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ABSTRACT

Eosinophils are bone marrow-derived granulocytes that display key effector functions in allergic diseases.
Nonetheless, recent data highlight important roles for eosinophils in the tumor microenvironment (TME).
Eosinophils have been attributed with pleiotropic and perhaps conflicting functions, which may be
attributed at least in part to variations in eosinophil quantitation in the TME. Thus, a reliable, quantitative,
and robust method for the assessment of eosinophilic infiltration in the TME is required. This type of
methodology could standardize the identification of these cells and promote the subsequent generation
of hypothesis-driven mechanistic studies. To this end, we conducted a comprehensive analysis of multiple
primary tumors from distinct anatomical sites using a standardized method. Bioinformatics analysis of
10,469 genomically profiled primary tumors revealed that eosinophil abundance within different tumors
can be categorized into three groups representing tumors with high, intermediate, and low eosinophil
levels. Consequently, eosinophil abundance, as well as spatial distribution, was determined in tissue
tumor arrays of six tumors representing all three classifications (colon and esophagus - high; lung -
intermediate; cervix, ovary, and breast - low). With the exception of breast cancer, eosinophils were
mainly localized in the tumor stroma. Importantly, the tumor anatomical site was identified as the primary
predictive factor of eosinophil stromal density highlighting a distinction between mucosal-barrier organs
versus non-mucosal barrier organs. These findings enhance our understanding of eosinophil diversity in
the TME and provide a compelling rationale for future experiments assessing the activity of these cells.
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Introduction is likely due to several reasons such as technical difficulties to
evaluate eosinophil numbers in situ and the underappreciated
role of eosinophils in tumors as more than bystander cells.*’
Identification and characterization of eosinophils in situ in
human tissues is particularly complex. The majority of associa-
tion studies assessing eosinophil levels with tumor stage/grade
or disease prognosis, originated from either association of
blood eosinophil counts or tumor tissue cytologic assessment
with acid dye labeling of the granule proteins within intact
eosinophils. Using the latter method, it is often difficult to
discern eosinophils in highly degranulated structures of
tumor tissues. This may explain, in part, why eosinophil num-
bers and contribution to tumor growth are quite variable and
contradictory. More recently, unique RNA signatures have
been identified for various immune cells.** Nonetheless, meth-
ods for identifying eosinophils by mRNA transcript expression
through microarrays or by RNA sequencing have been difficult,
likelydue to instability of eosinophil RNA for analysis by array
platform. Thus, standardized methods for quantitation of eosi-
nophils in tumors are required. This is specifically important

Eosinophils are bone marrow-derived granulocytes that are
traditionally studied in the context of allergic diseases and
parasite infections." Under steady-state conditions, eosinophils
accumulate in mucosal surfaces such as the gastrointestinal
tract, which serves as the largest eosinophil reservoir in the
body.?

Recently, unforeseen roles have been discovered for eosino-
phils in various settings that are far and beyond allergic inflam-
mation, including cancer.>® In support of this notion,
eosinophils have been shown to infiltrate multiple tumors
and are, in fact, an integral part of the tumor microenviron-
ment (TME). For example, eosinophils have been described in
various tumors including bladder,” gastric,®” colorectal,® '
esophageal,'"'? head and neck,'”'* lung,'” liver,'® breast,'”'®
ovary,'” and uterine cervix,”>*' as well as in malignant pleural
effusions.”? In addition, eosinophils can accumulate in
response to various therapeutic stlrategies.3

Standard methods of immune profiling in tumors have
lacked thorough and systematic measures of eosinophils. This
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since tumor-infiltrating eosinophils were associated with favor-
able prognosis in several tumors (e.g. oral,'*** esophageal,'"'?
gastric,”” and colon®'%) and poor prognosis in others
(bladder,’ cervical?®?! tumors, and Hodgkin’s
lymphoma®®*”). While there is no physiological reason to
assume that eosinophils within a given microenvironment
will be instructed toward a single effector function, this con-
troversy can also be explained by variability in the identifica-
tion of and quantitation of tumor-infiltrating eosinophils.

In this study, we used an established RNA profiling algo-
rithm to measure the abundance of eosinophils in over ten
thousand primary tumors from distinct anatomical sites.
Subsequently, we confirmed our bioinformatics findings by
eosinophil-specific immunohistochemical staining of 2,890
primary tumors. Using these two unique approaches we iden-
tified that the anatomical location of the tumor was the pri-
mary predictive factor of eosinophil stromal density
highlighting a clear distinction between mucosal-barrier
organs versus non-mucosal barrier organs. Our study estab-
lishes a reliable and quantitative method for the detection and
analysis of eosinophils in the TME. The method and the find-
ings that presented in this study provide a compelling rationale
for future hypothesis-driven mechanistic studies, which will
assess the role of eosinophils in tumors displaying eosinophilic
infiltration.

Materials and methods

Total cancer care database and tumor gene profile
analysis

Patients were consented to the Total Cancer Care™ (TCC)
protocol (IRB-approved, Liberty IRB #12.11.0023).>® Pathology
quality control evaluation of tumors was performed as part of
the TCC tissue collection protocol, which includes percent
malignant cellularity, necrosis, and stromal cell presence.
Tumor samples were assayed using the custom Rosetta/
Merck HuRSTA _2a520709 Affymetrix gene expression micro-
array platform (GEO: GPL15048). CEL files (which store the
results of the intensity calculations) were normalized against
the median CEL file using IRON,*® which yields Log, intensity
values per probeset. Principle component analysis (PCA) of all
samples revealed that the first principle component was highly
correlated to RNA integrity number (RIN), suggesting an RNA
quality difference among samples. A partial least squares (PLS)
model was trained upon the fresh frozen samples for which
RIN was available and used to re-estimate the RNA quality of
all samples. Then, the first principle component was removed
to correct the signals for RNA quality. In total, 10,469 fresh
frozen macro dissected primary tumors were identified for the
related analyses.

Eosinophils normalized content abundance

Eosinophil abundance in the TCC patient cohort was evaluated
using the ‘Estimation of STromal and Immune cells in
MAlignant Tumor tissues using Expression data’
(ESTIMATE) algorithm (Estimate R package v1.0.13).*
Normalized gene expression probeset identifiers were mapped

to Entrez GenelDs. As defined in the ESTIMATE package, the
data were filtered to only the common genes. A single probeset
was then selected per gene by choosing the probeset having the
highest median expression across all tumors. This resulting
dataset was used in the ESTIMATE function to produce stro-
mal and immune scores for each cohort. Next, the Human
RSTA array was reduced to the LM22 signature genes
(Supplementary Table 1) as defined by CIBERSORT®' by
choosing a representative probeset that detects the gene and
has the highest median expression among matching probesets.
LM22 is a validated leukocyte signature matrix generated from
microarray data, which contains 547 genes that distinguish 22
human hematopoietic cell phenotypes.’' The CIBERSORT web
tool (https://cibersort.stanford.edu/index.php) was accessed on
2017-05-19 to generate signature scores (using quantile
normalization).

Immune cell infiltrate composition proportions from
CIBERSORT?! were extracted in relative mode, where the
proportions are relative to the total immune cell fraction of
the tumor. To normalize the content across tumors, we scaled
the ESTIMATE’® immune scores such that the lowest immune
score was 0O (rather than negative) and analyzed multiple
immune cell infiltrate fractions by this adjusted immune
score, to vyield the Eosinophil Normalized Content
Abundance.”® Eosinophil levels were compared to other
immune cell types that were previously estimated from
CIBERSORT. The normalized content abundance (NCA) for
eosinophils was correlated to the additional immune cells using
Spearman’s correlation within each site of origin. The correla-
tion coefficients were visualized using ComplexHeatmap in
R4.0.3.

Tissue microarrays

Tissue microarrays were purchased from US Biomax Inc and
were composed of paraffin-embedded primary tumor tissues
collected prior to therapy from breast, colon, esophagus, lung,
ovary, and uterine cervix. The following arrays were obtained:
Breast- BR20810, BR20811, BR20812, BR20813, BR20814,
BR486, BR804b, BR90; Colon- CO601, CO602, CO992,
CO702b, CO703, CO952, CO953, T054b, T055; Esophagus-
ES1021, ES200la, ES2082; Lung- LC20812, LC20813,
LC20814, LC20815, LC20816; Ovary- OV20810, OV20811,
OV20812; Uterine cervix- CR2089, CR2088. Tumor samples
from the aforementioned arrays were conjoined with the fol-
lowing clinical parameters: age, sex, pathological grade, clinical
stage, tumor size, lymph node involvement, and receptor
expression (progesterone receptor, estrogen receptor, and
Human Epidermal Growth Factor Receptor 2-HER2). The
sample size was calculated using G*power’> with an effect
size of 0.1, 80% power, and 1% significance due to multiple
comparisons.

Immunohistochemistry and analysis of stained tumor
samples

Tumor arrays were stained with anti-eosinophil peroxidase
(EPX), as previously described® (kindly provided by the Lee
laboratories Mayo clinic, Scottsdale, AZ). Anti-EPX stained
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slides were scanned at X20 magnification by means of the
Leica© Aperio digital pathology slide scanner with
a resolution of 0.32 um/pixel. Thereafter, the scanned photo-
micrographs were analyzed using Qupath© bioimaging analy-
sis software.”® Tumor cores on each array were annotated to
regions of tumor and stroma based on differential cell appear-
ance using the Nuclear Fast Red staining, and their relative area
was calculated. Eosinophils were detected using color decon-
volution, and cells were assigned to as positive or negative cells
based upon the smoothed DAB channel information of mean
intensity in the cell compartment (nucleus and cytoplasm).
Extra-cellular staining (EPX degranulation) was not measured.
The number of DAB-positive cells (i.e. eosinophils) and the
area of tumor or stroma were used to calculate the density of
eosinophils within the given region. Finally, eosinophil density
data (i.e. the number of DAB positive cells per mm®) was
exported along with marked images showing the detected
cells, for visual verification. The detection and export steps
were fully automated using a batch processing script.

Statistical analysis

Categorical variables were described as frequency and percen-
tage. Continuous variables were evaluated for normal distribu-
tion using histogram and Q-Q plot and reported as mean and
standard deviation (SD) or median and interquartile range
(IQR). Spearman’s rank correlation coefficient was used to
evaluate the association between eosinophil density, patient
age, pathological grade, clinical stage, and tumor size.
Classification and regression trees (CART) algorithm was
used to identify a subgroup of patients/malignancies according
to eosinophil density. Kruskal-Wallis test and Mann-Whitney
test were used to compare eosinophil density between the
different types of malignancy. Wilcoxon signed-rank test was
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used to compare eosinophil density in stroma and intra-
tumoral. All statistical tests were two-sided and p-value < 0.05
was considered statistically significant. Statistical analysis was
performed with SPSS statistical software (IBM SPSS Statistics,
version 25, IBM Corp., Armonk, NY, USA, 2017).

Results

Bioinformatics analysis predict that eosinophils are
differentially distributed in distinct primary tumors
according to their anatomical location

Tumor-infiltrating eosinophils have been described in multiple
tumors.” Nonetheless, their relative distribution within
tumors is largely unknown. Thus, we first aimed to determine
whether eosinophils are differentially distributed within pri-
mary tumors from distinct anatomical locations. To this end,
we used the TCC database, which profiled 10,469 genomically
distinct solid, primary, non-metastatic tumor samples repre-
senting 22 tumor types. To specifically assess the abundance of
eosinophils in the tumors, the CIBERSORT deconvolution
algorithm was used.”’ This algorithm is a versatile computa-
tional method for quantifying cell fractions from bulk tissue
gene expression profiles using a signature matrix and was
recently utilized to estimate the immune composition of
tumor biopsies.”* The normalized content of eosinophils
(defined using LM22 signature genes,”' see Supplementary
Table 1), which represents their abundance, significantly dif-
fered between tumors from distinct anatomical locations
(p-value <0.001). Further analysis employing this data for tree
classification using classification and regression tree (CART)
algorithm™ revealed that eosinophil distribution within differ-
ent tumors can be categorized into three groups representing
tumors with high (38.89 * 75.45), intermediate (18.59 + 47.88),
and low (11.02 £ 34.88) eosinophil levels (Figure 1,
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Figure 1. CIBERSORT analysis predicts differential eosinophil distribution according to the tumor anatomical location. Eosinophil abundance was assessed using the
CIBERSORT deconvolution algorithm on 10,469 primary tumors of the TCC genomic database. Eosinophil normalized content abundance significantly differed between
different anatomical sites (p-value < 0.001). Classification and regression tree (CART) algorithm categorized tumor types into three groups representing tumors with
high (seen in black), intermediate (seen in gray) and low (seen in white) eosinophil levels.
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Supplementary table 2). Interestingly, gastrointestinal tumors
including stomach, rectum, large bowel, pancreas, and esopha-
geal were among the tumors, which were highly infiltrated with
eosinophils (Figure 1).

Anti-EPX staining reveals that eosinophils are
differentially distributed within distinct tumor anatomical
sites

Next, we obtained tissue tumor arrays of six tumor types
representing all three classifications attained from the TCC
data: namely, colon and esophagus - representing highly infil-
trated tumors; lung - representing tumors infiltrated with
intermediate levels; and cervix, ovary, and breast - represent-
ing tumors with low infiltration. The slides were subjected to
anti-EPX immunohistochemical staining. We specifically
chose to use this methodology since anti-EPX staining has
been demonstrated as an eflicient tool to identify and quantify
eosinophils in pathological settings such as allergic
diseases.”>*” Furthermore, using tumor arrays enables a side-
by-side comparison of eosinophils in multiple specimens using
the same methodology, thus reducing technical variability. Our
cohort included 2,890 patients (Table 1), mostly female
(66.8%), with a mean age of 53.4 + 11.45 (ranging from 18 to
95). The cohort contained patients with six different primary
tumors; 576 breast cancer (20%), 399 cervical cancer (13.8%),
837 lung cancer (29%), 586 ovarian cancer (20.3%), 306 eso-
phageal cancer (10.5%), and 186 colon cancer (6.4%).
Eosinophils were identified within the TME of tumors
located in the colon (Figure 2(a)), lung (Figure 2(b)), uterine
cervix (Figure 2(c)), esophagus (Figure 2(d)), ovary (Figure 2
(e)) and breast (figure 2(f)). To accurately quantify eosinophil
levels, Qupath© software was used,®* and anti-EPX stained
eosinophils were automatically detected and quantified in

Table 1. Patient clinical characteristics.

each tissue sample. Thereafter, the tissue area was determined,
and eosinophil density was calculated by assessing eosinophils
per tissue mm® (Figure 2(g)). The uniform handling and stain-
ing of all samples facilitated the comparison of eosinophil
density between anatomical sites. Analysis of eosinophil den-
sity revealed significant differences (p-value <0.01) between
anatomical sites (Figure 2(I), Supplementary table 3). Our
immunohistochemical staining resulted in different eosinophil
densities in esophageal, lung, and uterine cervix eosinophil
accumulation in comparison to the CIBERSORT prediction
(Figure 1). The histological analysis revealed breast tumors
had significantly fewer infiltrating eosinophils compared to
each of the other anatomical sites (p-value <0.01), whereas
colon tumors had significantly increased numbers of infiltrat-
ing eosinophils compared to each of the other anatomical sites
(p-value <0.05). Eosinophil accumulation was significantly dis-
tinct between most anatomical site comparisons, yet no sig-
nificant difference was present between cervical and esophageal
tumors. Importantly, although not quantitated, eosinophil
degranulation was observed in several tumor samples
(Supplementary Figure 1).

Eosinophils are predominantly present in the stroma of
the tumor microenvironment

We further assessed the distribution of eosinophils within the
different tumors with emphasis on their location (i.e. stroma
vs. intra-tumoral). This analysis (Supplementary Table 3)
revealed that in colon (Figure 3(a)), lung (Figure 3(b)), cervical
(Figure 3(c)), esophageal (Figure 3(d)), and ovarian tumors
(Figure 3(e)) eosinophils were predominantly localized in the
stroma (p-value <0.01). In contrast, in breast tumors (figure 3
(f)), eosinophils localized primarily in intra-tumoral areas
(p-value <0.01).

Total Breast Uterine cervix Lung Ovary Esophagus Colon

N 2890 576 399 837 586 306 186
Age (years), mean (SD) 53.4 (11.45) 50.42 (11.26) 48.25 (10.33) 58.28 (9.51) 49.65 (11.8) 58.11 (8.73) 56.25 (13.21)
Female sex, n(%) 1930 576 (100%) 399 (100%) 206 (24.6%) 586 (100%) 92 (30%) 71 (38.2%)
Male sex, n(%) 960 0 (0%) 0 (0%) 631 (75.4%) 0 (0%) 214 (70%) 115 (61.8%)
Stage, n(%)

1 1490 81 (14%) 280 (70.2%) 602 (71.9%) 469 (80%) 6 (2%) 52 (28%)

2 1060 429 (74.5%) 103 (25.8%) 124 (14.8%) 80 (13.7%) 240 (78.4%) 84 (45.2%)

3 298 64 (11.1%) 14 (3.5%) 106 (12.7%) 16 (2.7%) 59 (19.3%) 39 (20.9%)

4 42 2 (0.35%) 2 (0.5%) 5 (0.6%) 21 (3.6%) 1 (0.3%) 11 (5.9%)
Grade, n(%)

1 450 27 (4.7%) 62 (15.5%) 124 (14.8%) 103 (17.6%) 93 (30.4%) 41 (22%)

2 1285 404 (70.1%) 244 (61.2%) 317 (37.9%) 138 (23.5%) 105 (34.3%) 77 (41.4%)

3 601 58 (10.1%) 76 (19%) 190 (22.7%) 196 (33.5%) 61 (20%) 20 (10.8%)

NA* 554 87 (15.1%) 17 (4.3%) 206 (24.6%) 149 (25.4%) 47 (15.3%) 48 (25.8%)

T, n(%)

1 878 84 (14.6%) 287 (72%) 60 (7.2%) 438 (74.7%) 8 (2.6%) 1 (0.6%)

2 1390 381 (66.1%) 105 (26.3%) 684 (81.7%) 97 (16.6%) 85 (27.8%) 38 (20.4%)

3 466 61 (10.6%) 7 (1.7%) 49 (5.8%) 51 (8.7%) 209 (68.3%) 89 (47.8%)

4 156 50 (8.7%) 0 (0%) 44 (5.3%) 0 (0%) 4 (1.3%) 58 (31.2%)
N, n(%)

0 2455 502 (87.2%) 388 (97.2%) 653 (78%) 551 (94%) 237 (77.4%) 124 (66.7%)

1 361 57 (9.9%) 11 (2.8%) 152 (18.2%) 34 (5.8%) 69 (22.6%) 38 (20.4%)

2 74 17 (2.9%) 0 (0%) 32 (3.8%) 1 (0.2%) 0 (0%) 24 (12.9%)
M, n(%)

0 2848 575 (99.8%) 399 (100%) 832 (99.4%) 566 (96.6%) 305 (99.7%) 171 (92%)

1 42 1 (0.2%) 0 (0%) 5 (0.6%) 20 (3.4%) 1 (0.3%) 15 (8%)

*NA; specific classification was not available
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Figure 2. Anti-EPX immunohistochemical staining shows differential eosinophil distribution within distinct tumor anatomical sites. Tissue tumor arrays consisting of
2,890 individual patients were stained with anti-EPX. Representative photomicrographs of infiltrating eosinophils (stained brown with DAB and circled) in colon (a), lung
(b), uterine cervix (c), esophagus (d), ovary (e) and breast (f) tumors. Qupath© software annotations of tumor cores to regions of tumor (purple), stroma (green) and DAB
positive cells (black) eosinophils (g). Eosinophil density differed (p-value < 0.001) between anatomical sites (i).
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Figure 3. Localization analysis of eosinophils in the TME reveals predominant stromal infiltration. Paired analysis of eosinophil density in the tumor stroma versus intra-

tumoral regions was conducted in colon (a), lung (b), cervical (c), esophageal (d) and ovarian (e) and breast (f) tumors. Representative photomicrographs of each tumor
type are located bellow the corresponding graph. *** p- value < 0.001.
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Eosinophil stromal density is primarily determined by the
tumor anatomical site

Eosinophil density could potentially be influenced by multiple
parameters including age, sex, tumor stage, grade, size, lymph
node involvement, and tumor anatomical site. To determine
the primary factor, which is predictive of eosinophil stromal
density we used an empiric approach employing the CART
algorithm.”® This analysis revealed that the density of stromal
eosinophils could be primarily classified according to the
tumor anatomical site (Figure 4(a)) in respect to age, sex,
tumor stage, grade, size, and lymph node involvement.
Analysis of 2,890 samples, which represent 100% of the cohort
(see Node 0, Figure 4(a)) in combination with all of the afore-
mentioned clinical and pathological parameters demonstrated
the tumor anatomical site to be the best predictor of eosinophil
stromal density. Interestingly, this classification divided eosi-
nophil stromal density into two major subsets collectively
termed Node 1 and Node 2. Node 1 was comprised of colon,
lung, esophageal, and cervical tumors, whereas Node 2 was
comprised of breast and ovarian tumors (Figure 4(a)). This
classification suggested that mucosal barrier oriented (Node 1)
vs. non-mucosal barrier tumors (Node 2) may serve as
a distinctive marker for stromal eosinophil density (p-value

assessed with respect to the classification of tumors into muco-
sal vs. non-mucosal barrier. This analysis demonstrated that
the percentage of samples, which displayed increased stromal
eosinophil density was higher in mucosal barrier tumors (blue)
in comparison with non-mucosal barrier tumors (red) (Figure
4(b)). We further performed a cross-validation analysis on the
TCC cohort (Figure 4(c)) by assessing the eosinophil normal-
ized content abundance in mucosal versus non-mucosal bar-
rier tumors (see classification in Supplementary Table 4). This
analysis recapitulated our findings demonstrating that mucosal

barrier tumors had increased eosinophil abundance
(26.38 + 61.31) in comparison with non-mucosal tumors
(17.24 + 47.4, p-value<0.001). Collectively, these data suggest

that mucosal barrier tumors will be characterized by abundant
eosinophilia.

Age- or sex-specific differences in eosinophil infiltration

To assess age- and sex-specific patterns of eosinophil infiltra-
tion, eosinophil density was correlated to patient age
(Supplementary Figure 2a-f) and associated with patient sex
(Supplementary Figure 2g, Supplementary table 5). No signifi-
cant correlation between eosinophil density and patient age

<0.01). Next, stromal eosinophil density of each sample was was seen in colon (Supplementary Figure 2a), lung
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Figure 4. CART algorithm determines tumor anatomic site as the primary predictive factor of eosinophil stromal density. CART algorithm analyzed stromal eosinophil
density in all 2,890 cohort samples (A, Node 0) in respect to age, sex, tumor stage, grade, size, lymph node involvement and tumor anatomical site. Tumor anatomical
site was the best predictor of eosinophil stromal density classifying eosinophil stromal density into two subsets. One subset comprised of mucosal barrier tumors; colon,
lung, esophageal and cervical (A, Node 1), and another comprised of non-mucosal barrier tumors; breast and ovarian tumors (A, Node 2). Analysis of stromal eosinophil
density assessing the percentage of patients demonstrating a particular eosinophil density in the mucosal barrier (B, in blue) versus non-mucosal barrier (B, in red)
subsets, showed significantly increased infiltration in mucosal barrier tumors (p-value <0.001). Similar analysis conducted on the TCC cohort (c), showed significantly

increased eosinophil abundance in mucosal barrier tumors (p-value<0.001).



(Supplementary Figure 2b), uterine cervix (Supplementary
Figure 2c), esophageal (Supplementary Figure 2d), ovarian
(Supplementary Figure 2e) and breast (Supplementary figure
2f) tumors. Evaluation of sex-related differences was per-
formed in colon, lung, and esophageal tumors
(Supplementary Figure 2g). Only lung tumors showed signifi-
cant sex differences (p-value = 0.048), with females (mean
eosinophil density 314 + 782) showing higher eosinophil infil-
tration than males (228 + 492).
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Association of eosinophil density with hormone receptors
and HER2 expression

Considering the roles that hormone receptors (i.e. estrogen and
progesterone receptors) and HER2 expression have on breast
cancer prognosis and therapeutics,”® we evaluated eosinophil
density in breast cancer with respect to the expression of these
receptors. Stromal eosinophils were decreased (p-value = 0.009)
in high estrogen receptor expression tumors, while eosinophil
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Figure 5. Association of eosinophil density with breast cancer hormone receptors and HER2 expression Eosinophil density in breast tumor stroma was evaluated in
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density was not associated with progesterone receptor or HER2
protein expression (Figure 5).

Association of eosinophils with tumor grade, size and
clinical stage

Clinical and pathological evaluation of a given tumor involves
multiple parameters including the tumor spread, cellular differ-
entiation, and factors such as the TNM classification system,
which considers the tumor size (T), involvement of regional
lymph nodes (N), and metastasis (M). We were interested to
determine whether eosinophil density correlated with any of the
following parameters: a) tumor pathological grade; b) tumor
stage; and c) tumor size in our sample cohort (Figure 6,
Supplementary table 6).

In colon tumors, stromal eosinophil density was inversely
correlated to tumor size (p-value = 0.002) but not tumor grade
or stage. In esophageal tumors, stromal eosinophil density was
inversely correlated to tumor stage (p-value = 0.007) but not
tumor grade or size. Inspection of cervical tumors revealed
significant inverse correlation between stromal and intra-
tumoral eosinophil density in regard to tumor stage (stroma
p-value = 0.024, intra-tumoral p-value = 0.001) and size
(stroma p-value = 0.035, intra-tumoral p-value = 0.002).
Nonetheless, no correlations were observed in eosinophil den-
sity in respect to tumor grade.

In contrast to cervical tumors, lung tumors revealed
a significant inverse correlation in stromal (p-value = 0.01)
and intra-tumoral (p-value = 0.016) eosinophils with tumor
pathological grade, while eosinophil density was not correlated
with lung tumor stage or size.

Review of ovarian tumors revealed that stromal
(p-value = 0.001) and intra-tumoral (p-value = 0.025) eosino-
phil density was significantly positively correlated with tumor
grade. No significant correlation was observed between eosi-
nophil density and ovarian tumor stage and size. Finally, breast
tumors displayed significantly positive correlation between
stromal and intra-tumoral eosinophil density in regard to
tumor stage (stroma p-value = 0.009, intra-tumoral
p-value = 0.007) and size (stroma p-value = 0.001, intra-
tumoral p-value = 0.001). Eosinophil density in breast tumors
was not associated with pathological grade.

Collectively, these data demonstrate unique clinical associa-
tion patterns for eosinophils in distinct primary tumors.

Correlation between eosinophils and other immune cells
in the TME

In the TME, eosinophils have been attributed with immuno-
modulatory functions since they can interact with various cell
types including T cells,”>*° NK cells*"*** and macrophages.***’
To provide insights into the potential cross-talk between eosi-
nophils and additional immune cell in a given TME, we utilized
the TCC database to assess the correlation between the abun-
dance of eosinophils with additional immune cells including
CD8", CD4" T cells, NK cells and macrophages in a given TME
(Figure 7 and Supplementary table 7). A positive and signifi-
cant correlation was identified between eosinophil abundance
and resting memory CD4" T cells in 11 of 22 tumor types. In

contrast, a significant inverse correlation was identified in 9 of
22 tumor types between eosinophil abundance and CD8"
T cells. Associations between eosinophils and additional
immune cells were diverse and displayed distinct correlation
patterns depending on the specific type of tumor assessed
(Figure 7).

Discussion

Eosinophils have been primarily studied in the context of
allergic inflammatory diseases.' Nonetheless, numerous clini-
cal and experimental studies have shown that they can infiltrate
various tumors.” Despite the fact that the eosinophils infiltrate
multiple tumors, several caveats exist, which limit our inter-
pretation of previous data. For example, the fact that there is no
standardized method for eosinophil detection and quantitation
prevents the ability to compile data from different experiments
and to accurately define the level of eosinophil density within
a given TME.>”** In this study, we provide a comprehensive
high-throughput evaluation of eosinophils in various TMEs
combining bioinformatics and standardized pathological
methods. We demonstrate that the abundance, localization,
and clinical association of tumor-infiltrating eosinophils are
primarily dictated by the anatomical site of the tumor with
a clear distinction between mucosal barrier and non-mucosal
barrier organs. Herein, we used an unbiased bioinformatics
approach followed by corroborating experimental data. First,
we analyzed 10,469 primary tumors in the TCC database,
which represent 22 tumor types, by employing the
CIBERSORT algorithm to infer the presence of eosinophils in
tumors. This method of quantification was able to categorize
eosinophil distribution within different tumors into three
groups representing tumors with high, intermediate, and low
eosinophil levels. Next, using an experimental approach, we
analyzed the presence of eosinophils in independent tumor
tissue arrays of the representative tumor types from each
derived classification using standardized immunohistochem-
ical staining methods. The algorithm predictions were partially
recapitulated and highlighted the presence of eosinophils in
mucosal barrier tumors. The differences between the bioinfor-
matics and experimental approach may be explained by the fact
that our staining was conducted on a different patient cohort
from the one which was analyzed in the TCC database.
Nonetheless, since immunohistochemical staining identifies
eosinophils more accurately than the use of RNA-sequencing
signature, such signatures can be only used as hypothesis-
generating tools rather than definitive quantification.
Collectively, these data suggest that specific environmental
cues provide distinct signals for eosinophil recruitment and
likely dictate the different activities eosinophils display in dif-
ferent TMEs.

One of the major outcomes of our study is the standardized
side-by-side comparison of tissue eosinophils in multiple spe-
cimens from different tumor types. Using artificial intelligence,
we mapped the localization of eosinophils within the different
tumors and assessed the density of eosinophils in the stromal
vs. intra-tumoral compartments. We demonstrate that tumor-
infiltrating eosinophils were predominantly present in the
tumor stroma with the exception of breast cancer where intra-



ONCOIMMUNOLOGY €1859732-9

s2 [ H = Bl Liver
165 Melanoma
108 Sarcoma
34 -- Non-Melanoma Skin
404 = . 5 Ovary
3088 = * * x -  C Breast
i Correlation
45 l - Cervix o
243 * = Prtostate 0.2
59 B Renal Pelvis 0
2027 % . . Lung -0.2
740 * i Kidney 04
640 PRl b Endometrium/Uterus Eogo
117 - - Head - Neck 40
302 : NeuroCarcinoid 20
65 Esophagus fg
333 = Pancreas 0
1204 * Large Bowel
132 i Rectum - Anus
223 | * Bladder
30 B Thyroid
377 = . Brain
81 oy - o HEE a !x ! Stomach
£2 8883 5¢ oz =28
17} o F S 0 o0 >g5g o W
g 2 < £ O g O 2 9
= O [o] = O
g © 28 > 2
< O 3 - T = a
Q x 9 t Z 9 < 8
S & 87 8 8
g Lé s s
£ S
2 £
= o
=

Figure 7. Eosinophil correlation with immune cell populations in the tumor microenvironment. A Heatmap of correlation coefficients between eosinophil estimates and
immune cell types for the TCC database is shown. For each cancer type, the Spearman correlation of normalized content abundance (NCA) eosinophil levels and
corresponding immune cell population was measured. The mean eosinophil estimate per cancer type is shown at the right and sample numbers at the left. * p value<

.05.

tumoral eosinophilia was more prominent than stromal eosi-
nophils. These findings are consistent with previous studies
observing prominent stromal eosinophilia in bladder and col-
orectal cancer.”® Interestingly, employing the CART algorithm
on our stained tumor microarrays revealed that the tumor
anatomical site was the primary predictive variable for the
stromal density of eosinophils. This analysis further demon-
strated that mucosal barrier tumors differ from non-mucosal
barrier tumors in stromal eosinophil density. Indeed, mucosal
barrier tumors were characterized by increased stromal eosi-
nophilia. This finding is likely explained by the fact that tissues
with mucosal barriers are natural niches for eosinophil migra-
tion under homeostatic conditions and in various diseases.*’
For example, the gastrointestinal tract is the largest reservoir of
eosinophils under baseline conditions and eosinophils migrate
to the gastrointestinal tract in allergic GI disorders and colitis
under the direction of the eotaxin family of chemokines.*° In
addition, eosinophils are resident cells in the lungs*” and their
levels may be markedly increased in subsets of patients with
asthma® or even chronic obstructive pulmonary disease.*® We
speculate that the difference in eosinophil density between

mucosal barrier and non-mucosal barrier tumors is due to
the ability of mucosal cells, such as epithelial cells or myeloid
cells, to secrete eosinophil chemotactic factors such as CCL11,
CCL24, and/or CCL26.***>*7! Nonetheless, it is likely that
additional factors facilitate eosinophil homing to these sites.
Moreover, it is possible that lack of exposure to appropriate
survival cytokines such as IL-5 in a given TME regulates
eosinophil levels as well.>*

The differential localization of eosinophils in distinct
tumors resulted in unique clinical associations. This could be
exemplified by comparing the clinical association of eosino-
phils in colon versus breast tumors, where eosinophils were
primarily located in the stromal vs. intra-tumoral compart-
ments, respectively. In colon tumors, stromal eosinophil den-
sity was inversely correlated with tumor size. Unfortunately,
the cohorts used for this study do not have applicable survival
data. Thus, survival analyses should be performed to associate
the effect on patient outcome. These findings are consistent
with previous studies showing a high density of eosinophils in
the stroma of colon tumors; in those studies, eosinophilia was
associated with a favorable outcome.*>®> One suggested
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mechanism for the eosinophil effect on colorectal tumors may
be direct cytotoxic activities of eosinophils toward colon tumor
cells. In fact, direct eosinophil-mediated cytotoxicity has been
observed in co-culture studies of mouse or human eosinophils
with colorectal cancer cells (MC38, CT26, SW480, Caco-2,
Col0-205).°"** In addition, mouse models of colorectal cancer
demonstrated eosinophil recruitment, prolonged survival, and
degranulation in the TME. Eosinophil-deficient mice had
increased tumor burden compared to wild-type mice and cell
depletion experiments indicated that eosinophil anti-
tumorigenic activities were independent of CD8" T cells.”
We have previously shown that in colorectal cancer, eosinophil
tumor infiltration is inversely correlated with tumor stage,”’
whereas no correlation was identified in this study. The differ-
ence between these data is likely explained by the fact that in
our previous study the stained biopsies were divided into four
different groups based on the numbers of intra-tumoral eosi-
nophils and we did not account for the localization of eosino-
phils (i.e. intra-tumoral versus stromal localization). Thus, the
comparative statistical analysis in our previous study was con-
ducted only within the different groups of colorectal cancer
patients and with no consideration of eosinophil localization.
In this study, we compared multiple tumor types side by side
and therefore did not use the aforementioned scoring system.

In contrast to colon cancer, our study revealed that
eosinophil density in breast cancer was positively correlated
with clinical stage and tumor size. These data suggest
tumor-promoting activities for eosinophils in primary
breast cancer. Moreover, stromal eosinophils were
decreased in high estrogen receptor expression tumors.
A proposed mechanism for the pro-tumorigenic activities
of eosinophils in primary breast cancer was described using
the 4T1 syngeneic murine orthotopic breast cancer model.”
Eosinophil peroxidase increased mammary tumor growth
and enhanced lung metastases.>® Furthermore, in-vitro, per-
oxidase treatment stimulated robust migration of human
mammary fibroblasts by inducing transcription of pro-
tumorigenic and metastatic MMP1, MMP3, and COX-2
genes.”” In support of a tumor-promoting role for eosino-
phils in primary breast tumors, previous epidemiological
studies suggested a link between increased expression of
IL-5, a key eosinophil survival, and priming factor,”® in
breast carcinomas and higher rates of distant metastasis
and recurrence.”” Additionally, evaluation of human breast
cancer revealed that a high proportion of tumors contained
extensive, occult deposition of eosinophil peroxidase.’®
Collectively, we set forth the notion that the opposing
roles of eosinophils in distinct tumors is a result of func-
tional heterogeneity determined by the physiological micro-
environment as opposed to technical variance in detection
methods.

One possible mechanism of action for eosinophils in the
TME is by interacting with diverse cells of the immune system.
To define potential interactions between eosinophils and addi-
tional immune cells we conducted a correlation analysis
between eosinophils, T cell subsets, NK cells, and polarized
macrophages using the TCC database. This analysis revealed
a positive correlation between eosinophils and memory resting
CD4" T cells and an inverse correlation with CD8" T-cells

across multiple tumor types. Recent data demonstrated an
active cross-talk exists between eosinophils and CD8" T cells,
where eosinophils promote the influx of CD8" T cells into the
TME, especially following immunotherapy.”> Thus, the find-
ing of an inverse correlation between eosinophils and CD8"
T cells is of great interest. Since the associations between
eosinophils and CD8" T cells were observed primarily in set-
tings of immunotherapy regimes or depletion of T regulatory
cels. We hypothesize that wunder different non-
immunosuppressed conditions, eosinophils may still associate
with CD8" T cells. Further studies should be done regarding
this potential crosstalk.

The wuse of tissue microarrays enabled the high-
throughput uniform detection of eosinophils in 2,890
tumor samples, thus reducing technical variability and
empowering the conduction of more rigorous research.
Nonetheless, several limitations should be considered in
the interpretation of our study results. First, eosinophil
density in the examined fraction of each analyzed tumor
may not adequately represent the heterogenous infiltrate in
the whole tumor area. Despite this limitation, previous
studies demonstrated strong correlations between tumor
microarray histospots and whole-tissue sections.®®°!
Second, degranulation of eosinophils may play important
roles in the TME.”">% Although eosinophil degranulation
was observed in multiple specimens, our study did not
assess the extent of tissue degranulation and therefore we
cannot conclude regarding the “activation status” of eosi-
nophils and any clinical or pathological outcome.
Moreover, since the quantitation of eosinophils was based
on a positive intra-cellular DAB stain, only intact eosino-
phils were counted thus, introducing a potential bias in
areas of extensive degranulation. Currently, the available
methodologies, which are used to evaluate eosinophil
degranulation in the field of cancer,>” are based on pathol-
ogist observations such as the scoring originally developed
for eosinophilic esophagitis.”> This type of analysis cannot
be scaled up to the number of slides/samples, which have
been assessed in our study. Further development is required
to provide an automated unbiased quantification method of
eosinophil tissue degranulation.

In summary, our data contribute to the spatial characteriza-
tion of eosinophils in the TME and set forward the use of
artificial intelligence-based methods to dissect their tissue
quantitation and localization. Furthermore, our data highlight
the involvement of eosinophils in tumors from mucosal barrier
sites, which should be further explored in experimental set-
tings. Finally, our data suggest that differential infiltration of
eosinophils into anatomically distinct tumors contributes to
their distinct activities in each TME. We believe that subse-
quent studies including our own will utilize this method and
findings, to focus on gaining mechanistic insights regarding the
roles of eosinophils in primary and metastatic tumors in muco-
sal barrier organs.
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