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Translational Relevance 

Drawing from a large database of two prospective U.S. cohort studies, we identified 

lymphocytes, plasma cells, neutrophils, and eosinophils in digital images of hematoxylin 

and eosin (H&E)-stained sections from more than 930 colorectal cancers using 

pathologist-supervised machine learning algorithms and studied their associations with 

cancer-specific mortality, while extensively adjusting for potential confounders, including 

microsatellite instability (MSI) status, CpG island methylator phenotype (CIMP), LINE-1 

methylation, and KRAS, BRAF, and PIK3CA mutation status.  We found that high 

densities not only of stromal lymphocytes but also eosinophils were associated with 

better cancer-specific survival, and greater proximity of lymphocytes and eosinophils to 

tumor cells was also associated with better cancer-specific survival.  These findings 

highlight the potential for machine learning assessment of H&E-stained sections to 

provide robust, quantitative tumor-immune biomarkers for precision medicine and 

identify previously underappreciated immune cell subsets as harboring prognostic 

relevance.  
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Abstract 

Purpose: While high T-cell density is a well-established favorable prognostic factor in 

colorectal cancer, the prognostic significance of tumor-associated plasma cells, 

neutrophils, and eosinophils is less well-defined.   

 

Experimental Design: We computationally processed digital images of hematoxylin 

and eosin (H&E)-stained sections to identify lymphocytes, plasma cells, neutrophils, and 

eosinophils in tumor intraepithelial and stromal areas of 934 colorectal cancers in two 

prospective cohort studies.  Multivariable Cox proportional hazards regression was used 

to compute mortality HR according to cell density quartiles.  The spatial patterns of 

immune cell infiltration were studied using the GTumor:Immune cell function, which estimates 

the likelihood of any tumor cell in a sample having at least one neighboring immune cell 

of the specified type within a certain radius.  Validation studies were performed on an 

independent cohort of 570 colorectal cancers. 

 

Results: Immune cell densities measured by the automated classifier demonstrated 

high correlation with densities both from manual counts and those obtained from an 

independently trained automated classifier (Spearman’s rho 0.71-0.96).  High densities 

of stromal lymphocytes and eosinophils were associated with better cancer-specific 

survival [Ptrend<0.001; multivariable HR (4th vs. 1st quartile of eosinophils), 0.49; 95% CI, 

0.34-0.71].  High GTumor:Lymphocyte area under the curve (AUC0,20µm) (Ptrend=0.002) and 

high GTumor:Eosinophil AUC0,20µm (Ptrend<0.001) also showed associations with better cancer-

specific survival.  High stromal eosinophil density was also associated with better 

cancer-specific survival in the validation cohort (Ptrend<0.001). 

 

Conclusions: These findings highlight the potential for machine learning assessment of 

H&E-stained sections to provide robust, quantitative tumor-immune biomarkers for 

precision medicine.  
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Introduction 

Colorectal cancer is the third most common malignancy and the second most common 

cause of cancer deaths worldwide (1).  The prognostic classification of colorectal cancer 

has been mainly based on disease stage (2,3).  However, each tumor is unique and 

driven by complex pathologic processes, many of which are mediated by interactions 

between the neoplastic cells and the host (4).  Additional prognostic parameters that 

more fully capture these associations may therefore help us classify patients into more 

homogenous, therapeutically relevant subgroups. 

 

Colorectal carcinoma is composed of a mixture of cell types, including tumor cells, 

fibroblasts, endothelial cells, and immune cells, that cumulatively comprise the tumor 

microenvironment (5).  Accumulating evidence indicates that tumors may evoke an 

adaptive anti-tumor immune response (6).  Indeed, higher densities of tumor infiltrating 

T lymphocytes have been associated with improved clinical outcome in colorectal 

cancer (7).  The prognostic value of Immunoscore, generated by measuring CD3+ and 

CD8+ T cell densities in the tumor center and invasive margin, has been validated in an 

international multi-institutional study involving several thousand colon cancer patients 

from 13 countries (8).  While innate immune cells, such as neutrophils and eosinophils, 

also represent a major cell population in colorectal tumors, their potential prognostic 

significance has not been as well-defined as that of T cells (7,9).  Although the potential 

prognostic value of plasma cells in colorectal cancer has attracted relatively little 

attention, B cells and tertiary lymphoid structures have been reported to be associated 

with prognosis in colorectal cancer (7) and immunotherapy response in melanoma (10).  

We therefore sought to examine plasma cells, which represent the only B cell subset 

that can be reliably identified in H&E-stained tissue sections.  Analyses of different 

types of immune cells involved in adaptive and innate immunity could help develop 

improved prognostic biomarkers and may lead to a better understanding of colorectal 

cancer biology. 

 

In this study, we identified and quantified lymphocytes, plasma cells, neutrophils, and 

eosinophils in tumor epithelial and stromal areas, using supervised machine learning on 

digital images of hematoxylin and eosin (H&E)-stained tissue microarrays (TMAs) 

containing tumor tissue from colorectal cancer patients in two large U.S.-based 

prospective cohort studies.  For our primary aim, we tested the hypothesis that higher 

densities of these immune cells might be associated with better prognosis.  In 

exploratory analyses, we investigated the relationships of the densities of these cell 

types with tumor and patient characteristics as well as the prognostic significance of 

spatial characteristics of the immune cell infiltrates in relation to tumor cells.  To validate 

the findings, we analyzed an independent cohort of 570 colorectal cancers. 

 

Methods 
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Study population and data collection 
 

We utilized two U.S.-nationwide prospective cohort studies, the Nurses’ Health Study 

(NHS, 121,701 women followed since 1976) and the Health Professionals Follow-up 

Study (HPFS, 51,529 men followed since 1986).  In these populations, we documented 

4,420 incident colorectal carcinoma cases during the follow-up until 2014.  We analyzed 

immune cell densities in 934 adenocarcinomas, based on the availability of follow-up 

data and adequate tissue specimens in TMAs (Table 1).  We included both colon and 

rectal carcinoma based on the colorectal continuum model (11).  We utilized the inverse 

probability weighting (IPW) method and covariate data from the 4,420 cases to adjust 

for selection bias due to tumor tissue availability in the 934 cases.   

 

Study physicians, blinded to exposure data, reviewed the medical records related to 

colorectal cancer and recorded clinical information including the American Joint 

Committee on Cancer (AJCC) tumor, node, metastases (TNM) stage (the 5th or 6th 

edition) and tumor location.  The National Death Index was used to ascertain deaths of 

study participants and identify unreported lethal colorectal cancer cases.  Patients were 

followed until death or end of follow-up (January 1, 2014 for HPFS; May 31, 2014 for 

NHS), whichever came first.  Survival time was defined as the period from the date of 

colorectal cancer diagnosis to death or the end of follow-up for those who had not died.   

 

Formalin-fixed paraffin-embedded tissue was collected from hospitals where the 

patients underwent resections of primary tumors.  Tissue sections from all colorectal 

cancer cases were reviewed, and the diagnosis was confirmed by a single study 

pathologist (S.O.).  Histopathologic features including tumor differentiation 

(well/moderate vs. poor), extent of signet ring cell morphology and extent of 

extracellular mucin were recorded.  DNA was extracted from formalin-fixed paraffin-

embedded tumor blocks to evaluate MSI and CpG island methylator phenotype (CIMP) 

status (12), KRAS (13), BRAF, and PIK3CA mutations (14), LINE-1 methylation level 

(15), and neoantigen load calculated from whole exome sequencing of tumor and 

normal DNA pairs (16) (Table S1).  TMAs were constructed using tissue cores from 

formalin-fixed paraffin-embedded tissue of colorectal cancer surgical resection 

specimens, as previously described (17).  The core diameter was 0.6 mm and cores 

were selected from non-peripheral regions of primary tumors to best represent overall 

tumor morphology.  The study was conducted in accordance with the U.S. Common 

Rule.  Written informed consent was obtained from all participants.  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 (Boston, MA), and those of participating 

registries as required. 

 

As an independent validation cohort, we included The Cancer Genome Atlas (TCGA) 

colorectal adenocarcinoma study (18).  We used the clinical elements and survival 

outcome data included in the integrated TCGA Pan-Cancer Clinical Data Resource 
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(TCGA-CDR) (19).  Digitized H&E-stained histologic slides were available for 616 cases 

in TCGA data portal.  We excluded cases with unrepresentative images (image not 

showing primary colorectal cancer; image obscured by slide markings or out of focus; or 

image scanned below 20× magnification), or cases with no follow-up data, resulting in 

570 patients in the final analyses (Table S2). 

Immune cell detection and quantification 
 

Two 4 µm sections, separated by a vertical depth of at least 50 µm, were cut from TMA 

blocks and H&E-stained in a single batch. The H&E-stained sections were scanned 

using the Vectra 3.0 Automated Quantitative Pathology Imaging System (Akoya 

Biosciences, Hopkinton, MA, USA) equipped with a 20× objective.  Only cores 

containing more than >10% tumor across the entire imaged core area were included in 

the subsequent analyses. In total, there were 1-8 images per tumor (median 3, IQR 2-

4). 

 

QuPath v0.1.2, an open source software for digital pathology image analysis (20), was 

used to detect and count intraepithelial and stromal lymphocytes, plasma cells, 

eosinophils, and neutrophils.  These cell types were chosen for the analysis based on 

their distinctive morphological characteristics in the H&E-stained sections.  The 

evaluation was performed blinded to the study end points.  The method began with two 

parallel, independent pathologist-supervised algorithmic processing steps: (1) cell 

detection and classification and (2) tissue category classification (Fig. 1, Table S3).  

These steps were based on earlier described functions included in QuPath (20). 

 

Cell identity data were exported from QuPath with cell coordinates, and tissue 

categories were exported as binary tissue category mask images.  Individual cells were 

assigned to tissue categories through coordinate mapping, wherein the coordinates for 

each tissue category were identified from the tissue category mask images using the R 

statistical programming language (version 3.5.3; R Foundation for Statistical Computing, 

Vienna, Austria) and the imager package.  To calculate the immune cell density in each 

tissue compartment, we first counted the number of cells of immune cell type of interest 

within that compartment and then divided the counts by the tissue area in mm2.  For 

cases with multiple tumor cores, the average (mean) of densities of all available cores 

was calculated. 

 

To validate the accuracy of the immune cell quantification method in relation to human 
assessment, immune cells in 80 tumor core images were manually annotated by a 
pathologist (J.P.V.), cumulatively yielding 13,713 classified immune cells.  To evaluate 
interobserver reproducibility for automated counting, another study physician (S.A.V.) 
processed all tumor core images independently with a separately trained cell classifier.  
 

We employed a non-linear dimension reduction algorithm named Uniform Manifold 

Approximation and Projection (UMAP; using the umap R package) (21), to project the 
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high dimensional data, i.e., the intraepithelial and stromal densities of lymphocytes, 

plasma cells, neutrophils, and eosinophils, into two-dimensional space for visual 

inspection, in order to examine potential TMA or year-of-diagnosis related effects on 

immune cell densities.  

 

Evaluation of tumor-immune spatial relationships 
 

The multi-type G-function “G-cross” is a statistical analysis method based on the theory 

of point processes (22).  Tumor:immune cell G-cross (GTumor:Immune cell) represents a 

nearest neighbor distance distribution function, which estimates the probability of finding 

at least one immune cell within a r radius of any tumor cell.  We calculated the empiric 

distribution functions based on observed nearest neighbor distances with the spatstat R 

package (23).  Both intraepithelial and stromal immune cells were included in this 

analysis.  Estimation of the G-cross function is impeded by edge effects due to the 

unobservable points outside the analysis window.  Therefore, we applied edge 

correction via the Kaplan-Meier (km) method.  To quantify the level of immune cell 

infiltration likely capable of effective cell-to-cell interaction with tumor cells, we 

computed the area under the curve of G-cross function between 0 and 20 µm 

(AUC0,20µm).  The distance range of 0 to 20 µm was chosen prior to analysis based upon 

a previously described method (22).  For downstream survival analysis, the patients 

were grouped into ordinal AUC quartile categories (C1 to C4 from low to high AUC 

values). 

 
Statistical analysis 
 

The statistical analyses were conducted using SAS software (version 9.4, SAS Institute, 
Cary, NC), and all P values were two-sided.  Our primary hypothesis tested 
associations between the densities of intraepithelial and stromal lymphocytes, plasma 
cells, neutrophils, and eosinophils and cancer-specific survival using a multivariable 
adjusted Cox proportional hazards regression model.  We used the stringent two-sided 
α level of 0.005 for null hypothesis testing (24).  All other analyses represented 
secondary analyses, where we interpreted our data cautiously, in addition to using the α 
level of 0.005.   
 
To assess the relationships between immune cell densities and clinicopathologic 
features, we used Spearman’s correlation test for continuous or ordinal variables, and 
the Wilcoxon rank-sum test or Kruskal-Wallis test for categorical variables, as 
appropriate.  We estimated cumulative survival probabilities using the Kaplan-Meier 
method, and compared the differences between categories using the log-rank test.  For 
our primary analyses of colorectal cancer-specific mortality, deaths resulting from other 
causes were censored.  We analyzed overall mortality (the NHS/HPFS and TCGA) and 
progression-free interval (TCGA) as secondary outcome measures.  Univariable and 
multivariable Cox proportional hazards regression models were used to calculate the 
hazard ratio (HR) and 95% confidence interval (CI) for colorectal cancer-specific and 
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overall mortality, and progression-free interval.  In the NHS/HPFS cohorts, using 4,420 
incident colorectal cancer cases, we applied the IPW method (25–27) to reduce 
selection bias due to the availability of tumor tissue.  Detailed description of the 
methods used in the survival analyses are presented in Table S4.  
 

Results 

Evaluation of immune infiltrate with computational pathology 
 
To classify neutrophils, eosinophils, plasma cells, and other lymphocytes in H&E-

stained TMA cores from colorectal carcinomas, we conducted automated slide scanning 

and digital image analyses.  Automated immune cell detection and classification 

demonstrated high concordance in relation to both a pathologist and an independently 

trained automated classifier.  The Spearman’s rank correlation coefficients (rho) 

between automated method and manual counting in a subset of 80 tumor cores were 

0.95 for lymphocytes, 0.74 for plasma cells, 0.71 for neutrophils, and 0.84 for 

eosinophils (Fig. S1A), while the Spearman rho values for core-level results between 

two independently trained classifiers were 0.96 for lymphocytes, 0.74 for plasma cells, 

0.71 for neutrophils, and 0.83 for eosinophils (Fig. S1B).  These results suggested that 

these immune cells could be reproducibly identified via pathologist-supervised machine 

learning algorithms.  The Spearman rho values for immune cell densities between two 

randomly chosen cores of tumors with two or more available cores were 0.56 for 

lymphocytes, 0.43 for plasma cells, 0.35 for neutrophils, and 0.43 for eosinophils (Fig. 

S1C), indicating moderate core-to-core correlation. 

 

Characteristics of immune infiltrate in relation to clinicopathologic features 
 

We analyzed immune cell densities in 934 colorectal cancer cases in the NHS/HPFS 
cohorts (Table 1).  Of the four immune cell types under study, lymphocytes had the 
highest overall density, followed by neutrophils, plasma cells, and eosinophils (Fig. 2A).  
The cell densities were consistent across TMAs (Fig. S2), and visualization of colorectal 
cancer cases using UMAP according to immune cell densities showed no clear TMA-
related or year-of-diagnosis related effects (Fig. S3).  There was predominantly a low to 
moderate correlation between the densities of different immune cell types; the highest 
was observed between stromal lymphocytes and stromal plasma cells (Spearman 
rho=0.73) (Fig. 2B).  
 

The relationships between immune cell densities and main tumor characteristics are 

summarized in Fig. 2C.  Advanced tumor stage was associated with lower densities of 

stromal lymphocytes, plasma cells, neutrophils, and eosinophils (P<0.001 for all) and 

intraepithelial neutrophils (P=0.001), whereas poor differentiation was associated with 

higher densities of intraepithelial lymphocytes (P<0.001) and plasma cells (P=0.002).   
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Given that mismatch repair deficiency is common in poorly differentiated tumors (28), 

we hypothesized that the increased burden of immunogenic neopeptides (29) in these 

tumors might be associated with higher immune cell densities.  Supporting our 

hypothesis, mismatch repair deficiency, as measured by an MSI-high phenotype, was 

strongly associated with higher densities of both intraepithelial and stromal lymphocytes 

(P<0.001).  Unexpectedly, intraepithelial and stromal neutrophils were also more 

frequent in MSI-high tumors (P<0.001), whereas there was no evidence of a strong 

association between MSI status and eosinophil or plasma cell density.  Intraepithelial 

densities of lymphocytes and neutrophils were positively correlated with estimated 

neoantigen load (P<0.001).  Of other tumor molecular features, LINE-1 hypomethylation 

was associated with lower intraepithelial lymphocyte density (P<0.001), BRAF mutation 

was associated with higher intraepithelial lymphocyte density (P<0.001), and PIK3CA 

mutation was associated with higher stromal lymphocyte density (P=0.009) (Fig. S4). 

 

Survival analyses 
 

Our primary aim was to evaluate the prognostic significance of intraepithelial and 
stromal immune cells.  During the median follow-up time of 12.3 years (IQR 8.7-16.3 
years) for censored cases, there were 572 all-cause deaths, including 290 colorectal 
cancer-specific deaths.  
 

In univariable survival analyses (Fig. 3, Fig. S5, Table 2), stromal lymphocytes, plasma 

cells, neutrophils, and eosinophils were significantly associated with better cancer-

specific survival (all Ptrend<0.001), while intraepithelial lymphocytes (Ptrend=0.002) and 

neutrophils (Ptrend=0.003) were also significantly associated with cancer-specific survival 

(Fig. S4).  

 

In multivariable Cox proportional hazards regression models (Table 2, Table S5), higher 

densities of stromal lymphocytes, plasma cells, and eosinophils were associated with 

longer cancer-specific survival (all Ptrend<0.001) independent of potential confounders, 

including MSI, CIMP, BRAF mutation, LINE-1 methylation, tumor stage, and tumor 

grade.  For eosinophil density C4 vs. C1, the HR for colorectal cancer-specific mortality 

was 0.49 (95% CI 0.34-0.71).   

 

As secondary analyses, we examined the survival association of stromal lymphocytes, 

plasma cells, and eosinophils with colorectal cancer mortality in strata of tumor MSI 

status.  The trends between higher densities of these cell types and better cancer-

specific survival did not significantly differ by MSI status (Pinteraction>0.3, Table S6). 

 

To directly compare the relative prognostic value of stromal lymphocyte, plasma cell, 
and eosinophil densities, we included these three variables in one Cox regression 
model, adjusting for each other, and used backward elimination with a threshold P value 
of 0.05 to select significant variables (Table S4).  This analysis resulted in stromal 
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lymphocyte density (P<0.001) and stromal eosinophil density (P=0.011) remaining in 
the final model.  Multivariable-adjusted HRs for colorectal cancer mortality according to 
the densities of stromal lymphocytes and eosinophils are shown in Table S7. 
 

Spatial analysis 
 

Given our ability to precisely identify each immune cell’s location, we explored whether 

spatial characteristics of immune infiltrates in relation to tumor cells would be associated 

with patient survival.  We employed the GTumor:Immune cell(r) function (22) to estimate the 

likelihood of any tumor cell in the sample having at least one immune cell of the 

specified type within an r µm radius.  The AUC of the function within the specified radius 

r is influenced by both the density of immune cells (higher density results in a higher 

AUC) and the location of the immune cells (immune cells located closer to tumor cells 

result in a higher AUC).  Examples of different patterns of immune cell infiltration and 

corresponding GTumor:Immune cell plots are presented in Fig. 4 A-D. 

 

We hypothesized that higher AUCs of GTumor:Immune cell, reflecting a high density of the 

specified immune cell type clustering near tumor cells, would be associated with better 

survival.  We conducted univariable and multivariable Cox regression analyses, using 

quartiles of GTumor:Immune cell AUC0,20µm as the input (Fig. 4 E-H).  We restricted the radius 

to 20 µm to model close and plausibly direct interactions between tumor cells and 

specified immune cells.  The analysis indicated that both high GTumor:Lymphocyte AUC0,20µm 

(Ptrend=0.002) and high GTumor:Eosinophil AUC0,20µm (Ptrend<0.001) were associated with 

better cancer-specific survival, whereas high GTumor: Plasma cell and GTumor:Neutrophil 

AUC0,20µm quartiles were not statistically significant in the multivariable Cox regression 

models with α=0.005.  Cox proportional hazards models with composite variables jointly 

classifying tumors according to GTumor:immune cell and immune cell density uncovered 

differential significance for tumor-immune cell proximity and immune cell density for 

different immune cells (Table S8).  For example, both lymphocyte density and proximity 

to tumor cells contributed to better cancer-specific survival, while, for plasma cells, only 

density contributed to better cancer-specific survival.” 

 

Validation cohort 
 

We analyzed an independent validation cohort of 570 colorectal cancer cases in TCGA 

(Table S2).  Compared to the NHS/HPFS cohorts, the survival data of this cohort was 

limited by short follow-up and low numbers of events, particularly for the cancer-specific 

survival analysis (19).  For cancer-specific survival analysis, during the median follow-

up time of 1.8 years (IQR 1.1-3.0 years) for censored cases, there were 75 events; for 

overall survival analysis, during the median follow-up time of 1.8 years (IQR 1.1-2.9 

years) for censored cases, there were 120 events; and for progression-free interval 
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analysis, during the median follow-up time of 1.7 years (IQR 1.0-2.8 years) for censored 

cases, there were 151 events. 

 

In agreement with the finding of the NHS/HPFS cohorts, high stromal eosinophil density 

was associated with longer cancer-specific survival, overall survival, and progression-

free interval (all Ptrend<0.001) in multivariable Cox proportional hazards regression 

models (Table S9).  For stromal eosinophil density C4 vs. C1, the HR for colorectal 

cancer-specific mortality was 0.21 (95% CI, 0.10-0.47).  The point estimates for stromal 

lymphocyte density C4 vs. C1 were close to those seen in the NHS/HPFS cohorts 

(cancer-specific survival: HR 0.55, 95% CI 0.28-1.09; overall survival: HR 0.74, 95% CI 

0.44-1.25; progression-free interval: HR 0.61, 95%CI 0.37-1.00), although statistical 

significance was not reached at α=0.005.  High intraepithelial eosinophil density was 

also associated with longer overall survival (Ptrend<0.001) and progression-free interval 

(Ptrend<0.001), while higher intraepithelial lymphocyte density was associated with 

longer progression-free interval (Ptrend=0.009).  Intraepithelial or stromal densities of 

plasma cells or neutrophils were not significantly associated with survival with α=0.005. 

 

Consistent with findings in the NHS/HPFS cohorts, high GTumor:Eosinophil AUC0,20µm was 

associated with longer overall survival (Ptrend<0.001) and progression-free interval 

(Ptrend<0.001), while high GTumor:Lymphocyte AUC0,20µm was also associated with longer 

progression-free interval (Ptrend=0.002) (Table S10). 

 

Discussion 

In this study, we evaluated the prognostic significance of computationally phenotyped 

immune cells in the colorectal cancer tumor microenvironment utilizing two large U.S.-

based prospective cohort studies, as well as an independent cohort of 570 colorectal 

cancers from TCGA.  Our main findings indicate that high densities of lymphocytes and 

eosinophils in tumor stroma are associated with better survival independent of potential 

confounders.  These results support the potential of machine learning-based evaluation 

of the immune cell infiltrate utilizing H&E-stained sections as a prognostic tool for 

colorectal cancer and identify previously underappreciated immune cell subsets as 

harboring prognostic relevance in colorectal cancer.  

 

Lymphocytes are a heterogenous group of cells with roles in both adaptive immunity (T 

cells, B cells) and innate immunity (NK cells) and which contribute to a wide variety of 

immune regulatory and effector functions, including cytokine production (T cells, B cells, 

NK cells), antigen presentation (B cells), cytotoxicity (cytotoxic T cells and NK cells), 

and immunologic memory (memory T and B cells).  High densities of CD3+ and CD8+ T 

cells are considered promising favorable prognostic markers in colorectal cancer (8), 

and there is some evidence that a high density of MS4A1+ (CD20+) B cells is also 

associated with longer survival (30).  H&E-staining based evaluation is not able to 

distinguish different types of lymphocytes.  However, we found that high stromal 
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lymphocyte density was strongly associated with lower cancer mortality independent of 

MSI status and other potential confounders in the NHS/HPFS cohorts.  In those cohorts, 

the prognostic significance of intraepithelial lymphocytes appeared weaker than that of 

stromal lymphocytes.  While the reason for this is unclear, it may be related to generally 

higher lymphocyte densities in tumor stroma, providing for more robust outcomes 

analysis for stromal rather than intraepithelial regions. 

 

Plasma cells are terminally differentiated B cells specialized in antibody production (31).  

Using a cohort of 557 stage I-IV colorectal cancer patients, Berntsson et al. found that 

high SDC1+ (CD138+) plasma cell density was associated with better survival in 

colorectal cancer in univariable but not multivariable Cox regression models (30).  

However, there are few other studies assessing their relationship with survival in 

colorectal cancer (32).  In our study, results from the NHS/HPFS cohorts but not the 

TCGA validation cohort support the association between higher stromal plasma cell 

infiltration and better cancer-specific survival. 

 

Neutrophils are primary effector cells of innate immunity, representing a first-line 

defense against microbial infection (33).  Emerging evidence suggests that neutrophils, 

recruited to human tumors, may enhance or inhibit tumor progression by multiple 

mechanisms including cytotoxicity and the release of inflammatory mediators, growth 

factors, and proteases (33).  In colorectal cancer, several studies, utilizing CEACAM8 

(CD66b) (34–36) or MPO (37) to detect neutrophils have reported an association 

between higher neutrophil density and better survival.  Notably, however, these markers 

are not specific to neutrophils, as CEACAM8 is also expressed by eosinophils (34,38) 

and MPO is expressed by some macrophages.  To overcome this limitation, in a recent 

study, neutrophils were recognized by morphology and manually counted in H&E-

stained sections (39).  That study could not demonstrate a statistically significant 

association between neutrophil density and overall survival, although the study power 

was limited by sample size (221 stage I-IV colorectal cancer patients).  In our study, 

neutrophils were also identified by their morphology in H&E-stained images.  The 

analyses of the NHS/HPFS cohorts support the association between high intraepithelial 

and stromal neutrophil density and better overall survival (Ptrend<0.001 and Ptrend=0.003, 

respectively), although statistical significance was not achieved with cancer-specific 

analysis at the α level of 0.005 (Intraepithelial, Ptrend=0.012; stromal, Ptrend=0.034), or in 

the TCGA validation cohort. 

 

Eosinophils are innate immune cells that play a central role in defense against parasitic 

infection and are also involved in the pathogenesis of allergy and asthma (40).  Like 

neutrophils, eosinophils can be reliably identified by their morphology in H&E-stained 

sections, as was done in our study.  Several earlier studies found an association 

between higher eosinophil densities in colorectal cancer and better survival (41,42).  

Our study, utilizing a large sample of two U.S. prospective cohort studies, as well as 

TCGA, supports the association between higher density of stromal eosinophils and 
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better cancer-specific survival and overall survival.  This finding is consistent with recent 

experimental evidence for an antitumorigenic role for eosinophils in a mouse colorectal 

cancer model (43).  In that model, the tumor-inhibiting role of eosinophils was 

independent of CD8+ T cells (43).  In our study, there was only moderate or weak 

correlation between eosinophil density and lymphocyte density (stromal: Spearman 

rho=0.47; intraepithelial: Spearman rho=0.17), suggesting that the factors modulating 

the density of these immune cells may be at least partially independent.  Indeed, our 

study did not support an association between the density of stromal eosinophils and 

MSI or neoantigen load and, to our knowledge, such relationships have not been 

previously reported. 

 

We utilized machine learning based image analysis in the detection of four immune cell 

types with distinctive morphology in H&E-stained sections.  During the past few years, 

such methods have been increasingly applied for the analysis of histopathology images 

(44).  Many widely used deep learning methods use pixel patches (such as 100×100 

pixels) as an input (44,45), while the method we used included separate explicit steps 

for cell detection (based on high hematoxylin optical density in nuclei) and classification 

(based on morphologic features).  We used QuPath, an open source software, which 

has been widely adapted and validated for digital pathology image analysis (20,46,47).  

Our method achieved good to excellent accuracy in relation to laborious manual 

counting (Spearman rho=0.71-0.95), and good to excellent reproducibility between two 

independently trained classifiers (Spearman rho=0.71-0.96), dependent on cell type.  

Better performance in detecting lymphocytes and eosinophils compared to plasma cells 

and neutrophils may be related to higher variability of morphology among plasma cells 

relative to other cell types and issues related to distinguishing neutrophils with nuclear 

lobules that are only partially visible, as well as differentiating neutrophils from apoptotic 

nuclear fragments and mitoses.  A particular benefit of machine learning-based 

quantification is that all the images have been evaluated with the same criteria, 

improving data consistency.   

 

The format of our data also enabled analysis of spatial features of immune cell 

infiltration in relation to tumor cells.  We utilized the GTumor:Immune cell(r) function to 

approximate the likelihood of tumor cells having an immune cell neighbor of the 

specified type within an r µm radius.  We hypothesized that high GTumor:Immune cell 

AUC0,20µm, correlating with a high density of immune cells clustering near tumor cells, 

would be associated with better outcome, and that this association would be more 

pronounced in analyses involving cell types that may show cytotoxicity towards tumor 

cells, including lymphocytes, neutrophils, and eosinophils, although such an association 

may not hold for the GTumor:Plasma cell analysis, as potential anti-tumor antibody production 

would not require close contact to tumor cells.  Supporting our hypothesis, we observed 

that high AUC0,20µm for lymphocytes and eosinophils had a statistically significant 

multivariable adjusted association with longer survival. This association was also 

observed for eosinophils in the TCGA validation cohort.  However, in the NHS/HPFS 
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cohorts, the GTumor:Eosinophil C3 category did not follow the trend towards better prognosis, 

the reasons for which are not clear.  There are many potential approaches to 

characterizing tumor-immune spatial interactions (48,49), and optimal methods to 

improve prognostic classification require further investigation. 

 

Several limitations need to be considered in the interpretation of our results.  First, 

information on cancer treatment was lacking.  Nevertheless, treatments had been based 

mainly on disease stage rather than tumor immune infiltrate, and we adjusted the 

survival analyses for disease stage.  Second, the study evaluated multiple hypotheses.  

However, we used a stringent α level of 0.005 to improve the reproducibility and 

decrease false positive findings (24).  Third, the NHS/HPFS cohort analysis was 

performed using TMAs, and the immune cell infiltrates present in the small area of each 

tumor in TMA format may not fully represent immune cell infiltrates in the whole tumor 

area.  However, numerous studies have generated reproducible results using tissue 

microarrays (50).  In addition, multiple TMA core images were examined for most 

tumors (mean of 3.2 cores per tumor).  Since tumor regions for TMA coring were 

selected without specific regard to immune cell infiltrates, any measurement errors due 

to the use of the TMA format would likely drive our results towards the null hypotheses.  

Moreover, TMAs enabled us to investigate more than 900 tumors with uniform staining 

quality, improving the accuracy of the immune cell detection.  Fourth, the TMAs only 

included cores from the tumor center, precluding examination of the immune cell 

infiltrate at the invasive margin and tertiary lymphoid structures, both of which have 

been reported to harbor prognostic significance (7,8,10).   

 

Use of TCGA as a validation cohort imposed some additional limitations.  The follow-up 

period in this cohort was short, and cancer-specific survival data had to be 

approximated based on “tumor_status” and “vital_status” variables, as described before  

(19).  The event rate was low, resulting in poor statistical power, particularly for cancer-

specific survival analysis.  The H&E staining and image quality were highly variable, 

thereby hindering optimal recognition of immune cell types using nuclear morphology in 

a subset of images and resulting in lower lymphocyte, plasma cell, and neutrophil 

densities as compared to the NHS/HPFS cohorts.  Most notably, identification of plasma 

cells, based predominantly finely-detailed nuclear morphology, was difficult in a large 

subset of cases.  This may account for differences between the cohorts regarding the 

significance of this cell type.  Conversely, eosinophil densities were similar in both 

cohorts, and stromal eosinophil density consistently had strong prognostic value.     

 

The advantages of the study include the availability of a comprehensive data set of 

potential confounding factors in the NHS/HPFS cohorts, such as family history of 

colorectal cancer, MSI status, CIMP, LINE-1 methylation, and BRAF mutation status, 

which were included in the survival analyses.  Nevertheless, several clinically relevant 

data elements were unavailable, such as tumor budding, NRAS status, and history of 

Lynch syndrome.  Additionally, the study population was based on a large number of 
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hospitals across the U.S., facilitating the generalizability of our results.  Moreover, 

examination of multiple immune cell types at the same time enabled a more granular 

view of the colorectal cancer tissue microenvironment than analyses based on a single 

cell type. 

 

In conclusion, our results support the potential of machine learning-based evaluation of 

the immune cell infiltrates utilizing H&E-stained sections as a prognostic parameter in 

colorectal cancer.  In particular, high density of eosinophils in tumor stroma was 

associated with favorable outcome.  The results also suggest that the spatial patterns of 

immune cell infiltrate in relation to tumor cells harbor biologically and prognostically 

relevant information. 
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Tables 

Table 1.  Clinical, pathological, and molecular characteristics of colorectal cancer cases according to tumor 
stromal immune cell densities 

  
Stromal immune cell density (cells / mm

2
) 

Median (25th - 75th percentile) 

Characteristic* Total N Lymphocyte Plasma cell Neutrophil Eosinophil 

All cases 934 413 (212-785) 15 (4.5-41) 46 (20-93) 15 (4.8-40) 
Sex      
   Female (NHS) 521 (56%) 446 (234-804) 17 (5.2-43) 51 (22-106) 13 (4.5-37) 
   Male (HPFS) 413 (44%) 366 (196-726) 13 (3.6-39) 39 (18-78) 16 (5.2-42) 
Age (years)      
   < 65 289 (31%) 412 (221-766) 17 (5.3-39) 49 (23-93) 17 (5.2-42) 
   ≥ 65 645 (69%) 414 (210-790) 15 (4.4-42) 45 (19-93) 14 (4.6-38) 
Year of diagnosis      
   1995 or before 308 (33%) 435 (189-869) 14 (3.7-41) 45 (21-99) 15 (4.8-41) 
   1996-2000 306 (33%) 398 (206-745) 15 (5.6-45) 46 (20-95) 14 (4.9-34) 
   2001-2008 320 (34%) 423 (241-763) 16 (4.6-37) 46 (19-88) 15 (4.6-43) 
Family history of colorectal cancer in first-degree relative(s)    
   Absent 735 (79%) 394 (212-765) 14 (4.1-38) 45 (20-92) 14 (4.9-38) 
   Present 194 (21%) 499 (234-916) 19 (6.4-62) 49 (20-97) 16 (4.7-44) 
History of inflammatory bowel disease      
  Absent 920 (98%) 413 (212-782) 15 (4.5-41) 46 (20-93) 15 (4.7-40) 
  Present 13 (1.4%) 400 (270-982) 14 (5.0-35) 38 (22-65) 18 (10-59) 
Tumor location      
   Cecum 163 (18%) 435 (224-846) 16 (5.4-43) 45 (20-99) 15 (5.6-39) 
   Ascending to transverse colon 306 (33%) 443 (212-820) 17 (4.6-44) 46 (20-93) 12 (4.6-35) 
   Splenic flexure to sigmoid colon 280 (30%) 395 (198-770) 15 (4.3-38) 45 (20-92) 17 (5.6-43) 
   Rectum 181 (19%) 407 (212-726) 14 (3.6-40) 46 (20-90) 15 (3.6-41) 
Tumor differentiation      
   Well to moderate 843 (90%) 407 (212-758) 15 (4.4-40) 45 (20-91) 15 (4.9-42) 
   Poor 89 (9.6%) 569 (223-1019) 20 (7.3-45) 55 (24-123) 11 (4.7-33) 
Extent of signet ring cells (%)      
  0 814 (87%) 413 (212-785) 15 (4.5-42) 46 (20-92) 15 (4.8-40) 
  1-50 108 (12%) 456 (224-779) 16 (4.4-38) 44 (20-100) 12 (4.1-34) 
  ≥ 51 12 (1.3%) 281 (162-980) 13 (4.4-48) 46 (25-79) 34 (12-81) 
Extent of extracellular mucin (%)      
  0 550 (59%) 413 (215-767) 15 (5.2-41) 46 (21-91) 14 (4.6-38) 
  1-50 274 (29%) 436 (217-850) 16 (3.7-43) 47 (20-91) 16 (5.4-43) 
  ≥ 51 110 (12%) 364 (192-777) 14 (3.7-37) 40 (19-112) 13 (4.0-41) 
AJCC disease stage      
   I 198 (23%) 558 (306-986) 23 (8.5-62) 49 (26-97) 27 (8.5-65) 
   II 285 (33%) 411 (224-798) 13 (4.1-39) 51 (23-101) 13 (4.6-33) 
   III 249 (29%) 355 (189-668) 14 (4.1-33) 44 (19-83) 11 (3.4-33) 
   IV 135 (16%) 280 (160-590) 10 (4.1-25) 32 (12-75) 10 (3.7-29) 
MSI status      
   Non-MSI-high 754 (83%) 385 (196-732) 14 (4.3-39) 44 (19-89) 15 (4.5-40) 
   MSI-high 153 (17%) 596 (311-966) 21 (7.1-48) 59 (30-117) 13 (5.2-31) 
CIMP status      
   Low/negative 707 (82%) 397 (198-736) 15 (4.3-39) 44 (19-90) 15 (4.5-40) 
   High 157 (18%) 559 (282-976) 20 (7.6-48) 55 (29-127) 12 (4.8-30) 
Mean LINE-1 methylation level      
   ≥ 60% 571 (63%) 436 (225-814) 15 (4.3-41) 46 (21-98) 15 (4.7-39) 
   < 60% 335 (37%) 376 (184-717) 15 (4.9-41) 44 (18-84) 14 (4.6-40) 
KRAS mutation      
   Wild-type 538 (59%) 433 (217-820) 17 (5.2-43) 47 (22-94) 13 (4.8-37) 
   Mutant 368 (41%) 381 (206-738) 14 (3.3-38) 44 (18-93) 16 (4.5-43) 
BRAF mutation      
   Wild-type 775 (85%) 406 (208-773) 15 (4.3-41) 45 (20-90) 15 (4.5-41) 
   Mutant 138 (15%) 471 (223-882) 17 (6.0-43) 52 (23-126) 11 (5.2-33) 
PIK3CA mutation      
   Wild-type 709 (83%) 394 (202-743) 14 (4.2-39) 44 (20-94) 14 (4.4-38) 
   Mutant 141 (17%) 522 (264-945) 20 (5.6-51) 54 (23-104) 15 (6.1-40) 
Neoantigen load      
   Q1 (lowest) 105 (25%) 394 (234-743) 19 (4.6-48) 48 (21-78) 18 (6.2-48) 
   Q2 104 (25%) 335 (186-602) 15 (4.8-32) 43 (18-88) 13 (4.7-42) 
   Q3 105 (25%) 421 (185-783) 14 (3.3-39) 45 (20-101) 14 (6.1-38) 
   Q4 (highest) 103 (25%) 463 (278-886) 18 (7.6-45) 53 (20-113) 13 (5.1-34) 
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* Percentage indicates the proportion of patients with a specific clinical, pathologic, or molecular characteristic 
among all patients.   
Abbreviations: AJCC, American Joint Committee on Cancer; CIMP, CpG island methylator phenotype; HPFS, 

Health Professionals Follow-up Study; LINE-1, long-interspersed nucleotide element-1; MSI, microsatellite 

instability; NHS, Nurses’ Health Study; SD, standard deviation.  
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Table 2.  Densities of intraepithelial and stromal immune cells and patient survival with inverse 
probability weighting (IPW) 

  Colorectal cancer-specific survival  Overall survival 

 
No. of 
cases 

No. of 
events 

Univariable 
HR (95% CI)* 

Multivariable 
HR (95% CI)*

,†
 

 
No. of 
events 

Univariable 
HR (95% CI)* 

Multivariable 
HR (95% CI)*

,†
 

Tumor intraepithelial region         
Lymphocyte density         
   C1 234 94 1 (referent) 1 (referent)  162 1 (referent) 1 (referent) 
   C2 233 72 0.72 (0.52-0.99) 0.77 (0.56-1.07)  139 0.83 (0.64-1.08) 0.83 (0.65-1.07) 
   C3 234 64 0.68 (0.49-0.96) 0.73 (0.52-1.02)  130 0.79 (0.61-1.03) 0.77 (0.59-1.01) 
   C4 233 60 0.58 (0.41-0.82) 0.68 (0.48-0.98)  141 0.82 (0.63-1.06) 0.73 (0.56-0.94) 
   Ptrend

‡
   0.002 0.029   0.11 0.013 

Plasma cell density         
   C1 343 123 1 (referent) 1 (referent)  227 1 (referent) 1 (referent) 
   C2 196 42 0.54 (0.37-0.77) 0.53 (0.36-0.76)  105 0.65 (0.50-0.83) 0.67 (0.52-0.86) 
   C3 199 64 0.92 (0.66-1.26) 0.96 (0.69-1.33)  115 0.88 (0.69-1.12) 0.93 (0.73-1.20) 
   C4 196 61 0.82 (0.59-1.14) 0.77 (0.55-1.08)  125 0.88 (0.68-1.13) 0.87 (0.68-1.12) 
   Ptrend

‡
   0.44 0.36   0.44 0.48 

Neutrophil density         
   C1 372 137 1 (referent) 1 (referent)  246 1 (referent) 1 (referent) 
   C2 188 57 0.79 (0.57-1.09) 1.10 (0.81-1.51)  111 0.77 (0.59-0.99) 0.96 (0.76-1.21) 
   C3 187 49 0.64 (0.46-0.90) 0.74 (0.51-1.06)  107 0.67 (0.52-0.87) 0.70 (0.54-0.91) 
   C4 187 47 0.63 (0.44-0.90) 0.67 (0.46-0.97)  108 0.73 (0.57-0.93) 0.67 (0.52-0.87) 
   Ptrend

‡
   0.003 0.012   0.002 < 0.001 

Eosinophil density         
   C1 482 171 1 (referent) 1 (referent)  316 1 (referent) 1 (referent) 
   C2 150 40 0.62 (0.43-0.88) 0.64 (0.42-0.98)  84 0.72 (0.54-0.95) 0.80 (0.61-1.07) 
   C3 151 40 0.73 (0.51-1.05) 0.73 (0.50-1.06)  87 0.87 (0.68-1.11) 0.80 (0.61-1.04) 
   C4 151 39 0.71 (0.49-1.03) 0.82 (0.58-1.16)  85 0.75 (0.57-0.99) 0.81 (0.62-1.06) 
   Ptrend

‡
   0.027 0.084   0.030 0.044 

Tumor stromal region         
Lymphocyte density         
   C1 233 110 1 (referent) 1 (referent)  173 1 (referent) 1 (referent) 
   C2 234 66 0.54 (0.39-0.74) 0.64 (0.46-0.88)  132 0.64 (0.49-0.83) 0.64 (0.49-0.83) 
   C3 233 60 0.49 (0.35-0.68) 0.59 (0.42-0.83)  134 0.64 (0.50-0.83) 0.66 (0.51-0.85) 
   C4 234 54 0.43 (0.31-0.61) 0.51 (0.36-0.71)  133 0.59 (0.45-0.77) 0.56 (0.43-0.72) 
   Ptrend

‡
   < 0.001 < 0.001   < 0.001 < 0.001 

Plasma cell density         
   C1 233 88 1 (referent) 1 (referent)  156 1 (referent) 1 (referent) 
   C2 234 86 1.01 (0.74-1.38) 0.95 (0.70-1.30)  150 1.03 (0.79-1.34) 1.01 (0.78-1.31) 
   C3 233 55 0.62 (0.44-0.89) 0.56 (0.39-0.78)  127 0.79 (0.61-1.03) 0.72 (0.55-0.93) 
   C4 234 61 0.61 (0.43-0.86) 0.61 (0.43-0.86)  139 0.78 (0.61-1.01) 0.73 (0.57-0.93) 
   Ptrend

‡
   < 0.001 < 0.001   0.016 0.002 

Neutrophil density         
   C1 234 96 1 (referent) 1 (referent)  169 1 (referent) 1 (referent) 
   C2 233 68 0.71 (0.51-0.99) 0.88 (0.64-1.23)  135 0.67 (0.52-0.88) 0.81 (0.62-1.06) 
   C3 234 67 0.66 (0.48-0.91) 0.88 (0.64-1.22)  130 0.67 (0.52-0.86) 0.79 (0.61-1.01) 
   C4 233 59 0.55 (0.39-0.78) 0.67 (0.47-0.96)  138 0.64 (0.51-0.82) 0.67 (0.51-0.87) 
   Ptrend

‡
   < 0.001 0.034   < 0.001 0.003 

Eosinophil density         
   C1 233 95 1 (referent) 1 (referent)  161 1 (referent) 1 (referent) 
   C2 234 79 0.90 (0.66-1.23) 0.88 (0.65-1.19)  147 0.89 (0.69-1.14) 0.87 (0.67-1.11) 
   C3 234 68 0.73 (0.52-1.01) 0.73 (0.52-1.02)  146 0.84 (0.65-1.07) 0.92 (0.71-1.19) 
   C4 233 48 0.47 (0.32-0.67) 0.49 (0.34-0.71)  118 0.59 (0.45-0.76) 0.63 (0.48-0.82) 
   Ptrend

‡
   < 0.001 < 0.001   < 0.001 0.002 

* 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 Cox regression model initially included sex, age, year of diagnosis, family history of 

colorectal cancer, tumor location, tumor differentiation, disease stage, microsatellite instability, CpG island 
methylator phenotype, KRAS, BRAF, and PIK3CA mutations, and long-interspersed nucleotide element-1 
methylation level.  A backward elimination with a threshold P of 0.05 was used to select variables for the 
final models.   
‡
 Ptrend value was calculated across the four ordinal categories of the density of each immune cell within 

tumor epithelial and stromal regions in the IPW-adjusted Cox regression model.   
Abbreviations: CI, confidence interval; HR, hazard ratio; IPW, inverse probability weighting.  
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Figure legends 

 

Figure 1.  Immune cell detection and quantification and area segmentation in H&E-

stained colorectal cancer tissue microarrays using automated image analysis.  

 

Figure 2.  Relationships between densities of intraepithelial and stromal immune cells 

and clinicopathologic features. (A) Boxplots of the distribution of intraepithelial (IEL) and 

stromal (S) immune cell densities. (B) Correlation matrix of Spearman correlation 

coefficients between the densities of intraepithelial and stromal immune cells. (C) 

Heatmap of the relationships between clinicopathologic features and the densities of 

lymphocytes, plasma cells, neutrophils, and eosinophils. P values are based on the 

correlation analysis of immune cell densities and continuous or ordinal variables (AJCC 

Stage, Neoantigen load) by Spearman rank correlation test or the comparison of 

immune cell densities across categorical variable categories (Tumor location, Tumor 

differentiation, MSI status, CIMP status) by the Kruskal-Wallis test or Wilcoxon rank-

sum test. 

 

Figure 3.  Inverse probability weighting-adjusted Kaplan-Meier curves of colorectal 

cancer-specific survival according to ordinal quartile categories (C1-C4) of stromal 

lymphocyte (A), plasma cell (B), neutrophil (C), and eosinophil (D) densities. 

 

Figure 4.  Spatial analysis of tumor immune infiltrates with Tumor:Immune cell G-cross 

function (GTumor:Immune cell).  (A)-(D) Example lymphocyte infiltration patterns and 

corresponding GTumor:Lymphocyte(r) plots, estimating the probability of any tumor cell having 

at least one neighboring lymphocyte within an r µm radius.  High immune cell infiltrate 

localizing near tumor cells (D) results in higher area under the curve (AUC) than a low 

immune cell infiltrate mainly located away from tumor cells (A).  The G-cross function 

was summarized as AUC within a 20 µm radius (AUC0,20µm).  (E)-(H) GTumor:Immune cell 

AUC0,20µm quartiles (C1-C4) in relation to cancer-specific survival.  The multivariable 

Cox regression models initially included sex, age, year of diagnosis, family history of 

colorectal cancer, tumor location, tumor differentiation, disease stage, microsatellite 

instability, CpG island methylator phenotype, KRAS, BRAF, and PIK3CA mutations, and 

long-interspersed nucleotide element-1 methylation level.  A backward elimination with 

a threshold P of 0.05 was used to select variables for the final models.  
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