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Background: Nasal inverted papilloma (NIP) is defined based on its histological character-
istic of inverted epithelium growth into the stroma. The inversion can result in epithelial
growth in the underlying connective tissue stroma when the basement membrane completely
separates from the epithelial layer. To date, such inversion mechanism underlying NIP’s
pathological phenomenon is unknown. Therefore, we hypothesized that mediators and
soluble proteins released by neutrophils, the most predominant infiltrating cells in NIP, is
vital in causing the epithelial changes and pathogenesis of NIP.

Methods: We collected 37 NIP tissues from patients who underwent surgical removal of
NIP and performed hematoxylin—eosin (HE), immunohistochemical, and immunofluores-
cence staining to analyze in-depth the basic characteristics of NIP, including detecting the
expression and distribution of MMPs and associated factors in NIP. Western blotting and
quantitative real-time PCR were further performed to analyze the protein and mRNA
expression levels of specific factors including MMPs, HIF-1a, and tissue inhibitors of
metalloproteinases (TIMPs).

Results: We observed finger-like projections that insert into the epithelium in NIP tissue as its
main characteristics. The projections contain fibroblasts, extracellular matrix, capillaries, and
infiltrating inflammatory cells. We found abundant neutrophils clustered at the finger-like projec-
tion of NIP, and also noted MMP-1 and MMP-9 were up-regulated in NIP (p<0.05), whereas
TIMP-1/3 was decreased. The expression level of HIF-1a was also found to be increased in NIP
tissue. We further showed that MMP-9 and HIF-10 were mainly expressed by neutrophils and were
predominantly observed in the finger-like projections that contribute to the NIP pathology.
Conclusion: Upregulation and release of MMP-9 and HIF-1lo from infiltrating neutrophils
may cause damage to the epithelial basement membrane and epithelial clefts, forming finger-
like projections with angiogenesis and fibroblasts insertion, resulting in epithelial growth in
the tissue stroma, a typical histo-pathological characteristic in NIP.

Keywords: nasal inverted papilloma, finger-like projection, MMP-9, HIF-10, pathogenesis,
neutrophils

Introduction

Nasal inverted papilloma (NIP) is a benign tumor that occurs in the nasal cavity and
paranasal sinuses. Representing 0.5-4% of nasal tumors, NIP has a high recurrence
rate, and 5-15% of NIP progress into squamous carcinoma.'> Conventionally, NIP is
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a kind of neoplasm arising from the Schneiderian
membrane,” and its histopathological characteristics include
i) epithelium inverting into the stroma, where the basement
membrane completely separates the epithelial component
into the underlying connective tissue stroma;* ii) increase
thickness of the epithelium with squamous metaplasia; iii)
increase inflammatory cells' infiltration (mostly neutrophil,
macrophage, lymphocyte), mainly distributed at the epithe-
lium and tissue stroma;” iv) small original NIP initiation site
compared to the tumor body. In NIP tissue, the stroma
projected into epithelium were frequently described as “fin-
ger-like projections” in articles describing inverted papilloma
generated from other parts of the body, including the breast
intraductal, esophagus, gastric, and cervix.*® With the avail-
able literature, the histopathological characteristics of NIP
are well documented; the mechanisms driving the formation
of finger-like projections altering and inserting the epithe-
lium into the tissue stroma as part of NIP pathogenesis,
however, are understudied.

MMPs are a family of zinc-dependent endopeptidases
that catalyzes proteolytic activities to aid the breakdown of
extracellular matrixes (ECM).” MMPs are expressed mainly
in neutrophils, lymphocytes, macrophages, fibroblasts, and
epithelial cells; and specifically in macrophage and epithelial
cells for MMP-7; as well as fibroblasts and macrophages for
MMP-1."" Activated MMPs are implicated in many physio-
logical functions such as tissue remodeling, wound healing,
inflammatory process, and communication between the
epithelium and tissue stroma.''™'? In recent years, studies
have also found that MMPs could influence the tissue micro-
environment by disrupting the equilibrium between prolif-
erative and anti-proliferative signals.'* Under physiological
conditions, the expression and activity of MMPs are pre-
cisely regulated; however, they are commonly found to be
up-regulated in pathological conditions."?

Among the MMPs, MMP-9 is a member of gelatinases
that can digest the extracellular matrix, laminin, elastin,

15:16 and is established to be more effective

and vitronectin,
in degrading basement membranes than other MMPs.'” In
many diseases, secreted MMP-9 damages the basement
membrane, allowing neutrophils, dendritic cells, and eosi-
nophils to infiltrate into the epithelium.'®2° Our previous
study has found that in NIP, neutrophils made up about
54.3% of the infiltrating cells; while macrophages amount
to about 12.2%.> As MMP-9 is a main secretory product
by neutrophils, it may play a role in NIP pathogenesis. So
far, studies associating MMP-9 to NIP pathogenesis are
rare, and MMP-9 expression did vary when compared to

healthy controls.”'** Besides, MMP-9 could also be
induced by stress factors such as HIF-la to promote the
process of angiogenesis and epithelial remodeling.®> The
expression level of HIF-la in NIP remains unclear.
Therefore, this study aimed to investigate the expression
levels and pathogenic role of MMP-9 (as compared to
other MMPs) and HIF-1a’s to elucidate their role in initi-
ating and progressing NIP pathogenesis.

Materials and Methods
Study Samples

All NIP (n=37) samples were collected from patients who
were diagnosed with NIP by a pathologist and have under-
gone endoscopic tumor resection at the Department of
Otolaryngology in Qilu Hospital of Shandong University
and The Second Hospital of Shandong University. Inferior
Turbinate (n=24) of healthy controls were obtained from
patients undergoing corrective surgery for septal deviation
or other indications like epistaxis, nasal bone fracture,
which does not have acute or chronic inflammatory dis-
eases present. All patients provided informed consent and
patients’ characteristic are shown in Table 1.

H&E and Immunohistochemical Study

4% Paraformaldehyde solution was used to fix fresh tissue
samples, which were then embedded in paraffin. Paraffin
sections were cut at a thickness of 2um for Hematoxylin
and eosin (H&E) staining and immunohistochemical
(IHC) staining. Evaluation of NIP histological character-
istics and determination of basement membrane thickness
was performed via H&E staining. The distribution of
MMPs and neutrophils was detected by IHC. Briefly, sec-
tions were incubated with 1X pH 6.0 antigen retrieval
buffer (Abcam, USA) and 3% hydrogen peroxide (Sigma
Aldrich, USA) for eliminating endogenous peroxidase.

Table | Clinical Characteristics of NIP Patients

Healthy Control NIP
Sample size 24 37
Age, years 27.6 (17-51) 46.6 (28-72)
Gender, male/female 15/9 32/5
Smoking, smoker/nonsmoker 3/21 9/28
First diagnose of NIP 0 23
Recurrent NIP 0 14
Neutrophilia 5 37

Notes: A sample was considered as having neutrophilia when the percentage of
neutrophils is over 10%; Unpaired student t-text was performed to analyze the
significance (p), ***p<0.001.
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Sections were then blocked in 10% goat serum (Abcam,
USA) and incubated overnight in the dark at 4°C with
primary antibodies of MMP-1 (1:200, Abcam,
ab137332), MMP-7 (1:200, Abcam, ab207229), MMP-9
(1:200, Abcam, ab76003), TIMP-1 (1:200, Abcam,
ab211962), TIMP-3 (1:200, Abcam, ab39184), neutrophil
elastase (1:1000 clone NP57 Dako, Glostrup, Denmark),
HIF-1a (1:200, Abcam, ab179483). Next, all sections were
incubated with the Dako EnVisionl System-HRP (Dako)
at room temperature for 30 minutes. For color develop-
ment, Diaminobenzidine was used as a substrate, and all
sections were counterstained by hematoxylin.

Immunofluorescences

To investigate MMPs’ distribution in NIP, we performed
immunofluorescence staining on NIP tissue sections. After
antigen retrieval and antigen blocking. We co-stained
MMP-9 and P63 (1:400, Abcam, ab32353) to check the
MMP-9 localization and its relationship with the basement
membrane of the NIP epithelium. Double staining of alpha-
smooth muscle actin (1:200, Abcam, ab7817) and P63 was
performed to detect if the finger-like projections contain
fibroblasts and capillaries. Co-staining of MMP-9 with neu-
trophil elastase (1:1000 clone NP57 Dako, Glostrup,
Denmark), anti-mast cell antibody (1:200, Abcam,
ab134932), ECP (1:200, Abcam, abl1907715), CD4
(1:200, Abcam, ab33775), FOXP3 (1:200, Abcam,
ab20034), were performed to determine the cell type that
secretes MMP-9. All primary antibodies were incubated at
4°C in the dark overnight, followed by 3 times PBS wash at
5 minutes each. Sections were then incubated with fluores-
cence secondary antibody (1:500, Abcam, ab150077,
ab150116), mounted with DAPI (P36931, Invitrogen), and
viewed with a fluorescence microscope (Olympus, Japan).

Western Blotting

Protein was extracted from fresh NIP tissue using ice-cold
RIPA lysis buffer (Abcam) mixture containing protease and
phosphatase inhibitor (Sigma Aldrich). After 30 minutes of
incubation on ice with shaking, followed by centrifugation at
14,000 rpm, the supernatant containing the protein was aspi-
rated for use in Western blot analysis. Protein concentration
was first determined using BCA protein assay (Thermo
Fisher, USA); then, 4X laemmli sample buffer was added
to the protein samples according to the manufacturer’s
instructions, and heated at 95°C for 10 minutes. 30 pg total
protein from each sample was subjected to electrophoresis in
10% SDS-PAGE gel and then transferred onto a 0.22pm

PVDF membrane (Millipore, USA). After 2 hours non-
specific blocking with 5% skimmed milk, primary antibody
of MMP-1 (1:2000, Abcam, ab137332), MMP-7 (1:2000,
Abcam, ab207229), MMP-9 (1:4000, Abcam, ab76003),
TIMP-1 (1:2000, Abcam. Ab109125), TIMP-3 (1:2000,
Abcam, ab39184), GAPDH (1:5000, Abcam, ab186930)
were added to the membrane and incubated at 4°C overnight.
HRP-conjugated anti-rabbit IgG or anti-mouse IgG were
then added as secondary antibody at room temperature for
1 hour. After secondary antibody staining, ECL reagent (Bio-
Rad, USA) was used to visualize the blots. Densitometry was
performed with ImageJ software to quantify the protein
amounts of each sample.

RNA Extraction and Real-Time PCR

To determine the mRNA level of MMPs and TIMPs, real-
time quantitative PCR was performed. All primers used in
the study were pre-designed primers from Sigma Aldrich,
and the primer sequences are presented in Supplementary
Table 1. Total RNA was extracted from NIP tissue (n=37)
and healthy control (n=24) using mirVana miRNA isolation
kit (Invitrogen, USA), and then reversed-transcribed into
cDNA by qScript cDNA Supermix (Quanta Bio, USA).
The mRNA levels of MMP-1, MMP-2, MMP-7, MMP-9,
TIMP-1, TIMP-3 were then detected using GoTaq Green
Master Mix (Promega). Real-time quantitative PCR was
performed using ABI ViiA 7 Real-Time PCR System
(Applied Biosystems). Relative expression was calculated
using the comparative 2 **“* methods.

Statistical Analysis

All data were analyzed using GraphPad Prism 8 and shown
as mean = SD, with n numbers stated individually for each
experiment. The Student’s #-test was used as the statistical test
in comparing results between the NIP and control groups.

Results
Neutrophils, Fibroblasts, and Capillaries
Were Clustered at the Finger-Like

Projections in NIP Tissue

We first use hematoxylin—eosin staining to observe the
histopathological characteristics of NIP tissue. Through
the HE staining (Figure 1A and Supplementary Figure 1)

of the NIP sections (n=37), we observed many finger-like
projections were inserted into the epithelium, where the
composition of the finger-like projections includes inflam-
matory cells and capillaries (red triangle). Neutrophil
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NIP

Figure | Basic characteristics of NIP. (A) H&E staining of nasal inverted papilloma in 100x and 400x magnifications showing finger-like projections inserted into epithelium (red
triangles). (%100 magnification scale bar = 100 um, x400 magnification scale bar = 20 um). (B) Immuno-histochemical assay of neutrophil elastase, indicating neutrophils in finger-like
projections. (% 100 magnification scale bar = 100um, X400 magnification scale bar = 20um). (C and D) Double staining of MMP-9 with P63 and a-SMA with P63, indicating the distribution
of MMP-9 near the basement membrane and showed fibroblasts insertion at the finger-like projections (X400 magnification scale bar = 20 um). Red triangles indicate capillaries.
Abbreviations: NE, neutrophil elastase; a-SMA, a-smooth muscle actin.
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elastase is a specific marker of neutrophils and a-SMA is
a marker of fibroblasts. As shown in Figure 1B, we
observed that majority of the inflammatory cells present
were neutrophils, distributed in the stroma near the epithe-
lium in projections. Figure 1C shows that MMP-9 was
found at the tissue stroma near the epithelium. Figure 1D
indicates that a-SMA positive cell was located in finger-
like projections, which means fibroblasts are inserted in
Finger-like projections in nasal inverted papilloma. As
presented in Supplementary Figure 1, a black arrow in

case-2 and case-3, indicated the presence of isolated,
island-like epithelium region was also found segmented
in the stroma. Supplementary Figure 2A and B further

showed neutrophils (stained positive with neutrophil elas-
tase) clustering at the boundaries between the epithelium
and stroma near the basement membrane, as well as at the
epithelial islands in the sub-epithelium, overlapping with
MMP-9 staining. The clusters were especially prominent
in the finger-like projections, where obvious aggregation
observed. Also, as shown in

of neutrophils was

Supplementary Figure 3A and B, the number of neutro-

phils in the finger-like projections was also observed to be
significantly higher than that of the flat area.

NIP Basement Membrane is Thinner, Less
Intact Than Healthy Controls

In NIP tissue, the basement membrane separates the epithe-
lium from the stroma. However, the thickness of the base-
ment membrane appeared abnormal when we compared
tissue sections of nasal inverted papilloma with healthy
control (Figure 2A). We found that the basement membrane
of NIP tissue was significantly thinner when compared to
healthy control (Figure 2B). In addition, Figure 2A and
Supplementary Figure 4 also showed that the NIP basement

membrane was less intact, with red arrows indicating bro-
ken regions of the basement membrane where the MMP-9
clusters in the finger-like projections were observed. The
thinning and breaking of the basement membrane may be
due to the infiltration and secretion from these infiltrating
cells such as MMPs, which serve to digest the basement
membrane initiating remodeling processes.

MMPs Were Up-Regulated in Nasal

Inverted Papilloma

To investigate the expression levels of MMPs and their
inhibitor TIMPs in nasal inverted papilloma, we performed
Western blotting and Real-time quantitative PCR to compare

their expression in healthy control and NIP tissue. Figure 3A
reveals that MMP-1 and MMP-7, but not MMP-9, were
mainly expressed in the epithelial cells of the NIP,
Supplementary Figures 2B and 3 further indicated that
MMP-9 was instead localized to the infiltrating cells at
infiltration sites near the basement membrane, and is espe-

cially clustered in the regions with finger-like projections
than flat regions of the NIP stroma (Supplementary
Figure 4B).
(Figure 3B—E) further showed significantly increased protein
levels of MMP-1, MMP-7, and MMP-9. In contrast, the
MMP inhibitors TIMP-1 and TIMP-3 decreased significantly
in NIP tissue (Figure 3B, F and G). In addition, as shown in

Western  blotting and  quantification

Figure 4A-F, the mRNA levels generally corroborate with
the protein expression in which we observed that MMP-1 and
MMP-7, but not MMP-9, were significantly increased in
NIP; while MMP-2, TIMP-1, and TIMP-3 mRNA were
decreased in NIP. The lack of MMP-9 mRNA increase may
be due to their localization to infiltrating cells, but not epithe-
lium, in which transcription activity was reduced.

MMP-9 in NIP Tissue Was Mainly

Secreted by Neutrophils

So far, we showed that increased MMP-1 and MMP-7
were a result of expression by the epithelial cells. On the
other hand, the source of MMP-9 in NIP remains to be
confirmed. Therefore, to ascertain the infiltrating cell type
that serves as the main source of MMP-9 in NIP, co-
staining of MMP-9 with neutrophils elastase, CD68, and
ECP, MAST, CD4, FOXP3 were performed in NIP tissue
(Figure 5SA-F). Neutrophil elastase is a specific marker of
neutrophils, CD68 is the marker of macrophages; while
ECP is the marker of eosinophils, MAST is the marker of
mast cells, CD4 and FOXP3 are the marker of CD4"
T cells and FOXP3" T cells. As shown in Figure 5 and
Supplementary Figure 5, we discovered that neutrophils

were the main source of MMP-9 in NIP, where the most
co-localization of MMP-9 with neutrophil elastase was
observed, corroborating with the high neutrophil elastase
positive staining in the previous results (Figure 5A). Even
though macrophages were also found to produce MMP-9,
the numbers of macrophages were much lesser than neu-
trophils in NIP (Figure 5B). Besides, the distribution of
macrophages also did not show a strong co-localization
with the finger-like projections. The Co-staining of MMP-
9 with CD4 (T-cells), FOXP3 (activated T-cells), and
MAST (mast cells) showed that their production of
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Figure 2 Basement membrane thickness of NIP tissue and healthy control. (A) H&E staining was performed to determine the thickness of NIP and healthy control tissue.
“I” represents the thickness of basement membrane. Red arrow indicates broken area of NIP epithelium. (B) Measurement of epithelial basement membrane thickness by
Image] (healthy control n = 12, NIP n = 14). The bar graph showed average quantification of membrane thickness and student’s t-test was performed to determine the
statistical significance between groups. Data were presented as mean * SD. **p< 0.001.

MMP-9 was also not as high as compared to in neutro-
phils. The strong presence of neutrophils at finger-like
projections in NIP tissue suggested that their main pro-
duct, MMP-9, is crucial in the formation of the pathologi-
cal changes in NIP, compared to other MMPs of other

origins.

The Expression Level of HIF-1a Was

Increased in NIP

HIF-1a is a hypoxic factor that can promote angiogenesis.
As we observed an increased number of capillaries in NIP
tissue, we thus further determined the expression level of
HIF-1a in NIP tissue. Figure 6A and B indicated that the
production of HIF-la in NIP tissue was up-regulated.
Interestingly, HIF-1o. and MMP-9 are both expressed by
neutrophils, as shown with their co-localization with neu-
trophil elastase (Figure 6C and D, Supplementary
Figure 6). HIF-1a was also found to be expressed in the

finger-like projections and may likely induce the capil-
laries’ formation in the finger-like projections.

Discussion

Due to its unique histopathological characteristics, NIP is
relatively easier to diagnose in clinical management, despite
the many gaps in understanding in its pathogenesis. In this
study, we systematically analyzed the expression and distri-
bution of factors associated with NIP, with MMP-9 and HIF-
la being the primary focus for their contribution towards NIP
pathogenesis. As shown in Figure 7A—C, we speculate that
with persistence viral or bacterial invasion, and other inflam-
matory mediators, a large amount of neutrophils may cluster
in the schneiderian membrane and secretes MMP-9 and HIF-
la to dissolve basement membrane, promoting capillary and
finger-like projection formation. Our study first described the
special characteristics of NIP in their pathogenesis mechan-
ism in the upper airway epithelium. We also described that
neutrophil infiltration and its secreted factors may be vital in
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Abbreviations: FLP, finger-like projections; Flat, area of NIP epithelium without finger-like projections.

NIP formation, which presents a potential target in the clin-
ical management of NIP.

From the cell type analysis of NIP tissue in our study,
we found that neutrophils are the main infiltrating cells in
the stroma and basement membrane of NIP. While neu-
trophil is a key member of the innate immune cells,
dysregulation of neutrophil infiltration may lead to tissue
damage in chronic inflammations.”* When responding to
threats, neutrophils infiltrate the inflammation site by gen-
erating factors that dissolve the ECM and basement

membrane. In a chronically inflamed site where neutro-
phils are abnormally elevated, these factors will exces-
sively damage ECM and basement membrane leading to
injuries in the stromal matrix.”> Conversely, the ECM
could also affect neutrophil apoptosis indirectly through
the tumor necrosis factor-alpha (TNF-a) pathway, releas-
ing reactive oxygen species that may further contribute to
These
between neutrophils and the ECM resulted in repeated

inflammation and remodeling.”® interactions

damage and re-construction in the epithelium potentiating
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NIP formation. In addition, macrophages were also found
to be elevated in NIP tissue. The macrophages can be
divided into M1 and M2 type macrophages, with Ml
macrophages carrying pro-
inflammatory roles removing external threat; while M2
macrophages maintain the homeostasis of the inflamma-

predominantly out

tory microenvironment via anti-inflammatory cytokines
and scavenging dead immune cells at the inflammation
site. Our previous study showed that in NIP, the ratio of
macrophage/neutrophils is much lower compared to the
healthy controls,” indicating potential dysregulation in
inflammatory homeostasis and clean up of inflammatory
sites. The reduced rate of resolving inflammation may lead
to apoptosis of the increased number of neutrophils at the
site, releasing its contents that perpetuate ECM damage
and cause secondary infections that may prolong inflam-
matory processes contributing to NIP formation.?’

In this study, we further identify secretory factors that
may contribute to ECM damage and remodeling processes
that may lead to NIP formation and pathogenesis. We
found that clustered neutrophils at the stroma, particularly
at the finger-like projection region, carries and secretes

MMP-9 and HIF-1a. These factors in turn caused degrada-
tion of the basement membrane and promote angiogenesis
which resulted in the insertion of fibroblasts and capillaries
into the epithelium through the broken basement mem-
brane, further squeezing and distorting the epithelium. In
addition, while the remodeling processes occur, the con-
tinuous proliferation of the epithelium, fibroblasts, and
capillaries resulted in the unclear separation of the epithe-
lium and promotes the development of NIP in various
forms. As shown in Supplementary Figure 1, some parts
of the epithelium may be cut by fibroblasts and capillaries
to form epithelial islands, while most of the epithelium is

located on the surface of the tumor. Due to the long-term
existence of chronic inflammation and pathogenic factors,
the cutting and insertion occur continuously in NIP, lead-
ing to the unique pathological characteristics of nasal
inverted papilloma (Figure 7A—C).

Another important function of MMP-9 is to promote
angiogenesis through the VEGF-dependent pathway.?®
MMP-9 can be expressed in the blood vessel endothelial
cells and loose tight junction, to facilitate the movement of
inflammatory cells into the stroma. At the same time, the
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Figure 5 Distribution of MMP-9 in infiltrating cells of NIP tissue. (A—F) immunofluorescence co-staining for MMP-9 (green) with neutrophil elastase, CD68, ECP, MAST,
CD4, or FOXP3 (red) were performed to detect which cell type secrete MMP-9. Each co-staining was presented with X400 magnification (scale bar = 20um). Higher
magnification photographs were presented on the right side of the images.
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Figure 6 Expression levels of HIF-1a in NIP and its distribution in NIP tissue. (A) immunohistochemical assay of HIF-1a in healthy control (n = 12) and NIP tissue (n = 14),
representative images were shown with the magnification of X400 (scale bar = 20um). (B) HIF-1a positive cell numbers at X400 magnification from healthy control and NIP
tissue. (C and D) co-staining of neutrophil elastase with HIF-10/MMP-9 in NIP tissue at X400 magnification (scale bar = 20um), higher power field was shown on the right
side of each image. Data was shown as mean * SD, Statistical significance was calculated using Student’s t-test, **p< 0.001.
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Figure 7 Proposed model of neutrophil and MMP-9’s role in the initiation of NIP formation. (A) MMP-9 from infiltrating neutrophils dissolved the basement membrane,
leading to inflammatory cells moving into the epithelium. (B) Under the co-effect of HIF-10, the formation of finger-like projections was enhanced. (C) The distortion and
formation of NIP and surrounding epithelial islands resulting in the unique histopathological characteristics of NIP. The photos were created by BioRender.com.

process may also allow endothelial cells to move out of the
blood vessels to form new capillaries.”” Coupled with HIF-
la, also a key regulator of angiogenesis, the process hence
resulted in enhanced capillary formation that may contribute

to the growth of NIP. The newly formed capillaries may also
in turn bring more neutrophils to the stroma, resulting in the
vicious cycle of NIP pathogenesis and further weakening the
basement membrane. The thin and less intact basement
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membrane hence further contributes to the microenviron-
ment of finger-like projections formation and the distortion
and disruption of the epithelium.

Besides MMP-9 from neutrophils, we also observed
upregulated MMP-1 and MMP-7 in the epithelium of
NIP tissue. MMP-7 could regulate cell to cell contacts by
loosening adherent junctions’ E-cadherin, as well as the
migration of cells.>® The endothelial adherent junctions
can also be cleaved by MMP-7 to increase vascular
permeability.>’ On the other hand, the main substrate of
MMP-1 is fibrous collagen, where degradation of collagen
fibers and gelatin in the ECM further alters the tumor
environment. Hence, up-regulated MMP-1 leads to the
degradation of the basement membrane and ECM, which
is not conducive to the repair of damaged cells. MMP-1
can also act on the initial stage of tumorigenesis, which
contributes to tumor formation. In lung alveolar epithelial
cells, MMP-1 can also promote cell proliferation and
migration.*? Therefore, MMP-1 functions suggest that its
upregulation in NIP epithelium may correlate to the hyper-
plasia of the epithelium. Finally, while only at mRNA
levels, MMP-2 reduction in NIP tissue was an interesting
finding with its effect unknown and understudied, which
warrants future investigation as well.

By combining the results of our study, we speculate
that chronic infiltration of neutrophils and impaired clear-
ance by macrophage resulted in prolong neutrophil MMP-
9 exerting its effect at the stroma, aided by MMP-1 and
MMP-7 to compromise the ECM and allow insertion of
fibroblast and capillaries into the epithelium (Figure 7B).
At the same time, the increased MMP actions were unable
to be properly regulated due to the reduction in inhibitor
TIMP-1 and TIMP-3 expression. Hence, the cyclical,
unique NIP pathogenesis mechanism resulted in finger-
like projection on NIP tissue that becomes a source of
epithelial islands constantly existing within the tissue
stroma of NIP tissue in the nasal cavity. The formation
of these islands is clinically significant as if they are not
removed together with the tumor body during surgery,
these epithelial islands remaining in the stroma may pro-
liferate again to form new NIPs, which may explain the
high recurrence rate of NIP. Based on the mechanisms
uncovered from our study, it is proposed that neutrophils
or their secreted MMPs may serve as a target in the
treatment of NIP formation and recurrence. If we could
reduce the neutrophil infiltration, or increase scavenging

M2 macrophages, it may lead to the reduction of finger-

like projection formation, thus inhibiting, or at least delay-
ing the development and recurrence of NIP.

This study, however, is not without its limitations.
Firstly, this is a cross-sectional study that lacks direct
comparison between the healthy and NIP region of the
same patient. Thus, in the future, sampling of healthy
and NIP sites from the same patient would allow for
more accurate validation of the factors involved in NIP
formation mechanisms identified in this study. In addition,
our study only showed observational data and did not
provide mechanistic evidence of MMP-9 and HIF-la in
NIP formation due to the lack of suitable models currently.
Future studies utilizing cultures of NIP cells in 3D models
with treatment of NIP-associated factors can be explored
as a potential model to elucidate these mechanisms.

Conclusion

In this study, we analyzed the histopathological characteris-
tics of NIP and identified the process that may be crucial in
contributing to NIP formation and recurrence. We found that
neutrophils congregated in the less intact region of basement
membranes where the MMP-9/HIF-1a released by neutro-
phils facilitated processes that promote NIP formation. Our
study re-affirmed the role of neutrophil infiltration leading to
degradation of the basement membrane and initiated the NIP
pathogenesis process, resulting in the formation of finger-like
projections pathophysiologically unique to NIP. Our study
has identified neutrophils and MMPs, particularly MMP-9 as
targets in the treatment and recurrence prevention of NIP.
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