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Role for High-Affinity IgE Receptor in Prognosis
of Lung Adenocarcinoma Patients
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Abstract

Cancer development and biology is influenced by the host
immune system. Emerging data indicate that the context of
immune cell infiltrates may contribute to cancer prognosis.
However, the types of infiltrating immune cells that are critical
for cancer development remain controversial. In attempts to
gain insights into the immune networks that regulate and/or
predict tumor progression, gene expression analysis was con-
ducted on microarray datasets of resected tumor samples from
128 early-stage non-small cell lung cancer (NSCLC) adeno-
carcinoma patients. By limiting analysis to immune-related
genes, we identified a 9-gene signature using MAximizing R
Square Algorithm that selected for the greatest separation
between favorable and adverse prognostic patient subgroups.
The prognostic value of this 9-gene signature was validated in

Introduction

Lung cancer is a leading cause of cancer death, with approxi-
mately 85% being non-small cell lung cancer (NSCLC). Adeno-
carcinoma (ADC) is the most common form of NSCLC. Complete
surgical resection is the standard treatment for early-stage I and II
NSCLC patients, but up to 50% of these patients experience post-
surgical recurrence (1). Cancer development is influenced by its
microenvironment through interactions between cancer cells,
stroma, vasculature and immune infiltrates (2, 3). Histologic
evidence indicates that the presence of intratumoral lymphoid
structures and immune cell infiltration are prognostic markers for
NSCLC (4, 5). The number and types of tumor-infiltrating leu-
kocytes (TIL) present within the tumor microenvironment influ-
ence tumor growth and metastasis. Indeed, the majority of
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10 additional independently published microarray datasets of
lung adenocarcinoma [n = 1,097; overall survival hazard ratio
(HR), 2.05; 95% confidence interval, 1.64-2.56; P < 0.0001]
and was found to be an independent prognostic indicator
relative to tumor stage (overall survival HR, 2.09, 95% con-
fidence interval, 1.65-2.66; P < 0.0001). Network analysis
revealed that genes associated with Fce complex (FCERI,
MS4A2) formed the largest and most significant pathway of
the signature. Using immunohistochemistry, we validated that
MS4A2, the B subunit of the IgE receptor expressed on mast
cells, is a favorable prognostic indicator and show that MS4A2
gene expression is an independent prognostic marker for
early-stage lung cancer patient survival. Cancer Immunol Res; 5(9);
1-9. ©2017 AACR.

immune cell subsets can be found within lung tumors and many
influence NSCLC prognosis (6-9).

High densities of CD8 " T cells, dendritic cells, and Th1 CD4" T
cells are correlated with beneficial prognosis, whereas regulatory
T cells (Treg) have been shown to have detrimental prognostic
effects (6, 7, 9). Though granulocytic populations, such as neu-
trophils, mast cells, and eosinophils make up a large part of
resident innate immune cells in the lung, their role in NSCLC
prognosis remains unclear or contradictory. High densities of
neutrophils have been reported to have detrimental effects or no
prognostic impact (7), whereas reports on mast cell densities have
been contradictory, with studies showing both positive and
negative prognostic roles (10, 11). With the clinical success of
therapies that target the immune system, an understanding of
how immune cells contribute to the microenvironment would
complement staging and treatment options (12, 13).

Gene expression analysis has been used to reveal altered path-
ways and regulators of NSCLC tumorigenesis, with some signa-
tures found to include immune-associated genes involved in
recruitment and survival of immune cell subsets (14, 15). How-
ever, few signatures derived from resected tumor have described
immune-related genes associated with the prognosis of NSCLC
patients (14). Using an analysis that limited microarray gene
expression data to curated immune-related genes, we identified
a prognostic 9-gene signature that reveals a favorable prognostic
role for expression of the high-affinity Fce receptor.

Materials and Methods

Training and validation datasets

The immune-related gene signature was derived using the
microarray dataset of 128 resected samples of lung adenocarci-
noma patients who underwent surgical resection at University
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Health Network (UHN, Toronto, ON) between 1995 and 2005
(see Table 1 for demographics and analysis). This represents a
subset of 181 stage I-II NSCLC patients whose gene expression
data were used in a previously published prognostic signature
validation study and have been deposited with GEO (GSE50081;
refs. 16, 17). None of the patients received adjuvant therapy
(see Table 1 for demographics and analysis). The profiling was
performed using the Affymetrix U133 2.0 Plus arrays. The data
were normalized using robust multiarray averaging. Patient sam-
ples were collected and analysis done under protocol 05-0221-T
approved by the UHN Research Ethics Board. Signature validation
was performed using 10 additional published microarray datasets
(18-26) of NSCLC resected samples for which overall and dis-
eases-free survival data were available (n = 1524; Supplementary
Table S1 for demographics).

Signature selection and validation

The "immune-related" gene list was obtained from the NIAID
ImmPort Comprehensive List of Immune-Related Genes (version
2011_08_01) and mapped onto Affymetrix U133 Plus 2 array by
querying Netaffy (https://www.affymetrix.com/analysis/netaffx/)
using gene symbol (Supplementary Table S2). The mapped gene
list contained 3,690 genes (6,437 probe sets) that where compiled
using immune-related Gene Ontology (GO) keywords and
included CD antigens, cytokines, chemokines, and their ligands

Table 1. Clinical-pathologic markers and association to the 9-gene signature

(27). Using this gene list, unsupervised hierarchical clustering
using Genesis (28) showed two distinguishable clusters in the
adenocarcinoma samples of the UHN training dataset. Probe sets
that were significantly different between the two cluster were
further introduced to a Cox proportional regression model for
their associations with 5-year survival. A P < 0.005 was considered
as significantly associated. For signature optimization, we used
the Maximizing R Square Algorithm (MARSA; ref. 17) to select a
minimum set of genes that had the highest independent ability to
classify patients into high- and low-risk subgroups. The MARSA
started with an exclusion procedure, which took all preselected
probe-sets (ps) significantly associated with univariate 5-year
survival (191 ps; Supplementary Table S3). An exclusion (back-
ward) and an inclusion (forward) selection procedure were
applied consecutively, the probe set against R-square value was
plotted and a minimum number of probe sets (9 ps) having the
largest c-statistic was identified.

Gene annotation and functional categorization

The Uniprot database was used to assign all gene annotations
and functions. For GO and functional interaction networks, the
191 pssignificantly associated with univariate 5-year survival were
analyzed using DAVID Bioinformatics Resources v.6.8 or with the
Reactome FI network plugin in Cytoscape. Networks were con-
sidered when at least two interacting partners where determined

9-gene signature

Total (%) Low risk (n = 64) High risk (n = 64) P
Age
<65 40 (31.2) 68.4 +£10.4 69.0 + 89 0.23
<65 88 (68.7)
Gender
Male 65 (50.7) 29 (45.3) 36 (56.2) 0.216
Female 63 (49.2) 35 (54.7) 28 (43.8)
Smoking
Never 23 (17.9) 16 (25.0) 7 (10.9) 0.064
Ex-smoker 56 (43.7) 30 (46.9) 26 (40.6)
Current smoker 36 (28.1) 13 (20.3) 23 (35.9)
Unknown 13 (10.) 5(7.8) 8 (12.5)
Stage
IA 36 (28.1) 27 (42.2) 9 (14.1) 0.0003
B 56 (43.7) 25 (39.1) 31(48.4)
1A 7 (5.4) 5(7.8) 230
1B 29 (22.6) 7 (10.9) 22 (34.4)
EGFR
Wild-type 100 (78.1) 42 (65.6) 58 (90.6) <0.0001
Mutant 26 (20.3) 22 (34.4) 4 (6.3)
Unknown 2 (1.5) 0 23N
KRAS
Wild-type 87 (67.9) 47 (73.4) 40 (62.5) 0.228
Mutant 40 (31.2) 17 (26.6) 23 (35.9)
Unknown 1(0.8) 0 10.6)
Histological pattern
Acinar 28 (21.9) 16 (25.0) 12 (18.7) 0.002
Lepidic 539 3(4.7) 230
Papillary 32 (25.0) 23 (35.9) 9 (14.)
Micropapillary 4 (3.0) 230 23D
Solid 27 (21.1) 5(7.8) 22 (34.4)
Unknown 32 (25) 15 (23.4) 17 (26.6)
Resection type
Segmentectomy 539 3(2.3) 2 (1.6) 0.357
Bisegmentectomy 1(0.78) 0 (0) 1(0.78)
Lobectomy 120 (93.7) 61(47.6) 59 (46.1)
Pneumonectomy 2 (1.6) 0 (0) 2 (1.6)
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and related modules formed. CIBERSORT (29) analysis and
resources (https://cibersort.stanford.edu/) were used to predict
the fraction of immune cells within UHN adenocarcinoma data-
sets and Pearson correlation was done between the immune cell
fraction and the 9-gene signature risk score to identify immune
subset signatures responsible for prognosis in the dataset. For
correlation to basophil or mast cell signatures, mouse gene lists
identified as specific to basophil or mast cells (30) were mapped
to Affymetrix U133 Plus 2 array probes through entrez gene ID
(Supplementary Table S4). Correlations of the 9-gene signature
with either basophil or mast cell scores were evaluated by Spear-
man correlation.

Immunohistochemistry and immunofluorescence

Immunohistochemistry (IHC) was performed at Princess
Margaret Cancer Center Advanced Molecular Profiling Lab
(AMPL) core facility, using the BenchMark XT automated
stainer (Ventana Medical System) with antigen retrieval (CC1,
Tris/Borate/EDTA pH8.0, #950-124) for 64 minutes. The anti-
MS4A2 (clone: HPA059967, Atlas Antibodies) dilution was
1:200 and incubation was for 32 minutes. The Ventana's
OptiView Detection Kit (#860-099) was utilized and the slides
were counterstained with Gill modified hematoxylin. For
immunofluorescence (IF) staining, a serial section was depar-
affinized through successive incubations in xylene and
decreasing concentrations of ethanol and antigens were
retrieved in 10 mmol/L citrate buffer, pH 6.0, using the
2100 Retriever (Aptum Biologics, Ltd.). The sections were
permeabilized with 0.1% Triton X-100/PBS, blocked with
3% bovine serum albumin (BSA)/0.1% Triton X-100/PBS for
1 hour at room temperature, and then incubated with the same
MS4A2 antibody at 1:100 and anti-mast cell tryptase (clone
AA1; Dako, 1:50) antibody diluted in 3% BSA/0.1% Triton X-
100/PBS overnight at 4°C. After primary antibody incubation,
cells were washed three times with 0.1% Triton X-100/PBS and
incubated with secondary antibody in 3% BSA/0.1% Triton X-
100/PBS for 2 hours at room temperature. Secondary antibo-
dies were Alexafluor 488 goat anti-rabbit (Invitrogen, 1:500)
and Alexafluor 568 goat anti-mouse (Invitrogen, 1:500). After
secondary antibody staining, cells were washed three times
with 0.1% Triton X-100/PBS and mounted in Vectashield
mounting media containing DAPI (Vector Laboratories).
Images were taken with a Zeiss Axioimager Z1 using an
AxioCam MRm and Axiovision software.

Histologic staining and quantification of MS4A2

The hematoxylin and eosin (H&E)-stained sections of the
training dataset tumors were evaluated for inflammatory pathol-
ogy. The grade of inflammatory severity was semiquantitatively
assessed on scale from 1 to 5: 1 = minimal, 2 = minimal to
moderate, 3 = moderate, 4 = moderate to severe, 5 = severe. The
pattern of lymphoplasmacytic infiltration was also assessed and
categorized to be predominantly localized to tumor and/or stro-
mal compartments. No cases were observed that could be cate-
gorized with high tumor but low stromal infiltrate. For MS4A2-
positive counts, the average number of MS4A2-positive cells per
high-power field (HPF) was determined. Five to 10 HPFs of
random intratumoral inflammatory areas were assessed at a
magnification of 400 x. The results were assessed by a pathologist
(MC) and expressed as the mean value of mast cells per HPF
(objective 40x) per case.

www.aacrjournals.org

Immune-Related Prognostic Gene Signature

Statistical analysis

Five-year overall survival (OS) and disease-free survival (DFS)
were calculated from the date of surgery until death/recurrence or
last follow-up. Survival curves were estimated using Kaplan-
Meier method and compared using the log-rank test. Univariate
and multivariate survival analyses were estimated by Cox pro-
portional hazard regression using SAS v9.4 (SAS Institute).
Graphs were constructed in GraphPad Prism 5.

Results

Identification of an immune-related prognostic gene signature

We hypothesized that by limiting initial analysis of microarray
datasets to immune-related genes, we would identify prognostic
immunological biomarkers in lung adenocarcinoma. Using a
curated immune-related gene list, unsupervised hierarchal clus-
tering identified two patient clusters within the UHN adenocar-
cinoma training set (Table 1; Fig. 1A), which differ significantly in
predicting patient survival (Fig. 1B; HR, 0.30; 95% CI, 0.14-0.62,
log rank P = 0.0006). Within the two ADC patient clusters, 2,782
probe sets, representing 1,216 genes as identified by the Jetset v1.6
(31) were differentially (P < 0.001) expressed. When further
filtered by their univariate association with OS, 191 genes segre-
gated patients into two clusters that differentiated patients into
high or low risk for survival (Fig. 1C).

To determine whether genes associated with OS were enriched
in immune-related pathways, we applied GO enrichment analysis
using DAVID Bioinformatics Resources (32). From the 191-gene
list, 89 and 102 genes were overexpressed in high- and low-risk
subgroups, respectively (Fig. 1C; Supplementary Table S3). Of
note, 86% (77/89) of the overexpressed genes within the high-risk
subgroup were enriched within 63 GO categories at P < 0.05. After
correcting for false-discovery rate (Benjamini FDR < 0.05), five
distinct biological process categories emerged showing enrich-
ment of terms consistent with cellular regulation (Fig. 1D).
Amongst the low-risk (favorable) prognostic subgroup, 71%
(72/102) of genes enriched amongst 55 categories at P < 0.05
were found, and after Benjamini FDR < 0.05 correction, two
biological process categories remained, including a broadly
enriched immunological process, namely, innate immune response
(Fig. 1D).

To focus on relevant genes and remove noise, we focused on
191 genes that show univariate association with survival. MARSA
analysis of the 191 genes reveals a 9-gene risk score based on the
expression of genes MS4A2, DAPK2, MKKS, CTSL2, LAIR2,
ALOX15B, APITD1, CEBPA, and PSME2 (Supplementary Table
S5). This 9-gene signature stratified ADC patients into high- or
low-risk OS (P<0.0001, Fig. 2A) and DFS groups (P < 0.0001, Fig.
2B). Clinicopathologic associations were analyzed between
patients within high- or low-risk subgroups and associations with
stage, EGFR mutational status, and histological patterns were
observed (Table 1). After adjustment for clinicopathologic indi-
cators, multivariate analysis indicate that the 9-gene signature
remain an independent prognostic indicator within the training
dataset (Supplementary Table S6).

Validation of immune-related 9-gene signature

The 9-gene signature was validated using 10 publicly available
NSCLC datasets (Supplementary Table S1), for which patients' OS
and/or DFS were available (17-26). Cumulative analysis of the
validation cohort found the 9-gene signature could significantly
predict OS (n = 1386; HR, 1.78; 95% CI, 1.51-2.09; P < 0.0001)
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Figure 1.

Identification of prognostic immune-
related genes in early-stage lung
adenocarcinoma. A, Hierarchical
clustering of the UHN adenocarcinoma
NSCLC dataset (n = 128) with the
immune-related gene list. B, Kaplan-
Meier OS using the immune-related
gene list. C, Heatmap of genes filtered
for univariate association with OS at P
< 0.01 using a Cox proportional
regression model. D, GO enrichment
analysis of genes associated with
univariate survival. Data display
enriched ontologies with Benjamini
FDR < 0.05.
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and DFS (n = 650; HR, 1.57; 95% CI, 1.27-1.95; P < 0.0001) in
validation datasets when all patient subtypes where analyzed.
However, when the validation cohort was stratified by histologic
subtypes, the 9-gene signature was only significantly prognosticin
ADC but not squamous cell carcinoma or other NSCLC subtypes
(n = 1097; HR, 2.05; 95% CI, 1.64-2.56; P < 0.0001; Supple-
mentary Table S7). Therefore, consistent with the training cohort,
the 9-gene signature was able to separate ADC patients into high
or low risk for OS and DFS (Fig. 2C and D).

The 9-gene signature remained significant after adjustment for
disease stage, both for OS (HR, 2.09; 95% CI, 1.65-2.66; P <
0.0001) and DFS (HR, 1.62; 95% CI, 1.19-2.21; P = 0.0021) in
the validation cohort (Table 2). As not all validation datasets had
patients' age, gender, and smoking history available, these factors
were not introduced in the multivariate model. To gain insight
into the signature's performance, separate validation with ADC

OF4 Cancer Immunol Res; 5(9) September 2017

patients of individual dataset were performed. The signature
significantly (P < 0.05) predicted OS in 5 of 9 datasets and DFS
in 2 of 4 datasets (Supplementary Table S8). Individual validation
datasets that did not show significance had fewer than 100
patients.

Correlation with stromal lymphoplasmacytic localization

We further sought to determine if this signature correlated with
the presence and location of tumor infiltrating leukocytes. Anal-
ysis of the degree of immune cell infiltration with the 9-gene risk
score showed a statistically significant correlation with increasing
infiltration score for the tumors of the training set (Spearman
correlation coefficient r = 0.24, P = 0.019), suggesting a direct
relationship between the 9-gene risk score and extent of lympho-
plasmacytic infiltration. As location of immune subsets may have
impact on their prognostic utility (6, 7), the location of the
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Figure 2.

Validation of the 9-gene signature. A, Kaplan-Meier survival plots showing
OS and B, DFS of patients in training set classified into high- or low-risk
survival groups by 9-gene immune-related signature. C, Kaplan-Meier survival
plots showing OS and D, DFS of patients within validation datasets classified
into high- or low-risk survival groups by 9-gene immune-related signature.
The number of patients in analysis is shown (n).

lymphoplasmacytic infiltrate was also scored. Three types of
infiltration were observed: a diffuse lymphoplasmacytic infiltra-
tion confined to the tumor stroma, infiltration into tumor epi-
thelia and stroma, and samples with minimal infiltration in either
location. Samples with high 9-gene risk scores had greater tumoral
infiltration, whereas samples with low risk scores were associated
with stromal leukocyte infiltration (Fig. 3A). These results suggest
that immune infiltrates associated with favorable patient prog-
nosis are predominantly located in the tumor stroma.

Immune cell subset genes enriched in the 9-gene signature
To investigate which immune cell subsets might correlate to the
9-gene signature, we took advantage of leukocyte-specific gene
sets comprising of 547 genes that distinguish 22 human hemato-
poietic cell phenotypes and CIBERSORT algorithm to estimate
immune cells within a reference immune cell dataset (29, 33).
Applying Pearson correlation to the 9-gene risk score, we found
that 8 immune cell subset genes significantly correlated with the 9-
gene signature at P< 0.05. CD4 " resting memory T cells, DCs, and
monocytes are correlated with low risk scores whereas activated
CD4" memory, CD8" T cells, and macrophages correlated with
high risk scores albeit with Pearson coefficients at <0.5. The

Table 2. Multivariate analysis showing the effect of prognostic factors on
9-gene signature within the validation dataset

Independent variable HR (95% CI) P
Overall survival

9-gene signature 2.09 (1.65-2.66) <0.0001
Stage (stage | vs. 1) 1.46 (1.33-1.60) <0.0001
DFS

9-gene signature 1.62 (1.19-2.21) 0.0021
Stage (Stage | vs. II) 1.90 (1.54-2.35) <0.0001

www.aacrjournals.org
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highest relation to the 9-gene risk score were genes enriched
for "resting mast cells" that associated with low risk scores
(Pearson coefficient of —0.73); genes enriched for "activated mast
cells" associated with higher risk scores, but with a low Pearson
coefficient of 0.2 (Fig. 3B). These results suggest that the 9-gene
risk score may reveal a role for mast cells in the prognosis of
lung adenocarcinoma patients.

IgE receptor pathway enrichment among favorably prognostic
genes

With the finding that mast cell-enriched genes correlated well
with the 9-gene risk score, and that GO analysis revealed innate
immune response as the most enriched ontology (Fig. 1E), we
further explored potential pathways using the Reactome Func-
tional Interaction (FI) network (34). Amonggenes associated with
univariate favorable survival (Fig. 1C), the largest functional
network formed consisted of 3 modules (with 10 interacting
partners) enriched in innate immune signaling pathways, includ-
ing Fc epsilon RI signaling pathway (FDR = 2.80E—06), calcium
signaling pathway (FDR = 3.99E—03), and Toll-Like Receptor 3
signaling (FDR = 7.04E—04; Fig. 4A). Consistent with innate
immune responses, the pathways identified in the FI network are

P =0.0057
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Figure 3.

Immune-related gene signature correlate with lymphoplasmacytic infiltrate
location and immune cell subset genes. A, Representative H&E stains of stromal
or tumoral location of lymphoplasmacytic infiltrate within patient tumor. The 9-
gene signature risk score correlates with predominant location of infiltrate. Of
note, no cases were observed that could be categorized with high tumor but low
stromal infiltrate. Ninety-six cases with available H&E-stained slides were
analyzed. Significance was calculated using one-way ANOVA with Bonferroni
posttest correction. B, CIBERSORT analysis with Pearson correlation of immune
cell subsets to the 9-gene signature risk score, only subsets with significant
correlations (P < 0.05) are displayed.
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known to function within mast cells and basophils, specifically Fc
epsilon RI (high-affinity IgE receptor) signaling (35-37).

As the CIBERSORT leukocyte reference gene set did not
include basophil-enriched genes, we sought to determine
which high-affinity IgE receptor expressing immune subset
most correlated with the 9-gene signature. Utilizing murine
basophil and mast cell-specific gene signatures (30) we
mapped 98 of 99 mast cell-specific genes and 58 of 61 baso-
phil-specific genes to the human Affymetrix U133A microarray
and determined their correlation to the 9-gene signature. Con-
sistent with CIBERSORT analysis, the 9-gene risk score signif-
icantly correlated with mast cell-enriched genes (P < 0.0001,
Spearman correlation coefficient r = —0.48), but even with
shared expression of the IgE receptor, the basophil-enriched
gene signature was not correlated to the 9-gene risk score (P =
0.65, Spearman correlation coefficient r = 0.04).
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MS4A2-expressing mast cells are favorably prognostic in lung
adenocarcinoma

With the finding that FI network enrichment of Fc epsilon RI
signaling pathway likely derived from a mast cells signature, we
sought to determine whether individual mast cell genes may
contribute to prognosis. The high-affinity IgE receptor is expressed
as a tetrameric complex consisting of an o (FCER1), B (MS4A2),
and two y (FCER1G) subunits (35, 37). As genes encoding the o
and B subunit formed the largest functional interaction network
and as MS4A?2 is part of the 9-gene signature, this receptor likely
has prognostic roles. Univariate analysis confirmed that high-
affinity IgE receptor genes (FCER1, MS4A2) alone were prognostic
within the ADC dataset, whereas the low-affinity IgE receptor
(FCER2) and shared IgEy (FCER1G) subunit were not (Fig. 4B and
Supplementary Fig. S1A). Similarly, univariate analysis of TLR3
expression, which formed a smaller node related to the IgE
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Table 3. Multivariate analysis showing the effect of prognostic factors on
MS4A2 expression

Independent variable HR (95% CI) P

MS4A2 (high vs. low risk) 0.24 (0.1-0.59) 0.002
Age (over 65 vs. below) 1.18 (0.51-2.77) 0.699
Gender (male vs. female) 0.57 (0.25-1.28) 0173
Smoking (ever vs. never) 1.48 (0.40-5.51) 0.558
Stage (Stage | vs. II) 2.57 (1.15-5.74) 0.022

Histological pattern (acinar/papillar/ 0.57 (0.24-1.34) 0.197

lepidic vs. micropapillary/solid)

receptor signaling, was also prognostic (Supplementary Fig. S1A).
Mast cell-specific protease genes (TSPABI, CPA3, CMAI),
although not forming an FI network, are important effector
components (38). Amongst three mast cell-enriched protease
genes, only CPA3 (carboxypeptidase 3) expression was prognos-
tic. TSPABI (tryptase o/ 1) did not reach statistical significance,
and CMA1 (chymase 1) was not prognostic (Supplementary
Fig. S1A).

With the finding that subunits of the high-affinity IgE receptor
were prognostic and that MS4A2 was a member of the 9-gene
signature, a subgroup of high and low genomic expressing MS4A2
tumors from the training dataset was studied by immunohis-
tochemistry for MS4A2-positive cells. The number of MS4A2
positive cells ranged from 0.6 to 42.8 cells per average HPF
(40x) and significantly correlated with the MS4A2 gene expres-
sion (P < 0.0001, Spearman correlation coefficient r = 0.65,
Supplementary Fig. S1B). Furthermore, amongst the samples
analyzed MS4A2-positive cells were localized in the tumor stro-
ma, were morphologically consistent with mast cells, and cost-
ained with the mast cell-specific protease, mast cell tryptase
(ref. 38; Fig. 4C). Consistent with gene expression analysis (Fig.
4B), the number of MS4A2-positive cells was prognostic for
patient survival (Fig. 4D). Given high correlation between MS4A2
gene expression and IHC cell counts, we explored whether MS4A2
gene expression associated with other clinical factors. Univariate
analysis shows MS4A2 expression associated with smoking and
histological subtype (Supplementary Table S9), and in multivar-
iate analysis, MS4A2 expression alone emerged as an independent
prognostic marker (Table 3). Taken together, these data indicate
that the high-affinity IgE receptor gene MS4A2, expressed by
tumor-infiltrating mast cells, is a favorable prognostic indicator
for lung adenocarcinoma patients.

Discussion

By limiting our analysis of lung adenocarcinoma gene expres-
sion data to immune-related genes, we have identified a 9-gene
signature that was prognostic. We validated the signature in a
combined cohort of 10 independent microarray datasets. After
adjustment for stage, the signature remained an independent
prognostic indicator within the validation dataset. The signature
was correlated to lymphoplasmacytic infiltrates, with favorable
prognosis correlating with higher stromal localization of leuko-
cytes. GO revealed that genes associated with favorable prognosis
correlated with innate immune responses and were enriched in
genes found in mast cells, with significance in pathways involving
high-affinity IgE receptor signaling. Amongst the 9-gene signature,
MS4A2, the B subunit of the IgE receptor was found to be highly
expressed in patients with favorable prognosis and alone was an
independent prognostic indicator. By immunohistochemistry, we

www.aacrjournals.org
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validated that tumors with high numbers of MS4A2-positive cells
correlated with the 9-gene signature prognosis and MS4A2
expression.

The 9-gene signature presented here differs from previous
prognostic NSCLC signatures (17-26) in that we began signature
discovery using an immune-related gene list which contained
pan-immune markers and immune-related signaling pathways
(27). From thisinitial filtering, we further curated genes associated
with univariate survival using the MARSA algorithm (17). This
method identified prognostic immune-related genes that did not
overlap with previous studies (14, 17-26). This is consistent with
previous meta-analyses of prognostic NSCLC signatures. Amongst
17 studies reviewed, 84 immune-related genes were found, with
only 7 overlapping genes found in at least two signatures (14). The
lack of overlap amongst gene signatures may reflect some varia-
tion in the patient cohorts, intratumoral heterogeneity, and
analysis methods (39). Nonetheless, we found the 9-gene signa-
ture to be an independent prognostic indicator cumulatively
validated in 10 independently collected patient cohorts.

GO analysis revealed that the genes most associated with
favorable prognosis were those enriched in the "innate immune
response” category. Specifically, CIBERSORT analysis indicated
the 9-gene risk score correlated with genes enriched within mast
cells. Indeed, amongst the 547 genes that make up the CIBER-
SORT immune cell reference dataset (29), three genes (MS4A2,
LAIR2, DAPK2) of the 9-gene signature were shared, with MS4A2
being expressed more by mast cells than other immune cells, with
the highest expression amongst "resting" mast cells (29). Though
other immune cell subset genes were found to be significantly
associated with the 9-gene signature, Pearson coefficients were
low (<0.5), suggesting that not all genes enriched with the
individual subsets correlated to the 9-gene signature. Addition-
ally, FI network analysis found enrichment for high-affinity
IgE receptor signaling pathway amongst the 9-gene signature
genes, a pathway known to function within mast cells and
basophils (35, 37).

As a multimeric complex the high-affinity IgE receptor exists in
tetrameric and trimeric isoforms with an FcRy chain that is
expressed with many Fc receptors (35, 37, 40). The tetrameric
IgE isoform contain one o, one 3, and two y subunits, whereas the
trimeric isoform contains one o and two Y subunits, but lacks a §
subunit (40). In humans, the trimeric isoform can be found on
dendritic cells and monocytes, whereas the tetrameric isoform is
found on mast cells and basophils. Thus, whereas the o and y
subunits are expressed in different immune cells, the § subunit is
enriched in mast cells and basophils (35). As the CIBERSORT
immune cell reference dataset did not include basophil-specific
genes, we utilized a murine basophil-specific gene set (30) which
mapped to >95% of human basophil genes and found that the 9-
gene signature correlated with mast cells but not basophil-
enriched genes, suggesting that the FI network enrichment of IgE
signaling is most likely mast cell derived. This was further vali-
dated by showing that MS4A2 expression in lung adenocarcino-
ma colocalized with mast cell tryptase, a mast cell-specific pro-
tease (38). Additionally, we found that MS4A2 gene expression
alone was an independent prognostic indicator, and expression
correlated with MS4A2 cell counts in IHC. Finally, our data show
that increased MS4A2 ™ cell counts were correlated with favorable
prognosis in lung adenocarcinoma. These findings support the
notion that mast cells have favorable prognostic roles in lung
adenocarcinoma.
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The impact of mast cells within the tumor microenvironment
remains unclear due to the contradictory observations the pres-
ence of mast cells have on lung cancer prognosis, reviewed in
references 10 and 11. Due to the plethora of mast cell-secreted
factors, which include proteases, angiogenic factors, and immu-
nogenic cytokines, studies have shown that high densities of mast
cells correlate with either adverse (41-43) or favorable prognosis
(44-48). Protumorigenic role for mast cells observed greater mast
cell densities within areas of increased microvessel density (MCD)
and within vascular endothelial growth factor (VEGF)-positive
lung carcinoma, resulting in worse prognosis presumably due to
mast cell secretion of tumor angiogenic factors (41-43). Other
studies have shown that high total mast cell densities (44, 45, 48)
or those localized to tumor islets (46, 47) result in favorable
prognostic outcomes. Tumor islet mast cells colocalized with
TNFa may be cytolytic to tumor cells, or result in mast cell
recruitment of CD8" T cells and macrophages (47). The prog-
nostic differences observed by these studies may be due to
whether a study scored for microlocalization or which methods
were used for mast cell detection; most such methods rely on the
presence of mast cell proteases. Human mast cell subsets have
been described that vary in protease expression and activation
state; degranulation of proteases may underestimate mast cells
counts (38, 44). Our data indicate that the 9-gene signature most
correlated with genes enriched for "resting"” mast cells and that not
all mast cell protease genes were prognostic, suggesting that
activation status of mast cells may be a consideration for mast
cell identification. As IgE receptor is expressed on mast cells (37),
MS4A2 may represent a more consistent prognostic biomarker for
mast cell identification.

In summary, by limiting analysis to immune-related gene lists
we identified a 9-gene signature that predicts 5-year survival of
lung adenocarcinoma. The 9-gene signature correlated with "rest-
ing mast cell" genes, with MS4A2 expression on stromal mast cells
found to be a favorable prognostic indicator for early-stage lung
cancer patient survival, suggesting that mast cells shape lung
cancer development.
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