
able online). Although statistical significance was not reached
at the stringent 2-sided a level of .005, the association of
pack-years smoked with colorectal cancer incidence differed
by stromal M2 macrophage densities in non–MSI-high tumors
(Pheterogeneity ¼ .04). In analyses stratified by stromal CD3þ cell
densities, the differential association according to stromal mac-
rophage densities appeared consistent regardless of CD3þ cell
densities in tumor stromal regions (Supplementary Table 6,
available online).

We also conducted stratified analyses by sex (ie, cohort)
and observed similar findings in both men and women
(Supplementary Table 7, available online). Last, we conducted
sensitivity analyses excluding early-onset colorectal cancer
diagnosed before 50 years of age (N¼ 19). We confirmed that
the differential association according to stromal macrophage
densities was observed in later-onset colorectal cancer
(Supplementary Table 8, available online).

Discussion

Colorectal cancer is a heterogeneous group of tumors influ-
enced by tumor-immune interactions as well as various lifestyle
factors such as smoking (4,36-38). Considering experimental ev-
idence for the immunosuppressive effect of smoking (39,40), we
hypothesized that the tumor-promoting effect of smoking
might be stronger for tumors having particular immune fea-
tures. Using the large prospective cohort studies, we found that
the association of pack-years smoked with colorectal cancer in-
cidence was stronger for tumors having lower stromal macro-
phage densities. Our data provide evidence for influences of
smoking on tumor-associated macrophages.

Tumor-associated macrophages constitute an essential
component of the tumor microenvironment (18,41). M1-like
macrophages play pivotal roles in phagocytosis, antigen

presentation, and antitumor immune response, whereas M2-
like macrophages typically exhibit immunosuppressive func-
tions (41). Considering their phenotypic heterogeneity, there is
an increasing need to better characterize tumor-associated
macrophages. However, there is no single specific marker for
M1-like or M2-like macrophages. We therefore used a multiplex
immunofluorescence assay that incorporates a pan-
macrophage marker (CD68), 2 markers generally expressed in
M1-like macrophages (CD86, IRF5), 2 markers generally
expressed in M2-like macrophages (MAF, MRC1), and a tumor
epithelial cell marker (KRT). Our method enabled us to generate
more granular data that could not be obtained by traditional
single-color immunohistochemistry.

Smoking has been reported to promote tumorigenesis in var-
ious organs (42), possibly through various mechanisms such as
epigenetic alterations (43) and suppression of antitumor immu-
nity (40,44). Previous studies have shown that smoking impairs
the phagocytic function of macrophages (24,40) and augments
the function of M2-like macrophages (45,46). Evidence also indi-
cates that immunosuppressive macrophages may promote tu-
morigenesis (47) and that macrophage densities in colorectal
cancer tissue are associated with clinical outcomes (22,23,48).
Specifically, higher densities of overall and M1-like macro-
phages were associated with lower mortality, but higher densi-
ties of M2-like macrophages were associated with higher
mortality (22,23,48). Considering these lines of evidence, our
finding may suggest that, without the immunosuppressive ef-
fect of smoking, a portion of tumors may be eliminated by the
phagocytic function or the antitumor immune response medi-
ated by macrophages, but because of suppressive effects of
smoking, those tumors may progress to become clinically de-
tectable carcinomas.

Evidence suggests differential tumor characteristics
between early-onset and later-onset colorectal cancers (49-52).
Although we observed the differential association of smoking
with the incidence of later-onset colorectal cancer by macro-
phage densities, analyses for early-onset colorectal cancer were
underpowered. Further studies are needed to examine immune
features of early-onset colorectal cancer in relation to lifestyle
exposures.

We acknowledge some limitations of this study. First, mea-
surement errors may exist in both questionnaire-based and
tissue-based data. We conducted a careful validation in our
multiplexed assay to measure tumor-associated macrophages
(29). Second, we used the multiplex immunofluorescence assay
for evaluating macrophage polarization, and defined M1-like
and M2-like macrophages as the highest and lowest 30 percen-
tiles, respectively, of the M1:M2 index values using the 4
markers (CD86, IRF5, MAF, and MRC1). There is no established
standardized method to characterize macrophage polarization
in archival tissue (53), and the estimates of the occurrence of
M1-like and M2-like macrophages have varied between studies
(16,22,23). Nevertheless, both M1-like and M2-like macrophage
densities determined by our method demonstrated prognostic
significance in our previous study (29). Third, macrophage data
were not available for all colorectal cancer cases within the
cohorts. However, we applied the IPW method (35) using all of
the 3092 incident colorectal cancers to adjust for the selection
bias because of tissue availability. Fourth, there was multiple
hypothesis testing using multiple macrophage measures.
However, we adopted the stringent a level of .005 (33), which
should decrease the possibility of false-positive findings. Fifth,
to maximize statistical power, our analyses were based on the
mixed datasets consisting of the 2 prospective cohort studies
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(NHS and HPFS), which might affect generalizability. Although
there was between-study heterogeneity, we conducted tests of
heterogeneity using the Q statistic and observed no statistically
significant heterogeneity between the 2 cohorts (Pheterogeneity >

.31) in the analyses of pack-years smoked in relation to the inci-
dence of colorectal cancer subclassified by macrophages densi-
ties. Lastly, our study participants were non-Hispanic White
health professionals, and therefore, our findings should be vali-
dated in other populations.

This study has several strengths. First, in our prospective co-
hort design, information on smoking and other factors was col-
lected before the subsequent diagnosis of colorectal cancer,
which avoided differential recall bias between those who devel-
oped cancers and those who did not. Second, more than 131 000
study participants provided updated information on smoking
and potential confounders at each questionnaire cycle.
Therefore, we were able to evaluate the long-term effect of
smoking on incidence of colorectal cancer subtype while

Table 3. Smoking status and colorectal cancer incidence, overall and by stromal macrophage density

Colorectal cancer subtype

Smoking status

Ptrend
a Pheterogeneity

bNever Former Current

Person-years 1 695 634 1 473 952 443 913
All colorectal cancer (N¼868)

No. 361 424 83
Age-adjusted 1 (Referent) 1.20 (1.07 to 1.34) 1.16 (0.96 to 1.40) .004 —
Multivariable-adjusted 1 (Referent) 1.17 (1.05 to 1.31) 1.07 (0.88 to 1.30) .06 —

Macrophage density .001d

Low (n¼ 287)
No. 106 139 42
Age-adjusted HR (95% CI)c 1 (Referent) 1.42 (1.10 to 1.83) 1.95 (1.34 to 2.84) <.001 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 1.39 (1.07 to 1.79) 1.80 (1.23 to 2.61) .001 —

Intermediate (n¼ 292)
No. 125 141 26
Age-adjusted HR (95% CI)c 1 (Referent) 1.09 (0.85 to 1.38) 1.13 (0.73 to 1.75) .47 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 1.06 (0.83 to 1.35) 1.04 (0.67 to 1.61) .71 —

High (n¼ 289)
No. 130 144 15
Age-adjusted HR (95% CI)c 1 (Referent) 1.14 (0.90 to 1.45) 0.59 (0.35 to 1.01) .47 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 1.12 (0.88 to 1.42) 0.54 (0.32 to 0.93) .27 —

M1-like macrophage density .40
Low (n¼ 287)

No. 126 125 36
Age-adjusted HR (95% CI)c 1 (Referent) 1.01 (0.79 to 1.29) 1.35 (0.92 to 1.99) .28 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 0.99 (0.77 to 1.27) 1.25 (0.85 to 1.84) .47 —

Intermediate (n¼ 289)
No. 112 145 32
Age-adjusted HR (95% CI)c 1 (Referent) 1.35 (1.05 to 1.73) 1.51 (1.00 to 2.26) .008 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 1.32 (1.03 to 1.70) 1.38 (0.92 to 2.07) .03 —

High (n¼ 292)
No. 123 154 15
Age-adjusted HR (95% CI)c 1 (Referent) 1.25 (0.99 to 1.58) 0.66 (0.38 to 1.13) .92 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 1.22 (0.96 to 1.55) 0.60 (0.35 to 1.04) .76 —

M2-like macrophage density .10
Low (n¼ 290)

No. 113 148 29
Age-adjusted HR (95% CI)c 1 (Referent) 1.44 (1.13 to 1.84) 1.33 (0.87 to 2.03) .01 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 1.40 (1.09 to 1.79) 1.22 (0.80 to 1.87) .03 —

Intermediate (n¼ 290)
No. 122 136 32
Age-adjusted HR (95% CI)c 1 (Referent) 1.07 (0.84 to 1.37) 1.31 (0.88 to 1.95) .23 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 1.06 (0.83 to 1.35) 1.21 (0.82 to 1.81) .38 —

High (n¼ 288)
No. 126 140 22
Age-adjusted HR (95% CI)c 1 (Referent) 1.11 (0.87 to 1.42) 0.88 (0.55 to 1.41) .90 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 1.09 (0.85 to 1.39) 0.81 (0.51 to 1.28) .78 —

aPtrend was calculated using ordinal categories of smoking status (never, former, and current). CI ¼ confidence interval; HR ¼ hazard ratio.
bPheterogeneity was calculated using the meta-regression method with a subtype-specific random effect term.
cInverse probability weighting was applied in the same manner as Table 2. The Cox models were stratified by age, calendar year of questionnaire cycle, and sex (ie, co-

hort). Multivariable-adjusted models are adjusted for the same set of covariates as Table 2.
dStatistically significant at the stringent a level of .005.
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adjusting for potential confounders. In addition, our repeated
collection of smoking and lifestyle information yielded more ac-
curate cumulative exposure data than 1-time recall of past life-
style behaviors. Third, our prospective design also allowed us to
obtain data on all of the 3092 incident colorectal cancer cases
and adjust for selection bias in the 871 cases with tissue macro-
phage data availability by use of the IPW method. Fourth, our
integrated molecular pathological epidemiological approach
helped us to evaluate the differential effect of smoking on inci-
dence of tumor subtypes. Subgrouping colorectal cancer cases
by relevant biomarkers (such as macrophages and MSI status) is
considerably important in cancer incidence analyses. As we

have shown using the molecular pathological epidemiology ap-
proach, the association of smoking with colorectal cancer inci-
dence was stronger for tumors with fewer macrophages. In this
manner, we could observe a refined stronger association for the
specific tumor subgroup, which could provide novel pathogenic
insight and help establish causality. Fifth, we phenotyped each
tumor-associated macrophage and measured macrophage den-
sities by means of multiplex immunofluorescence. In addition,
we integrated the multiplex immunofluorescence assay with
pathologist-supervised image analysis and machine learning
algorithms to phenotype (and count) each individual macro-
phage in tumor epithelial and stromal regions separately and to

Table 4. Cumulative pack-years smoked and colorectal cancer incidence by stromal macrophage density in non-microsatellite instability-high
tumors

Colorectal cancer subtype

Cumulative pack-years smoked

Ptrend
a Pheterogeneity

b0 1-19 20–39 �40

Macrophage density <.001d

Low (n¼ 253)
No. 93 61 45 54
Age-adjusted HR (95% CI)c 1 (Referent) 1.25 (0.90 to 1.74) 1.37 (0.95 to 1.97) 1.89 (1.35 to 2.66) <.001 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 1.24 (0.89 to 1.72) 1.30 (0.90 to 1.87) 1.71 (1.21 to 2.42) .006 —

Intermediate (n¼ 234)
No. 100 49 45 40
Age-adjusted HR (95% CI)c 1 (Referent) 0.87 (0.62 to 1.23) 1.17 (0.82 to 1.66) 1.33 (0.92 to 1.90) .02 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 0.86 (0.61 to 1.21) 1.10 (0.77 to 1.56) 1.19 (0.83 to 1.72) .91 —

High (n¼ 211)
No. 98 65 28 20
Age-adjusted HR (95% CI)c 1 (Referent) 1.22 (0.89 to 1.66) 0.79 (0.52 to 1.21) 0.68 (0.42 to 1.11) .04 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 1.20 (0.88 to 1.63) 0.76 (0.50 to 1.16) 0.62 (0.38 to 1.01) .01 —

M1-like macrophage density .25
Low (n¼ 258)

No. 111 55 48 44
Age-adjusted HR (95% CI)c 1 (Referent) 0.91 (0.66 to 1.26) 1.12 (0.79 to 1.57) 1.28 (0.90 to 1.82) .09 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 0.90 (0.65 to 1.25) 1.06 (0.76 to 1.50) 1.16 (0.81 to 1.67) .26 —

Intermediate (n¼ 226)
No. 91 56 36 43
Age-adjusted HR (95% CI)c 1 (Referent) 1.14 (0.82 to 1.60) 1.09 (0.74 to 1.61) 1.59 (1.11 to 2.29) .03 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 1.12 (0.80 to 1.58) 1.02 (0.69 to 1.51) 1.43 (1.00 to 2.06) .13 —

High (n¼ 214)
No. 89 64 34 27
Age-adjusted HR (95% CI)c 1 (Referent) 1.30 (0.95 to 1.79) 1.10 (0.74 to 1.63) 0.99 (0.64 to 1.51) .97 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 1.29 (0.93 to 1.77) 1.04 (0.70 to 1.56) 0.89 (0.58 to 1.37) .59 —

M2-like macrophage density .04
Low (n¼ 235)

No. 88 55 46 46
Age-adjusted HR (95% CI)c 1 (Referent) 1.29 (0.92 to 1.81) 1.44 (1.00 to 2.06) 1.70 (1.19 to 2.43) .003 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 1.26 (0.90 to 1.77) 1.35 (0.94 to 1.95) 1.54 (1.07 to 2.20) .02 —

Intermediate (n¼ 292)
No. 103 57 37 37
Age-adjusted HR (95% CI)c 1 (Referent) 0.91 (0.65 to 1.25) 0.99 (0.68 to 1.44) 1.23 (0.85 to 1.78) .21 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 0.90 (0.65 to 1.25) 0.94 (0.64 to 1.37) 1.11 (0.76 to 1.62) .50 —

High (n¼ 288)
No. 100 63 35 31
Age-adjusted HR (95% CI)c 1 (Referent) 1.16 (0.84 to 1.58) 0.93 (0.63 to 1.37) 0.99 (0.66 to 1.49) .82 —
Multivariable-adjusted HR (95% CI)c 1 (Referent) 1.14 (0.83 to 1.57) 0.89 (0.60 to 1.30) 0.89 (0.59 to 1.35) .44 —

aPtrend was calculated using ordinal categories of smoking status (never, former, and current). CI ¼ confidence interval; HR ¼ hazard ratio.
bPheterogeneity was calculated using the meta-regression method with a subtype-specific random effect term.
cIn verse probability weighting was applied in the same manner as Table 2. The Cox models were stratified by age, calendar year of questionnaire cycle, and sex (ie, co-

hort). Multivariable-adjusted models are adjusted for the same set of covariates as Table 2.
dStatistically significant at the stringent a level of .005.
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evaluate their M1:M2 polarization spectrum (29). This is a pow-
erful tool to simultaneously detect multiple epitopes relevant in
the context of macrophage biology.

In conclusion, the current study suggests that the associa-
tion of smoking with incidence of colorectal cancer is stronger
for tumors containing lower stromal macrophage counts. Our
findings suggest an interplay of smoking and macrophages in
colorectal carcinogenesis.
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