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Purpose: Chronic rhinosinusitis with nasal polyps (CRSwNP) is predominantly character-
ized by eosinophil- and T helper 2 cell (Th2)-biased inflammation. Integrins and intercellular 
adhesion molecules (ICAMs) are superfamilies of cell adhesion molecules (CAMs) that 
facilitate the recruitment and trafficking of immune cells and have been implicated in 
coordinating eosinophil and Th2 cell adhesion and signaling in asthma. The roles of 
CAMs in CRSwNP, however, remain poorly understood. The purpose of this study was to 
characterize the systemic and local expression of CAMs and identify which CAMs are 
potentially involved in CRSwNP pathology.
Materials and Methods: A prospective observational study was conducted using periph-
eral blood and anterior ethmoid tissues of patients with CRSwNP (n=32) and controls 
(n=15). Multiplex gene analysis and Pearson correlations were performed to identify asso-
ciations between systemically and locally expressed CAMs. Based on the gene expression 
results, immunohistochemical evaluation and quantification of cells expressing integrins 
ITGAM, ITGAX, and ITGB2, as well as ICAM-3 in sinonasal tissues were conducted to 
compare local protein expression patterns.
Results: Integrin and ICAM genes were significantly elevated in the blood (p<0.001 to 
p<0.05) and sinuses (p<0.0003 to p<0.05) of patients with CRSwNP compared to controls. 
Strong positive correlations of genes expressed in the blood (p<0.01 to p<0.05) and sinuses 
(p<0.01) were observed between ITGAM, ITGAX, ITGB2, and ICAM3. ITGAM-, ITGB2-, 
ICAM-3-, and ICAM-3/ITGB2-positive cell counts were significantly increased in CRSwNP 
compared to controls (p<0.0001 to p<0.04), and a positive correlation between ICAM-3/ 
ITGB2- and ITGAM-positive cell counts was observed (p<0.02).
Conclusion: The systemic and local expression of ITGAM, ITGB2, and ICAM-3 is 
significantly upregulated in CRSwNP, suggesting that integrin complex ITGAM/ITGB2 
and ICAM-3 serve a potential role in inflammation-mediated signaling in CRSwNP.
Keywords: integrins, intercellular adhesion molecule 3, macrophage-1 antigen, Th2 
pathophysiology, transcriptional analysis, allergy, asthma

Introduction
Chronic rhinosinusitis with nasal polyps (CRSwNP) is a heterogeneous inflamma-
tory disease of the paranasal sinuses characterized by the recruitment and traffick-
ing of leukocytes from the circulatory system into the sinonasal mucosa in response 
to local signaling. Cell adhesion molecules (CAMs), such as integrins, intercellular 
adhesion molecules (ICAMs), cadherins, and selectins, facilitate these processes as 
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part of the innate immune response.1–3 Although CAMs 
have been implicated in numerous chronic inflammatory 
conditions, including inflammatory bowel disease, ulcera-
tive colitis, Crohn’s disease, allergic respiratory diseases, 
and multiple sclerosis,4–13 studies investigating CAM con-
tributions to inflammatory signaling in CRSwNP remain 
limited.6,14–16 With the emergence of approved immu-
notherapies targeting CAMs for inflammatory intestinal 
diseases, increased investigations into this area could be 
key for developing new CAM-targeting therapies for 
CRS.7,8

CAMs have been shown to be important in coordinat-
ing the adaptive immune response between T helper 2 
(Th2) cells and eosinophils via adhesion and/or activation 
events in allergic asthma and allergic rhinitis.9,10 Allergic 
asthma and allergic rhinitis are generally eosinophil- 
predominant and share overlapping pathophysiology to 
that of eosinophilic CRSwNP.14,17,18 We therefore 
hypothesize that CAMs may serve similar roles in initiat-
ing and coordinating the immune cell signaling between 
Th2 cells and eosinophils in CRSwNP.4,9,14,17–21 Our 
objective was to identify specific CAMs and CAM asso-
ciations to further our understanding of the complex inter-
play between the local and systemic immune response in 
CRSwNP.

Materials and Methods
Subjects and Data Collection
This study was conducted in accordance with the 
Declaration of Helsinki. Study participants were enrolled 
in the University of Utah Sinus and Skull Base Surgery 
Clinic using informed consent protocols with approval 
from the University of Utah Institutional Review Board 
(IRB 00074325). Inclusion criteria for the CRSwNP 
cohort consisted of a diagnosis of CRSwNP according to 
the Academy of Otolaryngology Adult sinusitis 
guidelines22 for patients who had elected to undergo endo-
scopic sinus surgery after being treated with the appropri-
ate medical management. Inclusion criteria for control 
subjects consisted of patients who had elected to undergo 
non-CRS-related endoscopic sinus surgery.

A total of 47 surgical patients were enrolled in this 
study: 15 control subjects and 32 patients with CRSwNP. 
Each study participant underwent evaluation at the 
University of Utah Sinus and Skull Base Surgery Clinic 
with a complete demographic and medical history, head 
and neck physical exam, nasal endoscopy, and review of 

computed tomography scans. Patient health information 
was de-identified and stored in a secure electronic data-
base. The following exclusion criteria were implemented 
to decrease the potential non-CRS-associated contributions 
to systemic inflammation: patients on oral steroid therapy 
within two weeks of surgery and patients with a diagnosis 
of allergic fungal rhinosinusitis, eosinophilic granuloma-
tosis with polyangiitis, systemic lupus erythematosus, 
chronic obstructive pulmonary disease, multiple sclerosis, 
cystic fibrosis, cancer, and smoking or alcohol use.

Sinonasal Tissue Collection and 
Preparation for Gene Expression Analysis
Anterior ethmoid biopsies (4.0 mm2) were obtained intrao-
peratively per the standard of care and only if the study 
participant’s (CRSwNP and control subjects) endoscopic 
sinus surgical procedure involved the excising of tissues 
from the ethmoid sinuses that would have otherwise been 
discarded. Sinonasal tissues were immediately snap-frozen 
and stored at −80°C in 2.0-mL Eppendorf tubes (Fisher 
Scientific; Waltham, MA) until analyzed. Sinonasal tissues 
were then thawed on ice, transferred to 0.6 mL of lysis 
RLT buffer (Qiagen; Hilden, Germany) containing stain-
less-steel beads (5 mm), and homogenized using a Qiagen 
Tissuelyser LT. Nucleic acid was extracted using a Qiagen 
AllPrep RNA microRNA Universal Kit and a QiaCube, 
followed by subsequent quantification with a NanoDrop 
8000 and a Qubit (Thermo Fisher Scientific; Pittsburg, 
PA), according to manufacturer’s instructions.

Peripheral Blood Collection and 
Preparation
Peripheral blood (1–3 mL) was drawn from each study 
participant into a K2-EDTA collection tube (Becton 
Dickinson; Franklin Lakes, NJ) prior to endoscopic sinus 
surgery per the standard of care, of which 0.5 mL of blood 
was added to 1 mL of RNAlater (AppliedBiosystems/Life 
Technologies Corp., Carlsbad, CA) and stored at −80°C 
until analyzed. The blood/RNAlater mixture was then 
thawed on ice, centrifuged at 8,000 rpm at 4°C (Labnet 
International; Edison, NJ), and the RNAlater was aspi-
rated. RNA was isolated using a RiboPure Blood Kit 
(Invitrogen; Carlsbad, CA), followed by quantification 
with a NanoDrop 8000 and a Qubit (Thermo Fisher 
Scientific; Pittsburg, PA), according to manufacturer’s 
protocols.
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Multiplex Gene Expression Analysis
Sinonasal and blood transcriptional analysis of a total of 
594 genes associated with innate and adaptive immunity, 
allergy, autoimmunity, and infectious diseases was per-
formed by the Molecular Diagnostics Core at the 
Huntsman Cancer Institute (Salt Lake City, UT) using 
Human Immunology v2 Panels and the nCounter® MAX 
Analysis System (NanoString Technologies, Inc.; 
Seattle, WA). From this large list of genes, the most 
noticeable transcriptional differences between mRNA 
transcript copy number ratios of CAM-related genes 
achieving and approaching statistical significance in 
CRSwNP:controls were selected for further analysis. 
After nucleic acid extraction, the sample concentrations 
were normalized and added (5 µL) to hybridization 
buffer (70 µL) containing reporter (8 µL) and capture 
(2 µL) probes. The mixtures were then subjected to 
hybridization via incubation for 16 hours at 65°C, fol-
lowed by mRNA transcript copy quantification with 
a Digital Analyzer. A background subtraction was per-
formed, and the raw transcript copy counts were nor-
malized using the geometric mean of 15 internal 
reference genes (ABCF1, ALAS1, EEF1G, G6PD, 
GAPDH, GUSB, HPRT1, OAZ1, POLRIB, POLR2A, 
PPIA, RPL19, SDHA, TBP, and TUBB) for each lane 
and the arithmetic mean of all geometric means to 
create a normalization ratio of the arithmetic mean:geo-
metric mean per lane using nSolver version 3.0 
software.23,24 Data are reported as individual values ± 
standard deviation of the mean mRNA transcript copy 
number for each patient group.

Sinonasal Tissue Collection and 
Preparation for Immunohistochemical 
Analysis
Anterior ethmoid biopsies (4.0 mm2) were obtained as 
outlined above and immediately placed into 2.0-mL 
Eppendorf tubes (Fisher Scientific; Waltham, MA) con-
taining 4% neutral formalin (Ted Pella; Redding, CA). 
Tissues were fixed for 48 hours, trimmed, and sectioned 
under an Olympus FSX100 stereoscope (Olympus Inc.; 
Center Valley, PA), followed by paraffin embedding, cut-
ting (4–6-μm thick), and slide mounting by the Research 
Histology Core at the Huntsman Cancer Institute (Salt 
Lake City, UT).

Sinonasal Tissue Immunohistochemistry 
(IHC)
Slide-mounted anterior ethmoid tissues were deparaffi-
nized in xylene (3 x 5 min) and rehydrated in ethanol 
(100% ethanol, 2×5 min; 95% ethanol, 5 min; 70% etha-
nol, 5 min) and Nanopure ddH2O (ddH2O, 2×5 min) 
(Thermo Fisher Scientific; Pittsburg, PA). After staining 
of each respective antigen described below, tissues were 
counterstained with hematoxylin (IHC World; Woodstock, 
MD), dehydrated following the reverse protocol described 
above, and slide mounted with Permount (ThermoFisher 
Scientific; Pittsburg, PA). Tissues were evaluated under an 
Olympus BX43 upright microscope (Olympus Inc.; 
Pittsburg, PA), imaged with an EOS Rebel T2i digital 
SLR camera (Canon Inc.; Melville, NY), and processed 
with Digital Photo Professional version 4.0 software 
(Canon Inc.; Melville, NY).

Tissue Co-Staining Procedure for Integrin 
Subunit Alpha x (ITGAX) and Integrin 
Subunit Alpha M (ITGAM)
After following the hydration protocol described above, 
the tissues were subjected to heated antigen retrieval in 
Tris/EDTA buffer (pH 9.0), followed by blocking in 
BLOXALL (30 min) and 10% goat serum in PBS (20 
min) obtained from Vector Labs (Burlingame, CA) and 
detection of rabbit anti-ITGAX (1:100, 4°C, overnight) 
(Abcam, ab52632; Cambridge, MA) using 
ImmPRESSTMHRP anti-rabbit IgG and ImmPACT DAB 
Peroxidase kits from Vector Labs. The process was 
repeated for the detection of mouse anti-ITGAM (1:500, 
4°C, overnight) (R&D Systems, MAB16991; Minneapolis, 
MN), employing ImmPRESSTMHRP anti-mouse IgG 
(clone #238446) and ImmPACT SG Peroxidase kits from 
Vector Labs. Tissues were also stained with and without 
primary and secondary antibodies for both antigens to 
serve as staining controls.

Tissue Co-Staining Procedure for Integrin 
Subunit Beta 2 (ITGB2) and Intercellular 
Adhesion Molecule 3 (ICAM-3)
After following the hydration protocol described above, the 
tissues were subjected to heated antigen retrieval in citrate 
buffer (pH 6.0), blocking in BLOXALL (30 min) and 10% 
goat serum in PBS (20 min) obtained from Vector Labs 
(Burlingame, CA), and detection of rabbit anti-ITGB2 
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(1:100, 4°C, overnight) (Abcam, ab131044; Cambridge, 
MA) using ImmPRESSTMHRP anti-rabbit IgG and 
ImmPACT DAB Peroxidase kits from Vector Labs. The 
process was repeated for the detection of mouse anti-ICAM 
-3 (1:1000, 4°C, overnight) (Abcam, ab10804; Cambridge, 
MA), employing ImmPRESSTMHRP anti-mouse IgG (clone 
ab10804) and ImmPACT SG Peroxidase kits from Vector 
Labs. Tissues were also stained with and without primary and 
secondary antibodies for both antigens to serve as staining 
controls.

Integrin- and ICAM-Positive Cell 
Quantification
Integrin- and ICAM-expressing cell counts were enumer-
ated after performing IHC staining of ITGAM, ITGAX, 
ITGB2, and ICAM-3 in anterior ethmoid tissue samples 
obtained from controls and patients with CRSwNP. These 
four CAMs were selected due to the results of the gene 
expression analysis in ethmoid tissue and blood, which 
demonstrated the greatest upregulation of these particular 
molecules in the CRSwNP cohort compared to the control 
population. Tissue slides were randomized and blinded, 
and the number of cells that were stained positive for 
ITGAM, ITGAX, ITGB2, ICAM-3, and co-stained for 
ITGB2/ICAM-3 were counted and averaged from five 
randomized high-power (40X) fields with similar histo-
pathologic features per patient. Data are reported as the 
individual value with upper and lower quartiles ± standard 
deviation of the mean cell count of respective CAM- 
positive cells for each group.

Statistical Analyses
Data analysis was conducted using R statistical software 
(R Core Team, Vienna, Austria, Version 3.6.1, 2019) with 
figures produced using the ggplot2 package.25 Simple 
descriptive statistics were calculated to analyze patient 
characteristics (ie, age, gender, and race) and comorbid-
ities (ie, asthma, allergy, diabetes, gastroesophageal reflux 
disease (GERD), and aspirin-exacerbated respiratory dis-
ease (AERD)) between groups. Gene expression values 
were compared across groups using Welch’s t-tests due 
to differences in distribution variance. Two-tailed 
Pearson’s correlations were used to determine the associa-
tion between gene expression (ie, mRNA transcript copy 
counts) in sinonasal and blood tissues. Cell counts were 
similarly compared across groups using Welch’s t-tests, 
and associations were revealed using two-tailed Pearson’s 

correlations. To assess the potential confounding of 
comorbid asthma and allergy with mRNA transcript copy 
values and CAM-positive cell counts for both CRSwNP 
and control cohorts, we performed a series of subgroup 
analyses utilizing Welch’s t-tests. Significance was evalu-
ated at p<0.05 for all tests.

Results
Cohort Demographics
Forty-seven participants were prospectively enrolled into 
this study and classified into the following diagnostic 
groups: control (n=15) or CRSwNP (n=32). 
Demographic and comorbid information is presented in 
Table 1. Asthma (p<0.023) and allergy (p<0.029) were 
significantly different between control and CRSwNP 
groups.

CAM Transcriptional Analysis
From the NanoString gene database, CRSwNP:control 
expression ratios of CAM-related genes that achieved 
(p<0.05) or approached statistical significance were 
selected for further analysis and included genes from the 
ICAM and integrin superfamilies. The remaining non- 
CAM genes that were significantly upregulated in the 
ethmoid sinus and peripheral blood in patients with 

Table 1 Demographic Comparisons of the Study Cohort with 
Respect to Diagnostic Group

Controls 
(n=15)

CRSwNP 
(n=32)

p-value

n (%) n (%)

Gender
Male 11 (73.3) 17 (53.1) 0.32
Female 4 (26.7) 15 (46.9)

Age (average) 45 47 -

Race
White 14 (93.3) 31 (96.9) 1.00
Non-white 1 (6.7) 1 (3.2) 1.00

Diabetes 0 (0.0) 4 (12.5) 0.38

Asthma 2 (13.3) 17 (53.1) 0.023*
Allergy 4 (26.7) 21 (65.6) 0.029*

GERD 5 (33.3) 12 (37.5) 1.00

Headache 
Disorder

5 (33.3) 3 (9.4) 0.15

AERD 0 (0.0) 3 (9.4) 0.56

Note: *p<0.05. 
Abbreviations: CRSwNP, chronic rhinosinusitis with nasal polyps; GERD, gastro-
esophageal reflux disease; AERD, aspirin- exacerbated respiratory disease.
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CRSwNP compared to controls are listed in 
Supplementary Data Table S1.

The expression of ICAM3 (p<0.02), ITGAM (p<0.05), 
and ITGB2 (p<0.02) was significantly upregulated in the 
anterior ethmoid tissues of patients with CRSwNP com-
pared to controls (Figure 1A). Notably, the transcriptional 
changes in ICAM3, ITGAM, and ITGAX were significantly 
increased by more than 3-fold in the sinuses of CRSwNP 
compared to controls. In the peripheral blood of patients 
with CRSwNP, ICAM3 (p<0.02) and ITGB2 (p<0.001) 
were significantly upregulated compared to controls 
(Figure 1B).

Correlation Analysis of Local and 
Systemic Gene Expression of CAMs
Pearson correlations were conducted to identify potential 
associations between key identified CAM genes expressed 
in the sinonasal tissues (Table 2) and peripheral blood (Table 
3) in patients with CRSwNP. The expression values of 
ICAM3, ITGAM, ITGAX, and ITGB2 were strongly corre-
lated to one another both locally in sinonasal tissues (p<0.01 
to p<0.05) and systemically in the blood (p<0.05), whereas 
few gene associations were found between the combinations 
of other cell adhesion molecules (ICAM1, ICAM2, ITGAE, 
and ITGB1) expressed in the sinuses and blood.

ITGAM, ITGAX, ITGB2, and ICAM-3 
Expression in Sinonasal Tissues
Immunohistochemical analysis of cells expressing ICAM- 
3, ITGB2, ITGAM, and ITGAX in anterior ethmoid tis-
sues was performed to compare protein expression pat-
terns between CRSwNP and controls. These proteins were 
selected for analysis based on the strong, positive gene 
correlations observed in CRSwNP tissues and previous 
studies that report important roles for these CAMs in 
inflammatory conditions with overlapping 
pathophysiology.9,13,26

Increased expression of ITGAM, ITGB2, and ICAM-3 
was observed in the sinonasal tissues of patients with 
CRSwNP compared to controls (Figure 2A). The number 
of cells expressing ITGAM, ICAM-3, and ITGB2, as well 
as cells co-expressing ICAM-3/ITGB2 was significantly 
increased in CRSwNP compared to controls: ITGAM, 
p<0.0004 (Figure 2B); ICAM-3, p<0.0001 (Figure 2D); 
ITGB2, p<0.04 (Figure 2E); and ICAM-3/ITGB2, p<0.002 
(Figure 2F). The number of cells expressing ITGAX was 
also increased in CRSwNP compared to controls but was 

not significant (Figure 2C, p<0.34). Moreover, Pearson 
correlation analysis demonstrated a significant positive 
correlation between the counts of ITGAM- and ICAM-3/ 
ITGB2-expressing cells in CRSwNP (Figure 2G, R=0.55, 
p<0.02), suggesting that these CAMs may be interacting 
with one another to mediate cell migration and adhesion 
signaling events in CRSwNP, similar to that reported after 
stimulation with allergic-related molecules in prior 
studies.9,10,26

Subgroup Analyses
Subgroup analyses were performed to understand the poten-
tial confounding effect of comorbid asthma and allergy on 
CAM expression. No evidence of confounding was found 
for all subgroup comparison tests of CAM gene expression 
values and CAM-positive cell counts. For example, the 
number of cells expressing ITGAM (p<0.4), ICAM-3 
(p<0.7), and ITGB2 (p<1.0), as well as cells co-expressing 
ICAM-3 and ITGB2 (p<0.2), was not significantly different 
in CRSwNP with asthma compared to CRSwNP without 
asthma. Similarly, the number of cells expressing ITGAM 

Table 2 Pearson Correlations Between the Local Gene 
Expression of Cell Adhesion Molecules in the Sinonasal Tissues 
of Patients with CRSwNP

Local Sinonasal Gene Expression

Local Sinonasal Gene 
Expression

ICAM3 ITGAM ITGAX ITGB2

ICAM3 – 0.775** 0.971** 0.948**

ITGAM 0.775** – 0.813** 0.858**
ITGAX 0.971** 0.813** – 0.968**

ITGB2 0.948** 0.858** 0.968** –

Note: **p<0.01. 
Abbreviations: ICAM3, intercellular adhesion molecule 3; ITGAM, integrin sub-
unit alpha M; ITGAX, integrin subunit alpha X; ITGB2, integrin subunit beta 2.

Table 3 Pearson Correlations Between the Systemic Gene 
Expression of Cell Adhesion Molecules in the Peripheral Blood 
of Patients with CRSwNP

Systemic Blood Gene Expression

Systemic Blood Gene 
Expression

ICAM3 ITGAM ITGAX ITGB2

ICAM3 – 0.755** 0.604* 0.705**

ITGAM 0.755** – 0.878** 0.856**
ITGAX 0.604* 0.878** – 0.905**

ITGB2 0.705** 0.856** 0.905** –

Notes: *p<0.05; **p<0.01. 
Abbreviations: ICAM3, intercellular adhesion molecule 3; ITGAM, integrin sub-
unit alpha M; ITGAX, integrin subunit alpha X; ITGB2, integrin subunit beta 2.
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(p<0.3), ICAM-3 (p<0.2), and ITGB2 (p<0.5), as well as 
cells co-expressing ICAM-3 and ITGB2 (p<0.3), was not 
significantly different in CRSwNP with allergy compared to 
CRSwNP without allergy. Regarding the control cohort, the 
number of cells expressing ICAM-3 (p<0.7), ITGB2 
(p<0.4), and co-expressing ICAM-3 and ITGB2 (p<0.7) 
was not significantly different in controls with allergy com-
pared to controls without allergy. Similarly, the number of 
cells expressing ITGB2 (p<0.3) and co-expressing ICAM-3 
and ITGB2 (p<0.06) was not significantly different in con-
trols with asthma compared to controls without asthma. The 
number of cells expressing ICAM-3 (p<0.01) was signifi-
cantly different between these two groups; however, only 2 
of 15 control subjects had comorbid asthma. Due to the 
increased variability within statistical tests with small sam-
ple sizes, this sample size was too small to unequivocally 
determine that asthma was a confounding variable.

Discussion
This study focused on identifying specific CAMs as poten-
tial contributors to local and systemic inflammatory 
responses in CRSwNP based on gene and protein expres-
sion in sinonasal and blood tissues. The upregulation of 
gene and protein expression, as well as the significant 
positive correlations between integrins ITGAM, ITGAX, 
and ITGB2 and ICAM3 in blood and sinonasal tissues 
and sinonasal tissue co-staining protein patterns in 
CRSwNP, suggest that these CAMs may serve key sys-
temic and local roles in regulating the pathogenesis of 
CRSwNP in a coordinated manner.

ITGAM and ITGB2 were found to be significantly 
elevated in the sinonasal mucosa of patients with 
CRSwNP compared to controls. These two integrins het-
erodimerize to form integrin αMβ2, termed macrophage-1 
antigen (Mac-1).27 Mac-1 is expressed in many types of 
leukocytes, particularly in eosinophils.26 Mac-1 serves 
a key role in both innate and adaptive immune 
responses28 and mediates eosinophil motility upon IL-5 
stimulation.26 Becker and colleagues demonstrated that 
blocking Mac-1 on peripheral blood mononuclear cells 
isolated from patients with allergic bronchopulmonary 
aspergillosis resulted in the reduction of cytokines IL-5 
and IL-13, which are known to promote eosinophilia and 
inflammation in CRSwNP.17,19 Acknowledging that Mac-1 
is upregulated on immune cells upon allergic stimulation, 
Mac-1 is poised to be a critical player involved in the 
cyclic recruitment and trafficking of eosinophils other 
and leukocytes to locally inflamed sinonasal sites in 
CRSwNP.

Several mechanistic studies have also linked ICAM-3 
to Mac-1.9,10,29 In a rabbit model of allergic pulmonary 
inflammation, investigators posited that lymphocyte 
recruitment was mediated by a combination of Mac-1 
and lymphocyte-associated antigen 1 (LFA-1), which is 
comprised of integrin αLβ2 subunits, and is a receptor for 
ICAM-3.10 A separate study showed that blocking ICAM- 
3 results in the downregulation and reduced activity of 
Mac-1 in neutrophils.29 Moreover, Douglas et al demon-
strated that ICAM-3 mediates eosinophil adhesion to acti-
vated CD4+ lymphocytes and that blocking ICAM-3 
inhibited the expression of Mac-1 in the context of allergic 

Figure 1 Cell adhesion molecule gene expression is elevated in the sinonasal and blood tissues of patients with CRSwNP compared to controls. (A) The expression of 
ICAM2 (p<0.001), ICAM3 (p<0.02), ITGAE (p<0.0003), ITGAM (p<0.05), and ITGB2 (p<0.02) is significantly increased in the sinonasal tissues of patients with CRSwNP (n=14) 
compared to controls (n=10). (B) The expression of, ICAM2 (p<0.05), ICAM3 (p<0.02), ITGAE (p<0.02), and ITGB2 (p<0.001) is significantly increased in the blood of patients 
with CRSwNP (n=17) compared to controls (n=10). Data are represented as individual values ± standard deviation of the mRNA transcript copy number for each group. 
Abbreviations: ICAM1, intercellular adhesion molecule 1; ICAM2, intercellular adhesion molecule 2; ICAM3, intercellular adhesion molecule 3; ITGAE, integrin subunit alpha 
E; ITGAM, integrin subunit alpha M; ITGAX, integrin subunit alpha X; ITGB1, integrin subunit beta 1; ITGB2, integrin subunit beta 2; CRSwNP, chronic rhinosinusitis with nasal 
polyps.
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asthma.9 CD4+ lymphocytes and eosinophils secrete Th2- 
associated cytokines IL-4 and IL-13 and are key effector 
cells involved in allergic airway inflammatory responses, 
supporting the potential contribution of ICAM-3 in the 
pathophysiology of CRSwNP. As evidenced by strong 
positive correlations in systemic and local gene expression 
and local protein co-localization, our data loosely suggest 
that Mac-1 may potentially coordinate with ICAM-3 to 
mediate immune cell adhesion and inflammatory signaling 
in CRSwNP (Figure 3).9,10,29,30 Future mechanistic studies 
investigating ICAM-3 interactions with Mac-1 and their 
involvement in immune cell migration, adhesion, and acti-
vation in the context of allergic airway inflammation in 
CRSwNP are currently underway.

ITGAX also heterodimerizes with ITGB2, forming 
integrin αXβ2 known as complement receptor 4 (CR4).27 

CR4 is not as well studied as Mac-1, but this complex also 
interacts with numerous ligands and is expressed on eosi-
nophils, basophils, and other leukocytes.31 Our data 
demonstrate that ITGAX is significantly increased by 
3.5-fold in the sinonasal tissues of patients with 
CRSwNP compared to controls and is positively correlated 
to ITGB2 expression in blood and the sinuses. ITGAX- 

and ITGB2-positive immune cells were increased in the 
sinonasal tissues in patients with CRSwNP compared to 

Figure 3 Schematic of the potential mechanisms through which Mac-1 and ICAM-3 
mediate inflammatory processes in CRSwNP. 
Abbreviations: ICAM-3, intercellular adhesion molecule 3; ITGAM, integrin sub-
unit alpha M; ITGB2, integrin subunit beta 2; CRSwNP, chronic rhinosinusitis with 
nasal polyps; Mac-1, macrophage-1 antigen, a dimeric integrin complex comprised 
of alpha M and beta 2 subunits.

Figure 2 ITGAM, ICAM-3, and ITGB2 are significantly upregulated in the sinonasal tissues of patients with CRSwNP compared to controls. (A) Representative 
immunohistochemical images of sinonasal tissues demonstrating the increased expression of ICAM-3 (blue, left panels), ITGB2 (brown, left panels), and ITGAM (blue, 
right panels) in tissues of patients with CRSwNP compared to controls. The sinonasal tissue expression of ITGAX was similar in CRSwNP and controls. Increased co- 
staining of ICAM-3 and ITGB2 (left panels) was observed in the submucosa of tissues from patients with CRSwNP compared to controls. Staining controls are shown in the 
lowest two images for ITGAM/ITGAX and ITGB2/ICAM-3, whereby the top panel displays tissue stained with primary antibodies and without secondary antibodies and the 
bottom panel demonstrates tissue stained without primary antibodies and with secondary antibodies. The number of cells expressing (B) ITGAM (p<0.001), (C) ITGAX 
(p<0.3), (D) ICAM-3 (p<0.0001), (E) ITGB2 (p<0.04), and (F) ICAM-3 and ITGB2 (p<0.002) in sinonasal tissues of patients with CRSwNP (n=20) is increased compared to 
controls (n=8–10). (G) Pearson correlation analysis demonstrates a significant positive correlation between the counts of ITGAM- and ICAM-3/ITGB2-expressing cells in 
CRSwNP (R=0.55, p<0.02). Data are reported as individual values with upper and lower quartiles ± standard deviation of the mean cell count of respective CAM-positive 
cells for each group. 
Abbreviations: ICAM-3, intercellular adhesion molecule 3; ITGAM, integrin subunit alpha M; ITGAX, integrin subunit alpha X; ITGB2, integrin subunit beta 2; NS, not 
significant; CRSwNP, chronic rhinosinusitis with nasal polyps.
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controls. Altogether, our data suggest a new finding of 
CR4 involvement in CRSwNP. Future studies are neces-
sary to further understand the mechanistic implications of 
ITGAX and ITGB2 interactions and CR4-mediated out-
comes in CRSwNP pathology.

There are several limitations to consider while interpret-
ing these findings. Although the sample size is not as robust 
as desired, we believe the cohort size is ample based on the 
criteria for performing genome-wide association studies.6 

Comorbid allergy and/or asthma were present in both con-
trols and patients with CRSwNP. Although we found no 
evidence of confounding in subgroup analysis, allergy and 
asthma have been linked to chronic inflammation and ele-
vated systemic inflammatory biomarker levels.

Conclusion
We report new findings that suggest Mac-1 and ICAM-3 may 
be involved in coordinating inflammatory cell migration, 
adhesion, and activation in CRSwNP (Figure 3), as previously 
shown in allergic asthma and allergic rhinitis.6,9,26 We also 
demonstrate several significant associations between locally 
and systemically expressed integrins and ICAMs in CRSwNP, 
serving as a key investigation to propel further mechanism- 
driven research in the pursuit of identifying new potential 
disease biomarkers. For example, several monoclonal antibo-
dies based on integrins (ie, integrin α4: natalizumab, integrin 
α4β7: vedolizumab and integrin αEβ7: etrolizumab) are 
approved to treat inflammatory intestinal diseases, and future 
mechanistic investigations on CAMs could be key for devel-
oping new CAM-targeting therapies for CRSwNP.7,8 

Phenotyping studies to identify which specific CAMs are 
upregulated with respect to peripheral blood leukocytes and 
granulocytes in CRSwNP, as well as mechanistic investiga-
tions to explore the interactions of these molecules and further 
clarify the pathophysiologic outcomes of CAM-mediated sig-
naling in CRSwNP are currently underway.
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