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Translational Relevance 

Our multiplex immunofluorescence assay combined with digital image analyses and 

machine learning enabled us to robustly quantify T-cell subsets in 933 colorectal cancer 

cases within a large database of 4,465 incident colorectal cancers in two prospective 

U.S.-wide cohort studies.  We found an inverse association of Fusobacterium 

nucleatum DNA amount with tumor stromal density of CD3+CD4+CD45RO+ helper 

memory T cells.  Fewer memory T cells may contribute to a lack of immune attack on 

developing tumors.  Our unique human population-based evidence for microbial-

immune interactions supports possible interventions targeting the microbiota and/or 

immunity for cancer prevention and therapy. 

Research. 
on April 22, 2021. © 2021 American Association for Cancerclincancerres.aacrjournals.org Downloaded from 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on February 25, 2021; DOI: 10.1158/1078-0432.CCR-20-4009 

http://clincancerres.aacrjournals.org/


Borowsky J et al.  Fusobacterium and T Cell Subsets in Colorectal Carcinoma.  Page 6 

Abstract 

 

Purpose: While evidence indicates that Fusobacterium nucleatum may promote 

colorectal carcinogenesis through its suppressive effect on T-cell-mediated antitumor 

immunity, the specific T-cell subsets involved remain uncertain. 

 

Experimental Design: We measured F. nucleatum DNA within tumor tissue by 

quantitative PCR on 933 cases (including 128 F. nucleatum-positive cases) among 

4,465 incident colorectal carcinoma cases in two prospective cohorts.  Multiplex 

immunofluorescence combined with digital image analysis and machine learning 

algorithms for CD3, CD4, CD8, CD45RO (PTPRC isoform), and FOXP3 measured 

various T-cell subsets.  We leveraged data on Bifidobacterium, microsatellite instability 

(MSI), tumor whole exome sequencing, and M1/M2-type tumor-associated 

macrophages [by CD68, CD86, IRF5, MAF, and MRC1 (CD206) multimarker assay].  

Using the 4,465 cancer cases and inverse probability weighting method to control for 

selection bias due to tissue availability, multivariable-adjusted logistic regression 

analysis assessed the association between F. nucleatum and T-cell subsets.  

 

Results: The amount of F. nucleatum was inversely associated with tumor stromal 

CD3+ lymphocytes (multivariable odds ratio, 0.47, 95% confidence interval, 0.28-0.79, 

for F. nucleatum-high vs. negative category; Ptrend=0.0004) and specifically stromal 

CD3+CD4+CD45RO+ cells (corresponding multivariable odds ratio, 0.52, 95% 

confidence interval, 0.32-0.85; Ptrend=0.003).  These relationships did not substantially 
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differ by MSI status, neoantigen loads, or exome-wide tumor mutational burden.  F. 

nucleatum was not significantly associated with tumor intraepithelial T cells or with M1 

or M2 tumor-associated macrophages. 

 

Conclusions: The amount of tissue F. nucleatum is associated with lower densities of 

stromal memory helper T cells.  Our findings provide evidence for the interactive 

pathogenic roles of microbiota and specific immune cells.   
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Introduction 

 

Accumulating evidence indicates the complex role of the microbiota and host 

immunity in carcinogenesis (1-4).  As T cell-mediated adaptive immune response 

influences tumor development (5,6), immunotherapies targeting immune checkpoints 

that regulate T cell activity have emerged as promising treatment strategies for various 

types of malignancy, including colorectal cancer (7-9).  In colorectal cancer, high 

densities of tumor-infiltrating immune cells, including CD3+ cells, CD8+ cells, and 

CD45RO+ cells have been associated with better survival (10-12).  Recent advances in 

multiplex immunofluorescence technologies enable detailed evaluation of cellular 

phenotype as well as information on spatial distribution of each cell in relation to tumor 

epithelium and stroma, thereby providing deeper insights into the tumor immune 

microenvironment (13).   

Fusobacterium nucleatum (F. nucleatum), Gram-negative anaerobic bacterium, 

is near ubiquitous in the oral cavity yet rarely found in other anatomic sites under 

healthy conditions (14,15).  In disease states it has been identified in various extra-oral 

sites with studies demonstrating an enrichment of F. nucleatum in colorectal carcinoma 

tissue compared to adjacent normal tissue (16-18).  Experimental studies have shown 

that F. nucleatum activates the WNT/CTNNB1 (beta-catenin) signaling pathway in 

colorectal cancer cells, promotes tumor growth (19,20), and inhibits T cell-mediated 

immune responses against colorectal cancer (20,21).  Consistent with these findings, a 

higher amount of F. nucleatum DNA in colorectal cancer tissue has been associated 

with advanced disease stage, worse survival, and lower T cell density in tumor (18,22).  
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However, the relationship between F. nucleatum and specific T cell subsets in the 

colorectal tumor microenvironment have not been well-defined.   

Using a multiplex assay that allows detailed characterisation of T cells and their 

spatial localisation within tumor intraepithelial and stromal regions, this analysis 

represents among the first human studies to test the hypothesis that F. nucleatum DNA 

amount in tumor tissue might be inversely associated with specific T cell subset 

densities.   

 

 

Methods 

 

Study Population  

 

We utilized data from two prospective cohort studies in the U.S., the Nurses’ 

Health Study (NHS, 121,701 women aged 30-55 years followed since 1976) and the 

Health Professionals Follow-up Study (HPFS, 51,529 men aged 40-75 years followed 

since 1986) (22-24).  Study participants have been sent questionnaires biennially to 

update information on lifestyle factors and newly-diagnosed diseases including 

colorectal cancer.  The follow-up rate has been more than 90% for each follow-up 

questionnaire cycle in both cohort studies.  In both studies, the National Death Index 

was used to ascertain deaths of study participants and identify unreported lethal 

colorectal cancer cases.  Study physicians, who were blinded to exposure data, 

reviewed medical records of identified colorectal cancer cases to confirm the disease 
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diagnosis and to collect data on tumor size, tumor anatomical location, and disease 

stage based on the American Joint Committee on Cancer TNM classification.  We 

included both colon and rectal carcinomas based on the colorectal continuum model 

(25).  In the cohort studies, 4,465 incident colorectal carcinoma cases had been 

documented up to 2012.  We attempted to collect formalin-fixed paraffin-embedded 

(FFPE) tumor tissue blocks from hospitals throughout the U.S. (where colorectal cancer 

patients had undergone surgical resection), resulting in 933 cases with sufficient tissue 

and T-cell data.  A single pathologist (S.O.), blinded to other data, reviewed hematoxylin 

and eosin-stained tissue sections and recorded pathological features.  Tumor 

differentiation was categorized into well/moderate vs. poor (> 50% vs. ≤ 50% gland 

formation, respectively).   

The study was conducted in accordance with the U.S. Common Rule.  All 

participants gave written informed consent for the study.  This study was approved by 

the institutional review boards of Brigham and Women’s Hospital and Harvard T.H. 

Chan School of Public Health (Boston, MA), and those of participating registries as 

required.   

 

Multiplex Immunofluorescence Analyses for T Cells and Macrophages in Tumor 

 

We constructed tissue microarrays of colorectal cancer cases with sufficient 

tissue materials, including up to four tumor cores from each case in a tissue microarray 

block (26).  As previously described (27,28), 4 µm sections from tissue microarray 

blocks were sequentially stained using the following antibodies/fluorescent dyes for T 
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cell, in order: anti-CD3 antibody (clone F7.2.38; Dako; Agilent Technologies, 

Carpenteria, CA)/Opal-520, anti-FOXP3 (clone 206D, Biolegend, San Diego, CA, 

USA)/Opal-540, anti-CD45RO (one of PTPRC isoforms) (clone UCHL1, Dako)/Opal-650, 

anti-CD8 (clone C8/144B, Dako)/Opal-570, anti-CD4 (clone 4B12, Dako)/Opal-690, anti-

KRT (keratin, pan-cytokeratins) (clone AE1/AE3, Dako, and clone C11, Cell signaling, 

Danvers, MA)/Opal-620 (Supplementary Figure S1) [with standardized protein 

nomenclature recommended by a panel of experts (29)].   

Digital images of all tissue microarray cores were acquired at 200x magnification 

using the Vectra multispectral imaging platform (Vectra 3.0, Akoya Biosciences 

Hopkinton, MA).  Images of each core underwent tissue segmentation to characterize 

regions of tumor epithelium and peritumoral stroma based on cytokeratin expression 

using supervised machine learning algorithms within Inform 2.4.1 (Akoya Biosciences).  

Following tissue segmentation, cell enumeration and segmentation was performed 

using the DAPI signal to aid in identification of nuclei (Supplementary Figure S1).  We 

evaluated Comparison of T-cell subset densities between the initial and re-processed 

data demonstrated a high degree of concordance (Pearson’s r 0.48-0.99, Spearman’s r 

0.77-0.99) between the density measurements.  Each cell was further segmented into 

nuclear, cytoplasmic and membranous compartments.  A separate supervised machine 

learning algorithm was used to identify T cells based upon a combination of 

cytomorphology and subcellular T cell marker expression patterns.  We evaluated self-

reproducibility and the reliability of tissue segmentation and T cell identification using 

supervised machine learning and confirmed a high degree of concordance (J.B.).  We 

also evaluated pathologist-to-pathologist (J.B. and A.D.C.) concordance through their 
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independent analyses starting from raw multispectral image data and confirmed 

moderate to high concordance.  This single cell data was then used to calculate T cell 

subpopulation densities within separate regions.  Aggregate tumor-level densities were 

then determined by calculating the average density for each subset across all regions 

from each tumor.  T cell densities were initially classified into quartile categories (C1-

C4).  If more than 25% of all cases had zero density of a specific cell type, these zero-

value cases were grouped together (C1 category), and the remaining (non-zero-value) 

cases were divided into tertile categories according to density (C2 to C4).   

 In exploratory analyses, we evaluated tumor-associated macrophage (TAM) 

densities and polarization using a separate multiplex immunofluorescence panel that 

included a pan-macrophage marker (CD68), two markers generally expressed in M1 

TAMs (CD86, IRF5), two markers generally expressed in M2 TAMs [MAF, MRC1 

(CD206)], a tumor cell marker [KRT, (keratin)], and DAPI, as previously described (30).  

We calculated an M1:M2 polarization index using the formula “(CD86 × IRF5) / (MRC1 

× MAF)” based on the expression level of each protein.  The TAMs within the highest 

30% of the index were regarded as M1-like TAMs, while the macrophages within the 

lowest 30% were regarded as M2-like TAMs for these analyses, according to our 

previous study (30).  We calculated each cell density (cell count per mm2) in tumor 

intraepithelial and stromal regions separately, and macrophage densities were classified 

into quartile categories (C1-C4).  

 

DNA Analyses for Fusobacterium nucleatum and Bifidobacterium genus in Tumor 
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Genomic DNA was extracted from archival FFPE tissue sections of colorectal 

carcinoma using the QIAamp DNA FFPE Tissue Kit (Qiagen, Hilden, Germany).  As 

previously described (18,31), we performed quantitative polymerase chain reaction 

(PCR) assays to measure the amounts of F. nucleatum and Bifidobacterium genus DNA 

in tumor tissue, using SLCO2A1 (for F. nucleatum) or a universal 16S primer set (for 

Bifidobacterium genus) as reference genes.  Cases with any detectable F. nucleatum 

DNA (or Bifidobacterium genus) were categorized as low vs. high based on the median 

level of F. nucleatum (or Bifidobacterium genus), while cases without detectable F. 

nucleatum (or Bifidobacterium genus) were categorized as negative. 

 

Evaluation of Tumor Molecular Characteristics 

 

Tumor MSI status was analyzed using PCR of 10 microsatellite markers 

(D2S123, D5S346, D17S250, BAT25, BAT26, BAT40,D18S55, D18S56, D18S67, and 

D18S487), and MSI-high was defined as presence of instability in ≥ 30% of the markers, 

as previously described (24,28,32).  Using bisulfite-treated DNA, methylation status of 

eight CpG island methylator phenotype (CIMP)-specific promoters (CACNA1G, 

CDKN2A, CRABP1, IGF2, MLH1, NEUROG1, RUNX3, and SOCS1) and long 

interspersed nucleotide element-1 (LINE-1) was determined as previously described 

(24,28,32).  CIMP-high was defined as ≥ 6 methylated promoters of eight promoters, 

and CIMP-low/negative as 0-5 methylated promoters as previously described (24,28,32).  

PCR and pyrosequencing were performed for KRAS (codons 12, 13, 61, and 146), 

BRAF (codon 600), and PIK3CA (exons 9 and 20), as previously described 
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(23,24,28,33).  Whole exome sequencing was performed using DNA from tumor and 

matched normal tissue pairs, as previously described (34).  Exome-wide tumor 

mutational burden was defined as the number of nonsynonymous somatic mutations 

identified per megabase in the sequenced exome.  Using a neoantigen prediction 

pipeline for somatic mutations, the neoantigen loads (i.e., the number of proteins that 

likely give rise to immunogenic peptides in the tumor microenvironment) was estimated 

by counting peptides that bind to personal human leukocyte antigen molecules with high 

affinity (< 500 nM).  Using NetMHCpan (version 2.4) (35), we predicted the binding 

affinities of all possible 9- and 10-mer mutant peptides to the corresponding human 

leukocyte antigen alleles inferred by the POLYSOLVER algorithm), as previously 

described (28,34).  Based on all colorectal cancers with available whole exome 

sequencing data, neoantigen loads and exome-wide tumor mutational burden were 

divided into quartiles (Q1 to Q4).   

 

Statistical Analysis 

 

All statistical analyses were conducted using SAS software (version 9.4, SAS 

Institute, Cary, NC), and all P values were two-sided.  We used the two-sided α level of 

0.005 as recommended (36).  The current study started specific primary hypothesis 

testing that was an assessment of a statistical trend of the association of the amount of 

F. nucleatum DNA (negative, low, and high; as an ordinal predictor variable) with each T 

cell subset density (an ordinal outcome variable).  All other analyses represented 

secondary analyses.  In secondary analyses to assess the association between F. 
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nucleatum DNA amount and each of categorical clinicopathological variables, the chi-

square test was performed.  To compare continuous variables, an analysis of variance 

assuming equal variances or Spearman correlation test was performed.   

For our primary hypothesis testing, we conducted initial analyses to select T cell 

subset variables using Spearman’s correlation tests that assessed the correlations of F. 

nucleatum DNA amount with densities of T cell subsets.  To control for selection bias 

due to tissue data availability, we used inverse probability weighting (IPW) method 

(24,37), which used 4,465 incident colorectal cancer cases including the 933 cases with 

tissue data.  First, we constructed a multivariable logistic regression model that had 

covariates as predictors and tissue data availability as an outcome variable.  Based on 

the fitted regression model using all of the 4,465 cases, we calculated the probability of 

tissue availability in each case with a set of covariates.  Then, each of 933 tissue data-

available cases was weighted by the inverse of the probability.  Weights greater than 

the 95th percentile were truncated and set to the value of the 95th percentile to reduce 

outlier effects (37).  We confirmed that results without weight truncation did not differ 

substantially from those with weight truncation (data not shown).  The logistic regression 

analyses without IPW yielded similar results (Supplementary Table S1) to the IPW-

adjusted model.   

To control for confounding, multivariable IPW-adjusted logistic regression 

analyses initially included sex (female vs. male), age at diagnosis (continuous), year of 

diagnosis (continuous), family history of colorectal cancer in any first-degree relative 

(present vs. absent), tumor location (proximal colon vs. distal colon vs. rectum), MSI 

status (MSI-high vs. non-MSI-high), CIMP status (high vs. low/negative), LINE-1 
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methylation level (continuous), KRAS status (mutant vs. wild-type), BRAF status 

(mutant vs. wild-type), and PIK3CA status (mutant vs. wild-type).  A backward 

elimination was conducted with a threshold P of 0.20 to select variables for the final 

models.  Cases with missing data [family history of colorectal cancer in a first-degree 

relative (0.9%), tumor location (0.4%), MSI (2.9%), CIMP (7.0%), KRAS (2.9%), BRAF 

(2.0%), and PIK3CA mutation (8.5%)] were included in the majority category of a given 

categorical covariate to limit the degrees of freedom of the models.  For the cases with 

missing data on LINE-1 methylation (2.7%), we assigned a separate indicator variable.  

We confirmed that excluding the cases with missing information in any of the covariates 

did not substantially alter results (data not shown).  The proportional odds assumption 

was assessed using the ordinal logistic regression model using the ordinal categories of 

T cell subset density (negative and tertile or quartile; as an ordinal outcome variable).  

We observed evidence of violation of this assumption in CD3+CD4+ cells, while those 

assumption in the other subsets were generally satisfied (P > 0.07).  Therefore, for 

CD3+CD4+ cells, we used binary variable dichotomized at the median value as the 

outcome variable in logistic regression analysis.   

In secondary analyses, we assessed the statistical interaction between F. 

nucleatum status in colorectal cancer tissue (negative, low, and high) and MSI status 

(high vs. non-high), neoantigen loads [high (Q3-4) vs. low (Q1-2)], or exome-wide tumor 

mutational burden [high (Q3-4) vs. low (Q1-2)] in relation to T cell subset densities.  We 

used the Wald test for the cross-product in multivariable-adjusted logistic regression 

models.  We estimated the odds ratio for a unit increase in the three ordinal categories 

of the amount of F. nucleatum in strata of MSI status, neoantigen loads, or exome-wide 
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tumor mutational burden using re-parameterization of the interaction term in a single 

regression model (32).  For interaction analyses, the proportional odds assumption in an 

ordinal logistic regression model was violated in subpopulations defined by MSI status, 

neoantigen loads, and exome-wide tumor mutational burden, therefore we used binary 

outcome variables for all of the T cell measurements. 

As exploratory analyses, we performed Spearman’s correlation tests that 

assessed the correlation between F. nucleatum and TAMs densities.  We further 

assessed the association of Bifidobacterium genus with T cell subset densities.   

 

 

Results 

 

During the longitudinal follow-up of the two prospective cohort studies, we 

documented 4,465 incident colorectal cancer cases, including 933 cases with available 

data on F. nucleatum and T cells in tumor tissue.  We used covariate data of the 4,465 

cases to adjust for selection bias in the 933 cases in multivariable analyses to conduct 

our primary hypothesis testing.  F. nucleatum DNA was detected using a quantitative 

PCR assay in 128 (14%) of the 933 cases.  Table 1 shows clinical, pathological, and 

molecular features of colorectal cancer cases according to the amount of F. nucleatum 

DNA.  Greater amounts of F. nucleatum DNA were associated with poor tumor 

differentiation, MSI-high status, CIMP-high status, BRAF mutation, higher tumor 

neoantigen loads, and higher exome-wide tumor mutational burden (P < 0.005; with the 

α level of 0.005) but not with KRAS or PIK3CA mutation. 
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Initial analyses using Spearman’s correlation test on each of the T cell subset 

densities in tumor intraepithelial and stromal regions revealed that the densities of CD3+ 

cells, CD3+CD4+ cells, and CD3+CD4+CD45RO+ cells in tumor stromal areas were 

inversely correlated with the amount of F. nucleatum (P < 0.005 with the α level of 

0.005) (Table 1 and Figure 1A).  In contrast, the amount of tissue F. nucleatum was not 

associated with intraepithelial densities of T cell subsets.  Representative multiplex 

immunofluorescence and cell-phenotype images of F. nucleatum negative, low, and 

high cases are shown in Figure 1B.   

In our primary hypothesis testing, we used a logistic regression analysis to 

assess the association of the amount of F. nucleatum DNA with the densities of T cell 

subsets which were selected by the initial analyses (Table 2, and Supplementary 

Tables S1 and S2).  In the multivariable analyses, the amount of F. nucleatum DNA in 

colorectal cancer tissue was inversely associated with densities of stromal CD3+ cells 

(Ptrend = 0.0004) and CD3+CD4+CD45RO+ cells (Ptrend = 0.003) with the α level of 0.005.  

For a unit increase in four ordinal categories of stromal CD3+ cell density, multivariable 

odd ratios (ORs) were 0.51 [95% confidence interval (CI), 0.30-0.87] for F. nucleatum-

low cases and 0.47 (95% CI, 0.28-0.79) for F. nucleatum-high cases, compared with F. 

nucleatum-negative cases.  For a unit increase in four ordinal categories of stromal 

CD3+CD4+CD45RO+ cell density, multivariable ORs were 0.67 (95% CI, 0.41-1.10) for F. 

nucleatum-low cases and 0.52 (95% CI, 0.32-0.85) for F. nucleatum-high cases, 

compared with F. nucleatum-negative cases.  The amount of F. nucleatum in colorectal 

cancer tissue was not significantly associated with the density of CD3+CD4+ cells or 

CD3+CD4+CD45RO- cells (with the α level of 0.005).   
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As secondary analyses, we examined the statistical interaction between F. 

nucleatum and MSI status in relation to densities of stromal CD3+ cells and 

CD3+CD4+CD45RO+ cells.  We did not observe a significant interaction between F. 

nucleatum and MSI status (Table 3).  

Additional secondary analyses were performed using a subset of cases with 

available neoantigen loads or exome-wide tumor mutational burden data as measured 

by whole exome sequencing.  Evaluation of the statistical interaction between F. 

nucleatum and neoantigen loads (or exome-wide tumor mutational burden) in relation to 

densities of stromal CD3+ cells and CD3+CD4+CD45RO+ cells did not identify a 

significant interaction between F. nucleatum and neoantigen loads (Table 4) or exome-

wide tumor mutational burden (Table 5). 

In exploratory analyses, we did not observe a statistically significant association 

between F. nucleatum DNA amount and any TAM subset in tumor intraepithelial or 

stromal regions (P > 0.01; with the α level of 0.005) (Table 1 and Supplementary 

Table S3). 

We further examined the association of Bifidobacterium genus with T cell subset 

densities and did not observe a significant association between Bifidobacterium genus 

and any T cell subset in intraepithelial or stromal regions (P > 0.2) (Supplementary 

Table S4). 

 

 

Discussion 
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As colorectal cancer is a group of heterogenous tumors influenced by the 

microbiota and immune system, we conducted this study utilizing a molecular 

pathological epidemiology database (38) based on two the prospective cohort studies, 

to examine the relations between F. nucleatum and T cell infiltrates while controlling for 

confounders and selection bias.  By employing a quantitative, multiplexed 

immunofluorescence assay. we found an inverse association of F. nucleatum with tumor 

stromal CD3+ T cells, particularly stromal CD3+CD4+CD45RO+ memory helper T cells 

that was independent of MSI status, neoantigen loads, and exome-wide tumor 

mutational burden.  To our knowledge, our analysis is the first human population study 

to show the relationship between F. nucleatum amount and memory helper T cells in 

tumor stroma.  Our findings not only aid the understanding of F. nucleatum associated 

immunosuppression but also underscore the importance of in-situ localization of specific 

T cell subsets in the colorectal cancer microenvironment.   

The tumor immune microenvironment comprises transformed neoplastic cells, 

infiltrating immune cells, other stromal cells, and extracellular matrices.  Recent 

advances in digital pathology have revealed the importance of both the characterization 

and localization of immune cells (10).  Multiplex immunofluorescence allows detailed 

phenotyping of immune cells, which improves understanding of tumor-immune 

interactions (13).  Mature T cells, expressing CD3, are largely comprised of CD8+ T cells 

and CD4+ helper T cells.  Within these two major classes, naïve and memory T cells can 

be distinguished based on expression of CD45RO, and regulatory T cells can be 

identified by expression of the FOXP3 transcription factor (39).  While T cells play a major 

role in the adaptive immune response against cancer, specific T cell subsets have 
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divergent functions.  Tumor-infiltrating lymphocytes, specifically CD8+ T cells, represent 

the cytotoxic arms of adaptive immune response and have been associated with better 

survival, while CD4+ T cells (mostly in the helper T cell lineage) appear to enhance anti-

tumor activity of cytotoxic T cells (40,41).  Tumor stromal lymphocytes, which are 

generally more abundant than intraepithelial ones, have also been associated with 

favorable prognosis in colorectal cancer (42); however, different cell types such as naïve, 

memory, and regulatory T cells may have different implications.  Our intriguing findings 

suggest the potential interplay between F. nucleatum and memory helper T cells in tumor 

stroma.   

There is a growing body of evidence on the influential role of microbiota on 

cancer immunosurveillance and the modulation of immunotherapy responsiveness (43-

46).  F. nucleatum has emerged as a potentially oncogenic microorganism, which may 

drive inflammation-related carcinogenesis and recruit myeloid-derived suppressor cells 

(20).  Experimental studies also have shown that F. nucleatum may inhibit T cell- and 

natural killer cell-mediated immune response against colorectal cancer through the 

immune cell receptor TIGIT (21).  In accordance with these experimental lines of 

evidence, our findings support the immunosuppressive role of F. nucleatum in the 

human colorectal cancer microenvironment.  Interestingly, despite the ability of F. 

nucleatum to adhere and invade into tumor epithelial cells (19,47), the densities of T 

cells within tumor epithelial regions were not correlated with F. nucleatum levels.  Given 

that invasive F. nucleatum distribution appears highly heterogenous and focal in the 

colorectal cancer tissues in terms of gross tumor center versus invasive margin, as well 

as microscopic tumor epithelia versus stroma (48), F. nucleatum may interact with 
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stromal components including myeloid-derived suppressor cells, which inhibit T cell 

proliferation and induce T cell apoptosis (20).  The amount of F. nucleatum in colorectal 

cancer has been associated with proximal tumor location, high-level MSI status, lower T 

cell infiltrates, and worse prognosis (18,49-51).  Evidence also suggests that F. 

nucleatum may exert differential immunosuppressive or modulatory effects according to 

tumor MSI status (52).  A better understanding of the interaction between F. nucleatum 

and specific immune cell phenotypes could have considerable implications on the 

development of therapeutic strategies that help overcome scarcity of T cell infiltration and 

increase the fraction of patients responding to immunotherapy.   

We acknowledge limitations of this study.  First, considering the cross-sectional 

nature of our study, we cannot exclude the possibility of reverse causation.  Although it 

is possible that T cells may contribute in the elimination of F. nucleatum, our specific 

hypothesis was based on several lines of experimental evidence indicating that F. 

nucleatum suppresses the adaptive immune responses against colorectal cancer (21).  

Second, since our study was driven by a specific hypothesis, we focused on F. 

nucleatum in relation to T cells.  Accumulating evidence suggests that various species 

of microbiota are involved in tumor development and anti-tumor immune response (1,2).  

Although we determined that there was no significant association between 

Bifidobacterium genus and T cell densities as an exploratory analysis, more 

comprehensive bacterial analyses such as metagenomic sequencing would help further 

characterize the relationship between tumor microbiota and the antitumor immune 

response.  Third, we used the quantitative PCR assay for F. nucleatum in FFPE tissue 

specimens.  Histopathology procedures and storage conditions may have influenced 

Research. 
on April 22, 2021. © 2021 American Association for Cancerclincancerres.aacrjournals.org Downloaded from 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on February 25, 2021; DOI: 10.1158/1078-0432.CCR-20-4009 

http://clincancerres.aacrjournals.org/


Borowsky J et al.  Fusobacterium and T Cell Subsets in Colorectal Carcinoma.  Page 23 

the detection rates and quantification.  Nonetheless, our previous validation study using 

the quantitative PCR assay showed both a good concordance in detection of F. 

nucleatum in paired FFPE and frozen tissue specimens as well as high linearity and 

reproducibility of F. nucleatum measurements in FFPE tissue specimens (18).   

The current study has notable strengths, including the use of a molecular 

pathological epidemiology database derived from two U.S.-based large prospective 

cohort studies.  Because no experimental model could recapitulate the complexity of 

human tumor immune microenvironment, which can be modified by various factors 

including genetic and epigenetic alterations, lifestyle and environmental exposures, the 

microbiota, and host factors (53-55), the importance of the integrated data analyses on 

microbial features, tumor molecular characteristics, clinicopathological findings, and 

immunological profiling cannot be overemphasized.  Second, our analyses within the 

prospective cohort studies enabled us to use the IPW method and covariate data of all 

4,465 incident colorectal cancer cases to control for selection bias due to tissue data 

availability.  Third, we utilized multiplexed immunofluorescence assays to identify and 

quantify specific subsets of T cells and macrophages in archival tumor tissue.  In 

contrast to commonly used immunohistochemistry, our assays enabled us to deeply 

subclassify immune cells and discover the link between F. nucleatum and memory 

helper T cells.  Fourth, unlike common studies based on cases drawn from few 

hospitals, our study subjects were derived from over a hundred of hospitals located 

throughout the U.S., which increases the generalizability of our findings.  Nevertheless, 

our findings need to be validated in independent studies.  
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In conclusion, this cross-sectional study utilizing the two U.S.-wide prospective 

cohort studies has shown an inverse association of F. nucleatum DNA in colorectal 

carcinoma tissue with tumor stromal densities of CD3+ cell and CD3+CD4+CD45RO+ 

cells.  These findings provide a compelling rationale for further investigations into the 

interplay of the microbiota and T lymphocytes in colorectal carcinoma, potentially 

leading to novel strategies for cancer prevention and therapy.   
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Table 1.  Clinical, Pathological, and Molecular Characteristics of Colorectal Cancer Cases 
According to Fusobacterium nucleatum DNA Amount in Tumor Tissue 

  F. nucleatum DNA in tumor tissue  

Characteristic* 
All cases 
(N = 933) 

Negative 
(N = 805) 

Low 
(N = 64) 

High 
(N = 64) P value† 

      
Sex     0.61 
   Female (NHS) 513 (55%) 439 (55%) 35 (55%) 39 (61%)  
   Male (HPFS) 420 (45%) 366 (45%) 29 (45%) 25 (39%)  
      
Mean age ± SD (years) 69.1 ± 8.8 69.0 ± 8.9 70.6 ± 8.6 68.9 ± 8.0 0.37 
      
Year of diagnosis     0.13 
   1995 or before 300 (32%) 268 (33%) 13 (20%) 19 (30%)  
   1996-2000 307 (33%) 264 (33%) 20 (31%) 23 (36%)  
   2001-2012 326 (35%) 273 (34%) 31 (48%) 22 (34%)  
      
Family history of colorectal cancer  
in first-degree relative(s) 

    0.69 

   Absent 730 (79%) 627 (78%) 51 (81%) 52 (83%)  
   Present 195 (21%) 172 (22%) 12 (19%) 11 (17%)  
      
Tumor location     0.084 
   Cecum 166 (18%) 135 (18%) 16 (25%) 15 (23%)  
   Ascending to transverse colon 300 (32%) 253 (32%) 23 (36%) 24 (38%)  
   Descending to sigmoid colon 276 (30%) 251 (30%) 10 (16%) 15 (23%)  
   Rectum 187 (20%) 162 (20%) 15 (23%) 10 (16%)  
      
Tumor differentiation     < 0.0001 
   Well to moderate 846 (91%) 745 (93%) 52 (83%) 49 (77%)  
   Poor 86 (9.2%) 60 (7.5%) 11 (17%) 15 (23%)  
      
AJCC disease stage     0.090 
   I 201 (23%) 184 (25%) 8 (14%) 9 (15%)  
   II 284 (33%) 235 (32%) 22 (38%) 27 (44%)  
   III 251 (29%) 214 (29%) 22 (38%) 15 (25%)  
   IV 127 (15%) 111 (15%) 6 (10%) 10 (16%)  
      
MSI status     < 0.0001 
   Non-MSI-high 750 (83%) 669 (86%) 42 (69%) 39 (61%)  
   MSI-high 156 (17%) 112 (14%) 19 (31%) 25 (39%)  

      
CIMP status     < 0.0001 
   Low/negative 708 (82%) 627 (84%) 46 (78%) 35 (58%)  
   High 160 (18%) 122 (16%) 13 (22%) 25 (42%)  
      
Mean LINE-1 methylation level ± SD (%) 62.5 ± 9.6 62.2 ± 9.6 63.0 ± 9.3 64.8 ± 9.9 0.099 

      
KRAS mutation     0.33 
   Wild-type 536 (59%) 466 (59%) 30 (51%) 40 (63%)  
   Mutant 370 (41%) 318 (41%) 29 (49%) 23 (37%)  
      
BRAF mutation     0.0009 
   Wild-type 776 (85%) 680 (86%) 52 (85%) 44 (69%)  
   Mutant 138 (15%) 109 (14%) 9 (15%) 20 (31%)  
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PIK3CA mutation     0.95 
   Wild-type 715 (84%) 618 (84%) 46 (82%) 51 (84%)  
   Mutant 139 (16%) 119 (16%) 10 (18%) 10 (16%)  
      
Neoantigen loads     0.0002 
   Q1 (lowest) 107 (25%) 94 (26%) 6 (19%) 7 (23%)  
   Q2 105 (25%) 91 (25%) 10 (31%) 4 (13%)  
   Q3 106 (25%) 100 (28%) 4 (13%) 2 (6.7%)  
   Q4 (highest) 106 (25%) 77 (21%) 12 (37%) 17 (57%)  
      
Exome wide tumor mutation burden     0.001 
   Q1 (lowest) 107 (25%) 95 (26%) 6 (19%) 6 (20%)  
   Q2 106 (25%) 95 (26%) 7 (22%) 4 (13%)  
   Q3 105 (25%) 95 (26%) 7 (22%) 3 (10%)  
   Q4 (highest) 106 (25%) 77 (21%) 12 (38%) 17 (57%)  
      
Median stromal CD3+ cell density (IQR) 
(cells/mm2) 

145 (22-493) 162 (26-538) 94 (6.8-302) 71 (6.9-238) 0.0002‡ 

      
Median stromal CD3+CD4+ cell density 
(IQR) (cells/mm2) 

76 (3.8-361) 84 (4.9-392) 44 (0-207) 37 (0-164) 0.0007‡ 

      
Median stromal CD3+CD8+ cell density 
(IQR) (cells/mm2) 

10 (0-54) 10 (0-56) 11 (0-56) 9.3 (0-34) 0.69‡ 

      
Median stromal CD3+CD4+CD45RO+ cell 
density (IQR) (cells/mm2) 

57 (0-287) 67 (2.9-329) 33 (0-162) 24 (0-134) 0.0006‡ 

      
Median stromal CD3+CD4+CD45RO- cell 
density (IQR) (cells/mm2) 

7.2 (0-48) 7.7 (0-51) 0 (0-38) 4.2 (0-26) 0.034‡ 

      
Median stromal overall macrophage 
density (IQR) (cells/mm2) 

871 (489-1428) 859 (479-1399) 966 (579-1667) 894 (609-1477) 0.33‡ 

      
Median stromal M1-like macrophage 
density (IQR) (cells/mm2) 

175 (65-398) 170 (62-379) 202 (68-548) 192 (85-452) 0.14‡ 

      
Median stromal M2-like macrophage 
density (IQR) (cells/mm2) 

192 (69-429) 192 (69-435) 191 (69-435) 196 (63-431) 0.33‡ 

      
Bifidobacterium genus DNA in tumor 
tissue 

     

   Negative 631 (71%) 556 (72%) 38 (64%) 37 (62%) 0.094 
   Low 128 (14%) 104 (14%) 9 (15%) 15 (25%)  
   High 128 (14%) 108 (14%) 12 (20%) 8 (13%)  
      

* Percentage indicates the proportion of patients with a specific clinical, pathologic, or molecular characteristic 
among all patients or in strata of F. nucleatum DNA amount.   
† To compare categorical data between subgroups classified by F. nucleatum DNA amount, the chi-square test 
was performed, unless otherwise noted.  To compare continuous variables, an analysis of variance was 
performed.   
‡ To assess associations between F. nucleatum DNA amount (continuous) and densities of T cell subsets and 
macrophage (continuous), the Spearman’s correlation test was performed.   

Research. 
on April 22, 2021. © 2021 American Association for Cancerclincancerres.aacrjournals.org Downloaded from 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on February 25, 2021; DOI: 10.1158/1078-0432.CCR-20-4009 

http://clincancerres.aacrjournals.org/


Borowsky J et al.  Fusobacterium and T Cell Subsets in Colorectal Carcinoma.  Page 34 

Abbreviations: AJCC, American Joint Committee on Cancer; CIMP, CpG island methylator phenotype; HPFS, 
Health Professionals Follow-up Study; IQR, interquartile range; LINE-1, long-interspersed nucleotide element-
1; MSI, microsatellite instability; NHS, Nurses’ Health Study; SD, standard deviation.
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Table 2. Inverse Probability Weighting (IPW)-Adjusted Logistic Regression Analysis to Assess 
the Associations of Fusobacterium nucleatum (Predictor) with T Cell Density (Outcome) 
 

 
Univariable  

OR (95% CI)* 
Multivariable  

OR (95% CI)*,† 

   
Model for stromal CD3+ cell density  
(as an ordinal outcome variable) 

  

Amount of F. nucleatum DNA   
   Negative 1 (referent) 1 (referent) 
   Low 0.54 (0.33-0.91) 0.51 (0.30-0.87) 
   High 0.51 (0.30-0.84) 0.47 (0.28-0.79) 
   Ptrend

‡ 0.001 0.0004 
   
Model for stromal CD3+CD4+ cell density  
(as a binary outcome variable) 

  

Amount of F. nucleatum DNA   
   Negative 1 (referent) 1 (referent) 
   Low 0.86 (0.49-1.48) 0.80 (0.46-1.39) 
   High 0.52 (0.29-0.91) 0.50 (0.28-0.89) 
   Ptrend

§ 0.023 0.015 
   
Model for stromal CD3+CD4+CD45RO+ cell density  
(as an ordinal outcome variable) 

  

Amount of F. nucleatum DNA   
   Negative 1 (referent) 1 (referent) 
   Low 0.66 (0.40-1.09) 0.67 (0.41-1.10) 
   High 0.53 (0.33-0.85) 0.52 (0.32-0.85) 
   Ptrend

‡ 0.003 0.003 
   
Model for stromal CD3+CD4+CD45RO- cell density   
(as an ordinal outcome variable) 

  

Amount of F. nucleatum DNA   
   Negative 1 (referent) 1 (referent) 
   Low 0.73 (0.43-1.25) 0.74 (0.43-1.28) 
   High 0.75 (0.47-1.17) 0.75 (0.47-1.17) 
   Ptrend

‡ 0.12 0.13 
   

* IPW was applied to reduce a bias due to the availability of tumor tissue after cancer diagnosis (see 
“Statistical Analysis” subsection for details).   
† The multivariable ordinal logistic regression model initially included age, sex, year of diagnosis, family history 
of colorectal cancer, tumor location, microsatellite instability, CpG island methylator phenotype, long-
interspersed nucleotide element-1 methylation level, and KRAS, BRAF, and PIK3CA mutation status.  A 
backward elimination with a threshold P of 0.20 was used to select variables for the final model.  The variables 
which remained in the final models are shown in Supplementary Table S2.   
‡ Ptrend was calculated by the linear trend across the ordinal categories of F. nucleatum DNA amount (negative, 
low, and high, as an ordinal predictor variable) in the IPW-adjusted ordinal logistic regression model for the 
densities of T cells (4 ordinal categories, as an ordinal outcome variable).   
§ To avoid violation of the proportional odds assumption, the density of CD3+CD4+ cell was dichotomized at the 
median value of subset.  Ptrend was calculated by the linear trend across the ordinal categories of F. nucleatum 
DNA amount (negative, low, and high, as an ordinal predictor variable) in the IPW-adjusted logistic regression 
model for the density of CD3+CD4+ cell (binary categories, as an outcome variable).   
Abbreviations: CI, confidence interval; IPW, inverse probability weighting; OR, odds ratio.  
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Table 3. Inverse Probability Weighting (IPW)-Adjusted Logistic Regression Analysis to Assess 
the Associations of Fusobacterium nucleatum (Predictor) with T Cell Density (Outcome) in 
Strata of MSI Status 
 

N = 906 
Univariable  

OR (95% CI)* 
Multivariable  

OR (95% CI)*,† 

   
Model for stromal CD3+ cell density‡  
(as a binary outcome variable) 

  

Non-MSI-high   
Amount of F. nucleatum DNA   
   Negative 1 (referent) 1 (referent) 
   Low 0.55 (0.27-1.11) 0.56 (0.28-1.15) 
   High 0.36 (0.16-0.79) 0.36 (0.16-0.80) 
   
MSI-high   
Amount of F. nucleatum DNA   
   Negative 1 (referent) 1 (referent) 
   Low 0.60 (0.21-1.68) 0.58 (0.20-1.66) 
   High 0.52 (0.21-1.31) 0.58 (0.23-1.46) 
   
   Pinteraction

§ 0.53 0.47 
   

   
Model for stromal CD3+CD4+CD45RO+ cell density‡  
(as a binary outcome variable) 

  

Non-MSI-high   
Amount of F. nucleatum DNA   
   Negative 1 (referent) 1 (referent) 
   Low 0.56 (0.28-1.12) 0.55 (0.28-1.11) 
   High 0.43 (0.20-0.91) 0.42 (0.20-0.89) 
   
MSI-high   
Amount of F. nucleatum DNA   
   Negative 1 (referent) 1 (referent) 
   Low 0.76 (0.27-2.14) 0.72 (0.25-2.08) 
   High 0.57 (0.23-1.45) 0.62 (0.25-1.54) 
   
   Pinteraction

§ 0.52 0.46 
   

* IPW was applied to reduce a bias due to the availability of tumor tissue after cancer diagnosis (see 
“Statistical Analysis” subsection for details).   
† The multivariable logistic regression model initially included age, sex, year of diagnosis, family history of 
colorectal cancer, tumor location, CpG island methylator phenotype, long-interspersed nucleotide element-1 
methylation level, and KRAS, BRAF, and PIK3CA mutation status.  A backward elimination with a threshold P 
of 0.20 was used to select variables for the final model.   
‡ To avoid violation of the proportional odds assumption, the densities of T cells were dichotomized at the 
median value of each subset. 
§ Pinteraction (two-sided) was calculated using the Wald test for the cross product of F. nucleatum DNA amount 
(negative, low, and high, as an ordinal predictor variable) and MSI status (high vs. non-high) in the IPW-
adjusted logistic regression model.   
Abbreviations: CI, confidence interval; IPW, inverse probability weighting; OR, odds ratio.  
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Table 4. Inverse Probability Weighting (IPW)-Adjusted Logistic Regression Analysis to Assess 
the Associations of Fusobacterium nucleatum (Predictor) with T Cell Density (Outcome) in 
Strata of Tumor Neoantigen Loads 
 

N = 424 
Univariable  

OR (95% CI)* 
Multivariable  

OR (95% CI)*,† 

   
Model for stromal CD3+ cell density‡  
(as an outcome variable) 

  

Neoantigen-low   
Amount of F. nucleatum DNA   
   Negative 1 (referent) 1 (referent) 
   Low 0.86 (0.26-2.80) 0.94 (0.28-3.13) 
   High 0.50 (0.12-2.18) 0.47 (0.10-2.23) 
   
Neoantigen-high   
Amount of F. nucleatum DNA   
   Negative 1 (referent) 1 (referent) 
   Low 0.49 (0.16-1.49) 0.51 (0.17-1.55) 
   High 0.71 (0.27-1.90) 0.80 (0.29-2.25) 
   
   Pinteraction

§ 0.71 0.85 
   

   
Model for stromal CD3+CD4+CD45RO+ cell density‡  
(as an outcome variable) 

  

Neoantigen-low   
Amount of F. nucleatum DNA   
   Negative 1 (referent) 1 (referent) 
   Low 0.84 (0.26-2.73) 0.90 (0.27-2.98) 
   High 0.49 (0.11-2.12) 0.49 (0.11-2.13) 
   
Neoantigen-high   
Amount of F. nucleatum DNA   
   Negative 1 (referent) 1 (referent) 
   Low 0.51 (0.17-1.58) 0.53 (0.18-1.60) 
   High 0.74 (0.28-1.98) 0.89 (0.32-2.50) 
   
   Pinteraction

§ 0.88 0.99 
   

* IPW was applied to reduce a bias due to the availability of tumor tissue after cancer diagnosis (see 
“Statistical Analysis” subsection for details).   
† The multivariable logistic regression model initially included age, sex, year of diagnosis, family history of 
colorectal cancer, tumor location, microsatellite instability, CpG island methylator phenotype, long-interspersed 
nucleotide element-1 methylation level, and KRAS, BRAF, and PIK3CA mutation status.  A backward 
elimination with a threshold P of 0.20 was used to select variables for the final model.   
‡ To avoid violation of the proportional odds assumption, the densities of T cells were dichotomized at the 
median value of each subset. 
§ Pinteraction (two-sided) was calculated using the Wald test for the cross product of F. nucleatum DNA amount 
(negative, low, and high, as an ordinal predictor variable) and neoantigen loads [high (Q3-4) vs. low (Q1-2)] in 
the IPW-adjusted logistic regression model.   
Abbreviations: CI, confidence interval; IPW, inverse probability weighting; OR, odds ratio. 
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Table 5. Inverse Probability Weighting (IPW)-Adjusted Logistic Regression Analysis to Assess 
the Associations of Fusobacterium nucleatum (Predictor) with T Cell Density (Outcome) in 
Strata of Exome-wide Tumor Mutational Burden 
 

N = 424 
Univariable  

OR (95% CI)* 
Multivariable  

OR (95% CI)*,† 

   
Model for stromal CD3+ cell density‡  
(as an outcome variable) 

  

Exome-wide tumor mutational burden-low   
Amount of F. nucleatum DNA   
   Negative 1 (referent) 1 (referent) 
   Low 1.08 (0.32-3.64) 1.07 (0.30-3.76) 
   High 0.48 (0.11-2.07) 0.43 (0.09-2.09) 
   
Exome-wide tumor mutational burden-high   
Amount of F. nucleatum DNA   
   Negative 1 (referent) 1 (referent) 
   Low 0.42 (0.15-1.18) 0.47 (0.17-1.33) 
   High 0.68 (0.26-1.80) 0.75 (0.28-2.06) 
   
   Pinteraction

§ 0.68 0.77 
   

   
Model for stromal CD3+CD4+CD45RO+ cell density‡  
(as an outcome variable) 

  

Exome-wide tumor mutational burden-low   
Amount of F. nucleatum DNA   
   Negative 1 (referent) 1 (referent) 
   Low 1.15 (0.34-3.87) 1.15 (0.34-3.97) 
   High 0.51 (0.12-2.20) 0.50 (0.12-2.19) 
   
Exome-wide tumor mutational burden-high   
Amount of F. nucleatum DNA   
   Negative 1 (referent) 1 (referent) 
   Low 0.41 (0.14-1.14) 0.43 (0.15-1.22) 
   High 0.65 (0.25-1.71) 0.78 (0.29-2.15) 
   
   Pinteraction

§ 0.71 0.82 
   

* IPW was applied to reduce a bias due to the availability of tumor tissue after cancer diagnosis (see 
“Statistical Analysis” subsection for details).   
† The multivariable logistic regression model initially included age, sex, year of diagnosis, family history of 
colorectal cancer, tumor location, microsatellite instability, CpG island methylator phenotype, long-interspersed 
nucleotide element-1 methylation level, and KRAS, BRAF, and PIK3CA mutation status.  A backward 
elimination with a threshold P of 0.20 was used to select variables for the final model.   
‡ To avoid violation of the proportional odds assumption, the densities of T cells were dichotomized at the 
median value of each subset. 
§ Pinteraction (two-sided) was calculated using the Wald test for the cross product of F. nucleatum DNA amount 
(negative, low, and high, as an ordinal predictor variable) and exome-wide tumor mutational burden [high (Q3-
4) vs. low (Q1-2)] in the IPW-adjusted logistic regression model.   
Abbreviations: CI, confidence interval; IPW, inverse probability weighting; OR, odds ratio. 
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Figure Legend 

 
Figure 1.  Relationships between Fusobacterium nucleatum and T cell subsets in the 
colorectal cancer microenvironment.  (A) Correlation between Fusobacterium nucleatum 
DNA amount in tumor tissue and density of T cell subsets in tumor intraepithelial and 
stromal regions.  (B) Multiplex Immunofluorescence and cell-phenotype images of 
representative Fusobacterium nucleatum negative, low, and high case.  
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