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Abstract: Outcomes in pancreatic ductal adenocarcinoma (PDAC) are known to be worse in tumors with high integrin
31 expression, but targeted monotherapy against this integrin has not been effective. Seven other beta integrins are
expressed in mammalian biology and they are known to have overlapping and compensatory signaling in biological
systems. However, their roles in PDAC are poorly understood and have not been systematically compared to integrin
1 biology. In this study, we analyzed the clinical outcomes against beta integrin 1-8 (ITGB1-8) expression in PDAC
samples from two large independent cohorts, The Cancer Genome Atlas (TCGA) and GSE21501. Biological function
and tumor microenvironment composition were studied using Gene Set Enrichment Analysis and xCell. Expression
of all eight beta integrins is significantly increased in PDACs relative to normal pancreatic tissues (all P<0.001).
ITGB1, 2, 5, and 6 have similarly enriched gene patterns related to transforming growth factor (TGF)-B, epithelial
mesenchymal transition, inflammation, stemness, and angiogenesis pathways. Homologous recombination defects
and neoantigens are increased in high-ITGB4, 5, and 6 tumors, with decreased overall survival in high-ITGB1, 5, and
6 tumors compared to low expression tumors (hazard ratios 1.5-2.0). High-ITGB1, 2, and 5 tumors have increased
fibroblast infiltration (all P<0.01) while endothelial cells are increased in high-ITGB2 and 3 tumors (all P<0.05).
Overall, beta integrin expression does not correlate to immune cell populations in PDACs. Therefore, while all beta
integrins are overexpressed in PDACs, they exert differential effects on PDAC biology. ITGB2, 5, and 6 have a similar
profile to ITGB1, suggesting that future research in PDAC integrin therapy needs to consider the complementary
signaling profiles mediated by these integrins.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a
cancer type that remains stubbornly difficult to
treat, with 5-year survival rates of about 11%
notwithstanding continual advances in surgi-
cal, chemotherapy, immunotherapy, and radio-
therapy techniques [1]. Despite being the tenth
most diagnosed cancer, it is currently third in
terms of annual cancers deaths, and it is pro-
jected to overtake colorectal cancer for second
place within the next five years [1, 2]. Some of

the characteristics accounting for its aggres-
sive biology include dense desmoplastic tissue
with low tumor mutational burden and a pro-
survival milieu that effectively establishes a
tumor microenvironment favorable to immune
evasion and prone to chemotherapy resistance,
coupled with a high metastatic propensity [3,
4].

Decoding and targeting the dense stromal
tumor microenvironment (TME) of PDACs is like-
ly one of the most effective strategies to improv-
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ing patient outcomes. To this end, integrin sig-
naling within PDACs is an increasing field of
translational investigation. Integrins represent
a complex family of transmembrane cell adhe-
sion receptors that function as «f heterodi-
mers comprised from 18 o and 8 (3 subunits to
form at least 24 known pairings in mammalian
cells [5]. Their various dimeric pairings facilitate
complex extracellular signaling events that
result in modulated ligand recruitment to coor-
dinate virtually all aspects of tumor progression
[5, 6].

Altered integrin expression patterns exist in
multiple malignancies, including PDACs [7]. As
the most common B subunit, integrin 1 has
been the most studied integrin in PDAC tumori-
genesis [8]. B1 integrin signaling is a potent
mediator of the epithelial-mesenchymal transi-
tion (EMT) phenomenon, which is in part
responsible for tumor plasticity via activation of
cancer stem cell (CSC) and metastatic path-
ways [9]. Other studies have shown that disrup-
tion of B1 integrin expression can sensitize can-
cer cells to the anti-angiogenetic drug bevaci-
zumab by increasing levels of reactive oxygen
species in endothelial cells [10, 11].

Much research emphasis has been placed on
understanding the extracellular matrix (ECM)
and desmoplastic reactions that are believed
to uniquely contribute to PDAC pathogenesis
[12]. The ECM in the PDAC TME is comprised of
a dense network of collagen, elastin, and fibro-
nectin proteins incorporating fibroblasts that
creates a hypoxic environment conducive to
accelerated vascularization and cancer stem-
ness properties, both of which are favorable
characteristics for drug resistance and early
metastasis [13, 14]. Many of these processes
are under the master regulation of transform-
ing growth factor-beta (TGF-B) signaling via
fibroblast-to-myofibroblast transdifferentiation
and cancer-associated fibroblast (CAF) produc-
tion of ECM proteins [15]. This orchestra re-
quires primarily 31 integrin-mediated activation
of focal adhesion kinase (FAK) to dynamically
remodel the ECM to facilitate evolving tumori-
genesis among pressures of the immune sys-
tem and therapy modalities [15-17].

Given the significant position integrin-mediated
processes hold in the cancer signaling hierar-
chy, it comes as no surprise that 1 integrin is
an attractive therapeutic target. Among the first

5404

such therapies was volociximab, a chimeric
monoclonal antibody against the a5B1 integrin
heterodimer which suppressed tumor growth in
preclinical studies [18]. Through it has been tri-
aled in multiple solid tumor types and is well
tolerated, clinical efficacy has not been demon-
strated [19, 20]. In a multicenter phase Il trial,
volociximab did not improve the efficacy of
gemcitabine in patients with metastatic PDAC
[8], (https://ClinicalTrials.gov/show/NCT0040-
1570). Unfortunately, multiple other B1 integ-
rin-based inhibitors have also lacked clinical
efficacy in trials to date [8].

The lack of success thus far in targeting integ-
rin signaling is common in many pathways
where ligand or receptor functional redundancy
abounds [21]. Single agent therapy, such as in
the case of volociximab, is more prone to failure
especially since the signaling spectrum of inte-
grins can be both complementary and compen-
satory following inhibition of any one individual
integrin. Cellular processes with redundancy
can be some of the most complex biological
systems to understand, but their very existence
underscores their pivotal contributions to the
pathways they underpin. Our understanding of
unique and overlapping integrin-mediated pro-
cesses is primitive at best. Compared to 1
integrin, the research body on beta integrins
2-8 is small and typically siloed by individual
integrin type.

In order to gain broader insights into functional
redundancies across the eight beta integrins in
PDAC, we assessed the beta integrin mRNA
expression landscape through in silico research
approaches [22-25]. We hypothesized that
there should be beta integrins with similarly
enriched gene sets, tumor microenvironment
cell populations, and patient survival character-
istics to the B1 integrin that should be concur-
rently targeted to improve treatment efficacy
when designing the next generation of integrin-
targeting therapies.

Methods
Data acquisition

Clinical and mRNA expression PDAC data was
obtained from the TCGA pancreatic adenocarci-
noma (TCGA-PAAD) cohort of 177 patients via
the Genomics Data Commons Data Portal
(https://portal.gdc.cancer.gov), and a valida-
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tion cohort of 132 patients, GSE21501, was
obtained from the Gene Expression Omnibus
(GEO) repository of the United States National
Institutes of Health (https://www.ncbi.nIm.nih.
gov/geo), as previously described [22, 26, 27].
Gene expression data from 167 samples of
normal pancreatic tissue was obtained from
the Genotype-Tissue Expression (GTex) Portal
(https://gtexportal.org) [28]. Because all data
was obtained from deidentified databases that
are available in the public domain, ethics
approval requirements were waived by the
Roswell Park Institutional Review Board.

Gene set enrichment analysis (GSEA)

Functional enrichment analysis of beta integrin
1-8 (ITGB1-8) was performed by GESA [29] on
the Molecular Signatures Database Hallmark
collection (http://www.gsea-msigdb.org) [30].
Gene sets with a false discovery rate (FDR)
<0.25 specified enriched signaling [29].

Other scores

The xCell algorithm (https://xcell.ucsf.edu) [31]
was used to correlate beta integrin expression
to the infiltrating fraction of TME stromal cells
(fibroblasts, endothelial cells, and pericytes),
and immune cells (CD8+, T helper cell (Th)1
and Th2 cells, T-regulator cells, M1 and M2
macrophages, and dendritic cells) as previously
described [32-35]. MCP-counter was used as a
validation algorithm for selected populations
[36]. The mutational landscape of PDACs (intra-
tumor heterogeneity, homologous recombina-
tion defects, fraction genome altered, silent
mutation rate, non-silent mutation rate, single-
nucleotide neoantigens, and indel mutations),
stromal fraction, TGF-B score, and immune
scores (leukocyte fraction, lymphocyte infiltra-
tion, tumor infiltration lymphocyte fraction,
macrophage regulation, and wound healing)
were obtained from Thorsson et al. [37].
Immune cytolytic activity (CYT) in the TME was
calculated as the geometric mean of the
expression of perforin (PRF1) and granzyme A
(GZMA) mRNA expression, which measures the
anti-cancer ability of cytotoxic T cells [38].

Statistical analyses

Statistical analyses were conducted with R
4.2.1 software (https://www.R-project.org).
Graphics were produced with R software and
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Origin Pro 2022 (OriginLab Corporation, Nor-
thampton, MA, USA). mRNA levels for ITGB1-8
are dichotomized into low and high groups
based on the median expression level. All
results are plotted as box plots, with the lower
and upper bounds representing the maximum
and minimum values, and the upper and lower
ends of box representing the 25" and 75" per-
centile values, and the bolded bar within the
box representing the median value. The Mann-
Whitney U test is used for comparison between
the low and high beta integrin expression
groups. The R survival software package was
used to analyze progression free survival (PFS),
disease-free survival (DFS), disease-specific
survival (DSS), and overall survival (OS) based
on high or low integrin expression via Cox-
proportional hazards regression. P<0.05 was
set for statistical significance.

Results
Beta integrin expression is elevated in PDAC

We examined whether beta integrin expression
is elevated in PDAC compared to normal pan-
creatic tissue. For all eight beta integrins,
MRNA expression is significantly higher in the
PDAC specimens compared to normal tissue
(all P<0.001, Figure 1).

ITGB1, 2, 5, and 6 share similar patterns of
enriched pathways related to TGF-3, EMT, in-
flammation, stemness, and angiogenesis

We next used gene set enrichment analysis
(GSEA) to investigate Hallmark pathways that
are affected for each of the integrins in both
cohorts. The complete GSEA output is resulted
in Supplemental Table 1. The Hallmark gene
sets most upregulated include TGF-B Signal-
ing, Epithelial Mesenchymal Transition (EMT),
inflammation-related genesets (Inflammatory
Response, TNF-a Signaling via NFkB), stem-
ness-related genesets (Notch Signaling, WNT
-Catenin signaling), angiogenesis-related gen-
esets (Angiogenesis, Hypoxia), and cell prolifer-
ation (Mitotic Spindle) (Figure 2). The gene set
upregulation pattern seen in ITGB1 was largely
replicated and validated in ITGB2, ITGB5, and
ITGB6, namely in that TGF-B, EMT, inflamma-
tion-related, and angiogenesis-related gene-
sets were upregulated. Genesets upregulated
in the TCGA set for ITGB3 and ITGB7, which
were similar to the ITGB1 profile, were not vali-
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Figure 1. Beta integrin expression is increased in pancreatic cancer specimens compared to normal pancreatic tis-

sues for all beta integrins. mMRNA expression from 167 normal pancreas in the GTex database is compared to 177
pancreatic adenocarcinomas in TCGA. Results are plotted as box plots with the bolded center bar representing the
median, the lower and upper bounds of the box representing the 25" and 75" percentiles, respectively, and the
lower and upper tails representing the minimum and maximum values, respectively.
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Figure 2. Heatmap of gene set enrichment analysis (GSEA) by beta integrin.
The top row in each set represents results from the TCGA cohort and the bot-
tom row from the GSE21501 cohort. A false discovery rate of less than 0.25
was considered statistically significant. NES, Normalized Enrichment Score.

dated in the GSE21501 set, and vise vera for
ITGBS8. The Miotic Spindle gene set was upre-
gulated in TCGA for ITGB1-7 and validated for
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ITGB5-6. No validated gene
sets were upregulated for
ITGB4 (Figure 2).

We then analyzed beta integ-
rin expression by tumor stage,
grade, and Ki67 expression
that all reflect cancer cell pro-
liferation. Consistent with la-
cking evidence for upregulat-
ed cell proliferation pathways
by GSEA, there was no robust
correlation between stage and
expression levels. For ITGB5,
higher mRNA levels correlated
positively to increasing grade
in the TCGA cohort (P=0.04),
but this was not validated in
the GSE21501 cohort (Figure
3A). There was also no consis-
tent trend between tumor
grade and expression level in

the TCGA cohort (Figure 3B). Ki67 expression
was increased in ITGB4-high tumors in the
TCGA cohort (P<0.001), but not reproduced in
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Figure 3. PDAC stage, grade, and Ki67 scoring by beta integrin. A. Staging according to American Joint Committee
on Cancer (AJCC). B. Grading according to AJCC. Grade information not available in the GSE21501 cohort. C. Ki67
scoring dichotomized by median beta integrin expression. Results are plotted as box plots with the bolded center
bar representing the median, the lower and upper bounds of the box representing the 25" and 75" percentiles,
respectively, and the lower and upper tails representing the minimum and maximum values, respectively.

the GSE21501 cohort, and vice versa for
ITGB3- and ITGB5-high tumors (P=0.03, 0.01
respectively, Figure 3C).

Mutation rates are particularly higher in
ITGB4, 5, 6-high pancreatic tumors and corre-
late to worsen survival outcomes

Although pancreatic cancers tend to have low
tumor mutational burden, it is a marker of
aggressive tumor biology in many cancer types
[39]. We next explored whether this might be
the case for PDACs by the beta integrin expres-
sions. While intratumor heterogeneity scores
were statistically identical between the high
and low beta integrin expression groups, ho-
mologous recombination defects were signifi-
cantly increased in ITGB4, 5, and 6-high ex-
pression tumors compared to low expression
tumors (all P<0.01, Figure 4A). Similarly, frac-
tion genome altered, silent mutation rate, non-
silence mutation rate, and SNV neoantigens
were all significantly increased in ITGB4, 5, and
6-high expression tumors, except for SNV neo-
antigens for ITGB6 (P=0.09, Figure 4B). Indel
mutations were not different for any of the beta
integrins (Figure 4B).

Based on these mutation findings, we predict-
ed that high ITGB4-6 tumors might have worse
survival outcomes. Progression-free survival
(PFS), disease-free survival (DFS), disease-spe-
cific survival (DSS) data was available from the
TCGA cohort, and overall survival (0OS) from
both cohorts (Figure 5). Survival data was the
most consistently statistically significant for
ITGB5 and ITGB6. ITGB5-high tumors had
worse PFS, DFS, DSS, and OS in the TCGA co-
hort, but no difference in OS in the GSE21501
cohort. For ITGB6, PFS and DSS were worse for
ITGB6 tumors in the TCGA cohort, and OS was
decreased in both cohorts. ITGB1-high tumors
had the same survival pattern as ITGB5. ITGB3-
and ITGB4-high tumors had statistically signifi-
cant worse PFS and DFS. Survival patterns
were not particularly robust for ITGB2, ITGB?Y,
and ITGBS, but the overall trends favored worse
survival for the high-expression tumors (Figure
5).
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Increased fibroblasts content correlates to
high-ITGB1, 2, 3, and 5 tumors, and increased
endothelial cells are correlated to high-ITGB2
and 3 tumors, but are both decreased in high-
ITGB4 tumors

Because PDACs have robust stroma and des-
moplasia, we examined the stromal composi-
tion of these tumors. The stromal fraction and
TGF-B response were increased in beta integ-
rin-high tumors for ITGB1, 2, 3, and 5 (all P<
0.05, Figure 6A). For ITGB6, the stromal frac-
tion was significantly increased (P=0.003), and
TGF-B score trended to a significant increase
for high tumors (P=0.06). There was no differ-
ence between the two groups for ITGB4, 7, and
8 (Figure 6A). When examined by fibroblast
composition using the xCell algorithm, fibro-
blasts were significantly enriched in both the
TCGA and GSE21501 cohorts for high-ITGB1,
2, and 5 tumors (all P<0.01), and for high-
ITGB3 tumors in TCGA (P<0.001), but not sta-
tistically significant in the GSE21501 cohort
(P=0.1, Figure 6B). These findings are replicat-
ed in the MCP-counter algorithm, except that
fibroblasts were significantly enriched in high-
ITGB3 tumors in both cohorts (both P<0.01,
Figure 6C). Fibroblast levels were decreased in
high-ITGB4 tumors in both cohorts in the xCell
algorithm (P<0.01, Figure 6B), but not replicat-
ed in the MCP-counter algorithm (Figure 6C).

As angiogenesis and hypoxia pathways were
enriched to some of the integrins (Figure 2),
we next examined endothelial cell and pericy-
te level by beta integrin expression. In both
cohorts, endothelial cell composition was
increased in high-ITGB2 and 3 tumors in the
xCell algorithm (all P<0.05, Figure 7A). This
was validated in both cohorts for high-ITGB2
tumors, and for the TCGA cohort for high-ITGB3
tumors by the MCP-counter algorithm (Figure
7B). Endothelial cells were also increased in
high-ITGB1 tumors for the GSE21501 cohort by
the xCell algorithm (P<0.001, Figure 7A), and in
both cohorts by the MCP-counter algorithm
(P<0.01, Figure 7B). Endothelial cell levels
were decreased in high-ITGB4 tumors in both
cohorts and algorithms (all P<0.05, Figure 7).
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Figure 4. Beta integrin expression correlation with PDAC mutations. A. Box plots of intratumor heterogeneity and
homologous recombination defects. B. Box plots of fraction genome altered, silent mutation rate, non-silent muta-
tion rate, single-nucleotide (SNV) variant neoantigens, and indel mutations. The bolded center bar in each box plot
represents the median, the lower and upper bounds of the box represent the 25" and 75" percentiles, respectively,
and the lower and upper tails represent the minimum and maximum values, respectively. Data is based on the
scores by Throsson, et al. [37]. Beta-integrin expression is dichotomized into high and low groups by the median,
with n=177 for the TCGA cohort and n=132 for the GSE21501 cohort.
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Figure 5. Survival plots for high and low beta integrin expression in PDAC. A. Results from the TCGA cohort. B. Re-
sults from the GSE21501 cohort. Beta-integrin expression is dichotomized into high and low groups by the median,
with n=177 for the TCGA cohort and n=132 for the GSE21501 cohort. HR, Hazard Ratio.

Stromal TGF-B Fibroblasts (xCell Fibroblasts (MCP-counter)
Fraction Response TCGA [GSE21501] TCGA
p=0.001 p<0.001 p = 0.004 p<0.001 < 0.001 <0.001
- T T =] T ] g T 9 T —
g @Bl =1 17 il 1T &l B 1] 1118
0 = _| i — o | H tad _ 1 E 7 o :
e BT 38 L) g8 1eT| gL H| B -
o |t ]| o] i gl 1] o] L * Ll Bl
= T T = T T S T T = T T = T T T T
Low High Low High Low High Low High Low High Low High
p=0.04 p=0.001 p < 0.001 p<0.001 < 0.001 < 0.001
o [+ — T - - o | ™ - S
= 47 7 o F| e : g - : W | o
Q . © | ! ° : < 17 i oo g
§ B0 89| :{zp| gl o]lgl 118"
¢ 0N 18T i@l ilg8| 1iml c18°
14 R s 7 E - S . El - b
o - o [ o ks, B -l =
e T S s T s (— = I a— (—
Low High Low High Low High Low High Low High Low High
p = 0.007 p<0.001 p < 0.001 p =0.107 < 0.001 =0.007
g =] - — T -_-— s o g ] L o § i T . T
@ T : : E E g ] E < ] T E & - T E A : :
: - BT :iplilg8| ilg| 18
e R TR | ]g8| =188 f1g8| {7
—= IR s | 4 gl | gl L i e
S T T = T T e T T ° T T ° T T T T
Low High Low High Low High Low High Low High Low High
p = 0.361 p=0.773 p < 0.001 p=0.025 p =0.252 p =0.44
o [+ - - = I - = = = =
[=] 1 ' o o ' e ' © ' i - ' '
i : s 8 I T
y . = T8 | st T S I _ E E
E S : S E E a : = E . E o | .S
: ' ' L o~ [ '
h 1= 4 ¢4 ° | 1T B =37 7| EF 8| -4 &
gig—0 " L= iy 8lsg 5] eig—=l o5
2] Low High Low High g Low High Low High Low High Low High
] O
® p<0.001 p<0001 @ _  p=00 p < 0.001 <0.001 <0.001
o [ - - 52 = - - g I = - o - - -
o B i = ] - ' S - | « o E
© . & T g4 | zd 1 £ o : :
07187 lgB| e8| sl 218"
= 5 Ll T4 s JB& 7 ° : 18 :
$ 14— 35— < el o el T
Low High Low High Low High Low High Low High Low High
p=0.003 p =0.06 p < 0.001 p=0.039 p =0.706 < 0.001
o [T - E — = T = B I = T
= 1 o | 4 e ' ol e t [ 1 « o | :
i = 3 o 4 T g | .
© = 1 ' < 1 ! H - H
s . 1HE| 128 .14 o3 B1i | -8
2 A0 ‘18| 187 188 T
= - : =4 - c &S g - ¢
o - ali L| addi 1 4 =] 7L
s T s | E— s — = T—T i | — T 1
Low High Low High Low High Low High Low High Low High
p =0.985 p=0.332 p = 0.464 p = 0.843 p =0.752 = 0.684
@ 4 T & o S - = - - - - -
S g a4 0 71 T g - : g ] ! <4
~ — e ‘ i : 4 ST _ E
5 180 .18e| aellgel s1a | (1FE
g 2175|317 T 188 :1BH| fBe| t1f
- 1 i 1 s 1= ° ] - . E L I
o | £ 1| 9t L 4.3 & s | 4 4 1 =+ 4 .
= | — ° R § R s R ° T 1 ° —
Low High Low High Low High Low High Low High Low High

5411 Am J Cancer Res 2022;12(12):5403-5424



Beta integrin expression in pancreatic cancer

p=0.113 p =0.06 <« p=0744 p =0.074 p =0.039 =0.017
@ - - - - -1 - -1 - o -
I H E ?- 47 : © | E i [ : § H : N '
o = -+~ ] or 3 I ; C N ' ™ - E
3 180 88| 15ziige| Hag t1BE
o . 1 - - 1
E 475 | oy 3 . E B| 21 E : g B E' i +
- I M . - T o i T4 :
e T - — S e °
Low High Low High Low High Low High Low High Low High

Figure 6. Stromal fraction, TGF-B response, and fibroblast composition correlation with beta integrin expression in
PDACs. A. Box plots of calculated scores for stromal fraction and TGF-f3 response based on Throsson, et al. [37]. B.
Box plots of fibroblast composition based on the xCell algorithm for the TCGA and GSE21501 cohorts. C. Box plots of
fibroblast composition based on the MCP-counter algorithm for the TCGA and GSE21501 cohorts. The bolded center
bar in each box plot represents the median, the lower and upper bounds of the box represent the 25" and 75"
percentiles, respectively, and the lower and upper tails represent the minimum and maximum values, respectively.
Beta-integrin expression is dichotomized into high and low groups by the median, with n=177 for the TCGA cohort

and n=132 for the GSE21501 cohort.

Similar trends also occurred in both microvas-
cular endothelial cells (MECs) and lymphatic
endothelial cells (LECs) (Figure 8A, 8B).
Pericytes were increased in high-ITGB1, 2, 4,
and 5 tumors in the TCGA cohort (all P<0.01),
but none of these results were validated in the
GSE21501 cohort (Figure 8C).

Beta integrin expression does not well corre-
late with the immune cell population of PDACs

Lastly, we examined the correlation between
immune cell populations and beta integrin
expression levels. In Figure 9, we examined
anti-cancerous immune cells between the two
cohorts. CD8+ cells were significantly de-
creased in high-ITGB4 tumors and T helper 1
(Th1) cells were decreased in high-ITGBS8 tu-
mors (P=0.001). M1 macrophages were in-
creased in high-ITGB1, 2, 5 tumors, and den-
dritic cells were increased in high-ITGB2 tu-
mors (all P<0.01) (Figure 9). We also examined
pro-cancerous immune cell populations in the
two cohorts, and there were no differences
for either regulatory T regulator cells (Tregs) or
Th2 cells (Figure 10). M2 macrophages were
increased in high-ITGB2 tumors and decreas-
ed in high-ITGB4 tumors (P<0.001, Figure 10).
Examining immune scores by Thorsson et al.
[37], leukocyte fractions were increased in
high-ITGB2, 3, 7, 8 tumors, and decreased in
high-ITGB4 tumors (all P<0.05, Figure 11).
Lymphocyte infiltration was increased in high-
ITGB2 and 7 tumors, but decreased in high-
ITGB1, 3, 5, 6 tumors (all P<0.03, Figure 11).
Tumor infiltrating lymphocyte (TIL) fraction was
increased only in high-ITGB7 (P=0.002) tumors
and not significantly changed in other integrins
(Figure 11). Macrophage regulation and wound
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healing scores, typically correlate to decreased
overall survival [37]. Macrophage regulation
scores presented with similar phenotypes to
lymphocyte infiltration scores, being increased
in high-ITGB2, 3, 7 tumors and decreased in
high-ITGB4 and 6 tumors (all P<0.02, Figure
11). Wound healing scores were decreased in
high-ITGB2 tumors and increased in high-
ITGB4 tumors (Figure 11). Cytolytic (CYT)
scores were only statistically significantly
increased in both cohorts for high-ITGB2
tumors in both xCell and MCP-counter algo-
rithms (P<0.001, Figure 12). Taken all together,
these results illustrate that beta integrin
expression did not significantly correlate to the
immunotypic profile of PDAC tumors.

Discussion

In this study, we found that all eight beta integ-
rins were significantly upregulated in PDACs
compared to normal pancreatic tissues.
However, it is also clear that not all beta integ-
rins have similar functions. The characteristics
that define prototypical ITGB1 biology in PDACs
were replicated particularly by ITGB2, 5, and 6.
All four integrins had enriched TGF-B pathways,
and for high-ITGB2 and 5 tumors, stromal frac-
tions and tumor fibroblasts were increased to
levels mirroring high-ITGB1 tumors in both
cohorts examined. It is well established that
tumor desmoplasia is associated with therapy
resistance because dense stroma produces
relative high extracellular pressure that inhibits
systemic drug from penetrating tumor tissue
[40].

However, when we look at the effects of high
ITGB1, 2, 5, and 6 on survival, ITGB2 was
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Figure 7. Endothelial cell composition correlation with beta integrin expression in PDACs. A. Box plots of endothelial
cell composition based on the x-Cell algorithm for the TCGA and GSE21501 cohorts. B. Box plots of endothelial cell
composition based on the MCP-counter algorithm for the TCGA and GSE21501 cohorts. The bolded center bar in
each box plot represents the median, the lower and upper bounds of the box represent the 25" and 75" percentiles,
respectively, and the lower and upper tails represent the minimum and maximum values, respectively. Beta-integrin
expression is dichotomized into high and low groups by the median, with n=177 for the TCGA cohort and n=132 for

the GSE21501 cohort.

unique in that it does not affect patient out-
comes, whereas high expression of the other
integrins all decreased PFS, DFS, DSS, and OS.
Experimental murine models have shown that
knockout of integrin B5 decreases tumor bur-
den and prolonged survival, and peptide target-
ing of the avB5 integrin increases tumor drug
delivery [41]. A survey of effects of short-hair
pin RNA knockdown of ITGAV in pancreatic can-
cer cell culture decreases ITGB1 expression by
31% and ITGB6 by 73% [42]. Antibody targeting
of integrin avp6 increases gemcitabine delivery
to mice with subcutaneous pancreatic tumors,
resulting in a significant survival benefit, and
antibody monotherapy in these tumors signifi-
cantly decreases collagen disposition [43].

5414

Integrin avB6 overexpression is accompanied
by a poorer overall survival for multiple cancer
types besides pancreatic cancer, with the key
mechanism believed to be integrin dependent
activation of TGF-B1 and subsequent stimula-
tion of the EMT process [43, 44]. There is no
literature on the relationship between ITGB2
expression and pancreatic cancer. It is possible
that ITGB2 could have signaling redundancy in
the context of targeted therapy against ITGB1,
5, or 6, and this postulation should be consid-
ered in further investigations.

We observed that high-ITGB4 tumor expression
is unique with significantly decreased tumor
fibroblast composition and worse PFS and DFS.
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Figure 8. Microvascular endothelial cell, lymphatic endothelial cell, and pericyte composition correlation with beta
integrin expression in PDACs. A. Box plots of the microvasular endothelial cell composition based on the x-Cell algo-
rithm for the TCGA and GSE21501 cohorts. B. Box plots of lymphatic endothelial cell composition based on the xCell
algorithm for the TCGA and GSE21501 cohorts. C. Box plots of pericyte composition based on the xCell algorithm for
the TCGA and GSE21501 cohorts. The bolded center bar in each box plot represents the median, the lower and up-
per bounds of the box represent the 25" and 75" percentiles, respectively, and the lower and upper tails represent
the minimum and maximum values, respectively. Beta-integrin expression is dichotomized into high and low groups
by the median, with n=177 for the TCGA cohort and n=132 for the GSE21501 cohort.
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Figure 9. Anti-cancerous immune cell correlation with beta integrin expression in PDACs. Box plots are based on the
xCell algorithm for the TCGA and GSE21501 cohorts. The bolded center bar in each box plot represents the median,
the lower and upper bounds of the box represent the 25" and 75" percentiles, respectively, and the lower and upper
tails represent the minimum and maximum values, respectively. Beta-integrin expression is dichotomized into high
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and low groups by the median, with n=177 for the TCGA cohort and n=132 for the GSE21501 cohort. Thd, T helper
cell 1; M1, Macrophage type 1; DC, Dendritic Cell.
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Figure 10. Pro-cancerous immune cell correlation with beta integrin expression in PDACs. Box plots are based on the
xCell algorithm for the TCGA and GSE21501 cohorts. The bolded center bar in each box plot represents the median,
the lower and upper bounds of the box represent the 25" and 75" percentiles, respectively, and the lower and upper
tails represent the minimum and maximum values, respectively. Beta-integrin expression is dichotomized into high
and low groups by the median, with n=177 for the TCGA cohort and n=132 for the GSE21501 cohort. Tregs, regula-
tory T cells; Th2, T helper cell 2; M2, Macrophage type 2.
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Figure 11. Immune scores for markers of tumor immune cell populations. Data is based on the scores by Throsson,
et al. [37]. The bolded center bar in each box plot represents the median, the lower and upper bounds of the box
represent the 25" and 75" percentiles, respectively, and the lower and upper tails represent the minimum and
maximum values, respectively. Beta-integrin expression is dichotomized into high and low groups by the median,
with n=177 for the TCGA cohort and n=132 for the GSE21501 cohort. TIL, Tumor Infiltration Lymphocyte.

High ITGB4 expression is known to produce a
highly metastatic phenotype through dimeriza-
tion with integrin a6 and activation of MEK1-
ERK1/2 signaling pathways [45]. Some studies
have additionally theorized that a stroma-den-
se environment could slow metastasis essen-
tially by restricting access to systemic lymphat-
ic and hematogenous vasculature [40, 46]. In
support of this idea, sonic-hedgehog-deficient
PDACs have less stroma with resultant
increased proliferation and metastatic pheno-
types [46], and sonic hedgehog ligand expres-
sion results in a 4.5-fold decrease in ITGB4
expression [47].
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Overall, our results would suggest that the
major effect of beta integrin signaling in PDACs
is to create a fortress microenvironment that
shields the tumor from the immune system.
This is reflected in poor tumor infiltration of
immune cells and essentially unchanged CYT
scores apart from a statistically significant
increase in high ITGB2-tumors in both the
TCGA and GSE21501 cohorts. This most likely
reflects the primarily understood role of 32 inte-
grin biology to recognize sites of inflammation
and recruit immune cells [48]. However, ITGB2
expression does not correlate with differences
in patient survival, again suggesting that pan-
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Figure 12. Cytolytic (CYT) score correlation with beta integrin expression in PDACs. A. Results from the xCell algo-
rithm. B. Results from the MCP-counter algorithm. The bolded center bar in each box plot represents the median,
the lower and upper bounds of the box represent the 25" and 75" percentiles, respectively, and the lower and upper
tails represent the minimum and maximum values, respectively. Beta-integrin expression is dichotomized into high
and low groups by the median, with n=177 for the TCGA cohort and n=132 for the GSE21501 cohort.

creatic tumor stroma blocks effective immune
recognition of tumorigenesis.

As a retrospective analysis, our study does
have several limitations. Although we have vali-
dated key findings with two independent
cohorts, patient populations and treatments
are heterogenous, which can easily affect out-
comes. Bioinformatics data does not necessar-
ily imply mechanisms of action, but it can pro-
vide powerful insights into the complex rela-
tionship of the TME that cannot be readily repli-
cated in experimental models. Additionally, our
findings that high ITGB1, 4, 5, and 6 expression
have redundant and complementary negative
effects on patient outcomes is supported by
another study that established a poor prognos-
tic signature based on high expression levels of
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these four integrins in PDACs [49]. Our study
found that increased tumor stroma density cor-
relates to this poor prognostic signature.

In summary, the overarching conclusion from
our study is that targeted beta integrin therapy
has significant potential utility to improve PDAC
treatment. However, such therapy must con-
sider the significant redundancy demonstrated
by multiple integrins exhibiting similar pheno-
types. Further, because integrins exist as of3
heterodimers, their signaling effects can be fur-
ther modulated by the nature of their pairings.
Since redundancy in biology tends to imply evo-
lutionary significance to function, we wish to
encourage deeper research into targeting beta
integrin signaling in tumor biology.
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