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Purpose: The purpose of this study was to analyze the nasal lymphatic system in order to uncover novel factors that might be
involved in pathogenesis of chronic rhinosinusitis (CRS) with (CRSwWNP) and without nasal polyps (CRSsNP).

Patients and Methods: Lymphatic vessels (LVs) and macrophages were localized and counted in the inferior and middle turbinate, the
uncinate process and the ethmoid of CRSWNP and CRSsNP patients, the NP and the inferior turbinate of controls (n>6 per group). Lysates of
the same tissue types (n=7 per group) were analyzed for lymphatic vessel endothelial receptor 1 (LY VE-1), for matrix metalloproteinase 14
(MMP-14) and for Hyaluronic acid (HA) using ELISA. HA was localized in sections of CRSWNP NP, CRSsNP ethmoid and control inferior
turbinate (n=6 per group). The results of HA levels were correlated to the number of macrophages in tissues. The nasal secretions of
CRSwWNP (n=28), CRSsNP (n=30), and control (n=30) patients were analyzed for LYVE-1 and HA using ELISA.

Results: The number of LVs was significantly lower in tissues of both CRS groups compared to the control. In the tissue lysates,
LYVE-1 expression differed significantly between the CRSWNP tissues with a particularly high level in the NP. MMP-14 was
significantly overexpressed in CRSWNP uncinate process. There were no significant differences in tissue HA expression. In the mucus
LYVE-1 was significantly underexpressed in CRSsNP compared to CRSWNP and control, while HA was significantly underexpressed
in both CRS groups. In the NP, HA and macrophages were accumulated particularly below the epithelium. Tissue levels of HA
revealed a significant positive correlation with the number of macrophages.

Conclusion: CRS might be associated with an insufficient clearing of the nasal mucosa through the lymphatics. The accumulation of
HA and macrophages might promote inflammation, fluid retention, and polyp formation. These results may provide novel CRS-
associated factors.
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Introduction

In inflammation, expansion of the lymphatic system (lymphangiogenesis) is crucial for providing a proper immune
response and subsequently clearing extravasated fluid, pro-inflammatory mediators and cell debris, thus limiting edema
formation and damage to the tissue. In the process, the LVs should reverse the effects of blood vessel expansion
(angiogenesis), which occurs simultaneously with inflammation.

Consequently, an insufficient number of LVs in inflamed tissue may have serious consequences.

The hierarchical structure of the lymphatic vasculature begins with the lymphatic capillaries (LCs), which serve as the
entry sites for the transported contents via their loose lymphatic endothelial cells (LECs). The LCs progress further into
precollectors and collectors that are mainly responsible for transport. The receptor protein LY VE-1 is expressed by the
LECs located at the initial ends of the LCs and plays an important role in generating effective immunological defense.
The binding of antigen-presenting cells (APCs) to LYVE-1 via their HA glycocalyx results in diapedesis and, following
antigen presentation in draining lymph nodes (dLNs), generation of the adaptive immune response.’

However, LYVE-1 can be shed by MMP-14, a zinc-dependent endopeptidase that has been shown to be highly active
in chronically inflamed LVs. This process generates the soluble form of LYVE-1 (sLYVE-1), limiting the function of the
membrane-bound protein and additionally inhibiting lymphangiogenesis.”*
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As it is a major component of the extracellular matrix (ECM), HA plays an essential role in the tissue architecture and
regulation of many cellular events due to its special water-binding capacity and its association with other ECM components.
By accumulating and activating immune cells, it participates in inflammatory responses and remodeling processes in injured
tissue. Physiologically, HA is partially degraded by uptake into the lymphatics via LY VE-1, where it is further decomposed in
dLNs."""'% In contrast, accumulation of HA is associated with tumor growth and low immune responses.''"'

Insufficient lymphangiogenesis and impaired lymphatic function have already been observed in many diseases
including inflammatory bowel disease and rheumatoid arthritis and are known to contribute to disease severity.” CRS
is defined as an inflammation of the nasal mucosa lasting longer than three months. For a long time, different
pathomechanisms were assumed to be responsible for the two phenotypes assigning them to specific endotypes.'®
However, recent findings in research point out that CRS may be a much more complex disease with many different
factors contributing to its development.'*'> Studies examining the contribution of the nasal microvasculature to CRS
pathophysiology generally focus more on blood vessels than on LVs.'® However, one study suggested that the occurrence
of nasal polyps is connected to a lower lymphatic vessel density,'” and currently there is also speculation about the
participation of the micro lymphvasculature in non-type 2 inflammatory endotypes.'®

Given these facts, taking a closer look at the nasal lymphatic structures and the possible consequences of an insufficient
lymphatic disposal of the mucosa in the pathophysiological context of CRS may give further insight into the disease.

The sinuses cause the nasal mucosa to display a large surface area which primarily serves to warm up, humidify, and
clean the inhaled air."® It has been shown that, even within a single sinus cavity, these numerous tissues can be affected to
varying degrees by the endo- and phenotype present, which we wanted to consider.'® '

The objective of this study was, therefore, 1) to analyze the lymphatic system in order to identify novel factors that
may play a role in the development of CRS and nasal polyposis and 2) to investigate how these factors vary in different

anatomical subsites of the nasal mucosa in order to assume their association with inflammation and polyp formation.

Materials and Methods

Patients
This study was a prospective observational study approved by the institutional review board of the University of
Erlangen-Niirnberg (No.: 17-269 1-B).

All patients provided written informed consent prior to participating. Demographic data were collected prospectively
from these patients. The diagnosis of CRSwNP and CRSsNP was based on clinical diagnostic standards from the
International Consensus Statement on Allergy and Rhinology.”® The patients underwent surgery for either CRS
(Functional Endoscopic Sinus Surgery, FESS, the removal of nasal polyps, septoplasty and turbinate reduction if
necessary) or blockage of the nose (controls: septorhinoplasty and/or turbinate reduction). Exclusion criteria included
ciliary dysfunction, autoimmune disease, cystic fibrosis, immunodeficiency, malignancies, gastroesophageal reflux
disease, chronic rheumatic disease or any other disease requiring long-term (> 1 year) oral corticosteroid therapy.
Additionally, patients who had used oral or topical corticosteroids or biologics three months prior to sample delivery

23,24

were excluded. Thus, since corticosteroids and biologics can cause several adverse events a falsification of the results

due to their side effects was ruled out.

Mucus and Tissue Collection Technique

Mucus samples were taken from all patients by applying a compressed polyvinyl alcohol (PVA) sponge (Medtronic,
Minneapolis, MN) to the nasal cavity adjacent to the middle turbinate for 5 minutes, taking care not to abrade the mucosa or
contaminate the sponge with blood. For each patient, sponges of the same size were used and placed in the same region of the
nasal mucosa to ensure reproducibility. For those patients undergoing surgery, tissue was collected using Blakesley forceps.

Mucus Extraction
To obtain mucus samples, liquid was extracted from the sponges by adding 400 pL phosphate-buffered saline (PBS,
pH=8) with a Complete™ protease inhibitor cocktail (Roche Diagnostics GmbH, Germany). After 5 minutes the sponges
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were centrifuged at 16,000 g for 5 minutes at 4°C. Afterwards this procedure was repeated once. Total protein was
quantified using a bicinchoninic acid (BCA) Protein Assay Kit (Thermo Fisher Scientific, Bonn, Germany). All samples
were aliquoted and stored at —80°C.This technique had been previously established by our group.*’

Tissue Protein Extraction

For protein extraction the tissue was placed in a 350-uL solution of TPER Tissue Protein Extraction Reagent (Thermo
Fisher Scientific, Bonn, Germany) and Inhibitor Cocktail (Carl Roth, Karlsruhe, Germany) and homogenized using the
Ultra Turrax homogenizer (IKA®-Werke GmbH & CO. KG, Staufen, Germany). The resulting lysates were rotated for 2
hours at 4°C and then centrifuged at 10,000 g for 30 minutes at 4°C. The supernatant was collected and total protein was
quantified using a bicinchoninic acid (BCA) Protein Assay Kit (Thermo Fisher Scientific, Bonn, Germany). All samples
were aliquoted and stored at —80°C.

Analysis of Tissue and Mucus by Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA tests of tissue samples were conducted for LYVE-1, MMP-14 and HA using lysates of CRSwNP inferior
turbinate (iTN), CRSWNP middle turbinate (mTN), CRSwNP uncinate process (UP), CRSWNP ethmoid (ET), NP,
CRSsNP iTN, CRSsNP mTN, CRSsNP UP, CRSsNP ET and control iTN (n=7 per group). ITN was the only tissue
available for the control group since it is frequently removed in control patients undergoing septorhinoplasty.
Additionally, ELISA tests of mucus samples were conducted for HA (CRSwNP n=28, CRSsNP n=31 and controls
n=30) and LYVE-1 (CRSwNP n=28, CRSsNP n= 30 and controls n=30). All ELISAs were performed according to the
manufacturer’s protocols.

For tissue LYVE-1, the tissue lysates were diluted 1:20 with Reagent Diluent (included in the kit), and the Human
LYVE-1 DuoSet ELISA No. DY2089 (R&D Systems, Minneapolis, USA; assay range 31.2-2000 pg/mL) was used. For
mucus LYVE-1, the nasal mucus was diluted 1:4 with Sample Diluent (included in the kit), and the LYVE-1 Human
Uncoated ELISA Kit No. 88-52,239-22 (Thermo Fisher Scientific, Bonn, Germany; assay range 1.09-70 pg/mL) was
used.

For MMP-14, the tissue lysates were diluted 1:2 with Reagent Diluent (included in the kit), and the Human Total
MMP-14/MT1-MMP DuoSet ELISA No. DY918-05 (R&D Systems, Minneapolis, USA) was used.

For HA, the tissue lysates were diluted 1:150 and the nasal mucus was diluted 1:20 with Reagent Diluent (included in
the kit), and the Human Hyaluronan DuoSet ELISA No. DY3614-05 (R&D Systems, Minneapolis, USA; assay range
0.4-90 ng/mL) was used.

Standard curves were generated and results were calculated by normalizing the values on the total protein concentra-
tion of the tissue and mucus samples. Values below the detection limit were excluded.

Tissue Analysis by Immunohistochemistry (IHC)

To localize the proteins of interest in the surgically collected tissue the ZytoChem-Plus AP Polymer-Kit (Zytomed
Systems, Bargteheide, Germany) was used. To make the epitopes available for antibody binding, all sections underwent
deparaffinization and heat-mediated antigen retrieval using either phosphate citrate buffer or Tris-EDTA buffer at 95°C
for 20 minutes. Additional reduction in background staining was achieved by covering the sections with BLOXALL™
(Vector Laboratories, Inc.) for 10 minutes prior to a protein block with blocking solution (included in the kit). In order to
localize MMP-14 and macrophages within the tissue sections, the antibodies mouse Anti-MMP-14 (R&D Systems, Bio-
Techne, Wiesbaden, Germany) and mouse Anti-CD68 (macrophage marker protein; Invitrogen, Karlsruhe, Germany)
(see Additional Table 1 in additional data for detailed information) were incubated overnight at 4 °C. A nonspecific

antibody (Cell Signaling Technology, Inc., Danvers, MA) served as negative control. Subsequently, the ZytoChem-Plus
AP Reagent was applied. Antigens were stained with SIGMAFAST™ Fast Red TR/Naphthol AS-MX tablets (Sigma-
Aldrich, Taufkirchen, Germany). Counterstaining was performed with Harris’ hematoxylin solution (ORSAtec GmbH,

Bobingen, Germany). The sections were covered with Aquatex (Merck, Darmstadt, Germany).
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Tissue Analysis by Histochemistry

For HA staining by Astra blue, two sections per tissue were used. One section per tissue was first covered by
hyaluronidase (Carl Roth, Karlsruhe, Germany) (4mg/ml in tris buffered saline (TBS)) at 37°C for 2 hours in order to
obtain a control staining, since Astra blue targets all acid mucopolysaccharides.”” All sections were then covered by
a solution consisting of 4% Astra blue and 3% oxalic acid (both from Carl Roth, Karlsruhe, Germany) diluted in distilled
water overnight at 60°C. After a brief acidification with 1% oxalic acid, counterstaining was performed with Nuclear Fast
Red solution (Merck, Karlsruhe, Germany). The sections were drained from water using an ascending alcohol series and
then covered in ROTI®Histokitt (Carl Roth, Karlsruhe, Germany).

For HA staining by the hyaluronic acid binding protein (HABP) which specifically targets hyaluronan,”® two sections per
tissue were used. One section per tissue was first covered by hyaluronidase (Carl Roth, Karlsruhe, Germany) (4 mg/mL in
TBS) at 37°C for 2 hours in order to obtain a control staining. Background reduction was achieved by first covering all sections
with BLOXALL™ for 10 minutes, followed by an avidin block for 15 minutes, followed by a biotin block, and finally
followed by 1% horse serum (all from Vector Laboratories, Inc.) diluted in TBS for 20 minutes. HA was stained by covering
the sections with HABP (Merck, Germany) diluted 1:150 in 0,2% horse serum in TBS overnight at 4°C. Afterwards, sections
were covered by horseradish peroxidase-conjugated streptavidin (BioLegend GmbH, Koblenz, Germany) diluted 1:200 in
TBS. Counterstaining was performed with Harris’ hematoxylin solution. The sections were covered with Aquatex (Merck,
Darmstadt, Germany).

Tissue Analysis by Immunofluorescence (IF)

IF was performed to co-stain LYVE-1 and podoplanin (PDPN) in the surgically collected tissue. To make the epitopes
available for antibody binding, the paraffin sections underwent deparaffinization and heat-mediated antigen retrieval using
either phosphate citrate buffer or Tris-EDTA buffer at 95°C for 20 minutes. Reduction in background staining was achieved by
covering the sections with 1% Bovine Serum Albumin (BSA) in TBS for 20 minutes, and reduction of autofluorescence was
achieved by covering the sections with TrueBlack™ Lipofuscin Autofluorescence Quencher (Biotium, Fremont, USA) 1:40
diluted in TBS for 6 minutes. The primary antibodies rabbit anti-LVYE-1 (Abcam, Cambridge, UK) and rat anti-PDPN
(Invitrogen, Karlsruhe, Germany) (see Additional Table 1 in additional data for detailed information) diluted in 0.1% BSA in
TBS were incubated over night at 4 °C. Nonspecific antibodies (Cell Signaling Technology, Inc., Danvers, MA) served as

negative controls. A negative control was performed for each tissue. Subsequently, the secondary antibodies Goat Anti-Rat
IgG H&L (Cy3 ®) pre-adsorbed (polyclonal; Abcam, Cambridge, UK) and IgG (H+L) Goat anti-Rabbit, Alexa Fluor™ 488,
Superclonal™ (polyclonal; Invitrogen, Karlsruhe, Germany) and 4', 6-Diamidino-2-phenylindole dihydrochloride (DAPI)
(Sigma-Aldrich, Taufkirchen, Germany), diluted to a final concentration of 0.1 pg/mL in 0.1% BSA in TBS, were incubated at
room temperature for 1 hour. The sections were covered with Mowiol.*’

Numerical Recording of Lymphatic Vessels and Macrophages in Tissue Sections

LYVE-1 and PDPN were co-stained using IF and the macrophage marker protein CD68% was stained using IHC in CRSWNP
iTN (n=6), CRSWNP mTN (n=7), CRSWNP UP (n=7), CRSWNP ET (n=7), NP (n=8), CRSsNP iTN (n=7), CRSsNP mTN
(n=7), CRSsNP UP (n=7), CRSsNP ET (n=7) and control iTN (n=13). The tissues for this analysis needed to be typical, as
homogeneous as possible, similar in size and contain as few glands and bones as possible. The suitability of the tissues was
checked previously by Hematoxylin and Eosin (H&E)* staining of the paraffin sections. After staining of the LVs and the
macrophages, the whole tissue sections were photographed with a 4x objective lens using the BZ-9000 Fluorescence
Microscope (Keyence Deutschland GmbH, Neu-Isenburg, Germany). Sections that did not fit in one frame were photographed
in two parts. Then, counting analyses were carried out blinded and automated. The larger LVs expressing only PDPN were
counted manually, while LVs whose LECs expressed both LYVE-1 and PDPN and macrophages were counted using ImagelJ
software.*! For the LVs, by comparison to the negative control, an exposure threshold was initially set for each section. This
exposure was then applied to the stained sections and the signals emerging from the background were detected. The size of the
tissue was recorded using ImageJ software.’' By calculating the captured area of one frame with a 4x objective lens, the
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number of LVs and macrophages were accordingly normalized to an area of 7 mm? For larger tissues that needed to be
photographed using two frames, the mean value was calculated.

Statistical Analysis

For demographic data, the p-value of age was calculated using the ordinary one-way ANOVA. For the results of gender,
race and comorbidity, the Chi-square test was used. The results of the semiquantitative analysis of ELISA and the
numerical recording of LVs and macrophages in tissues were calculated using the ordinary one-way ANOVA test. Groups
were compared with each other using the Tukey’s multiple comparisons test. Mean value and standard deviation were
calculated for each group. For groups displaying statistically significant differences, the fold changes were calculated by
dividing the mean values. All results were calculated using Prism (GraphPad Prism 9.2.0; GraphPad Software, La Jolla,
CA). The same software was used for correlation analysis of HA and macrophages by Pearson’s correlation. A false
discovery rate cutoff of P <0.05 was used to detect significant differences between the groups. For the mucus samples,
values exceeding the mean value plus three times the standard deviation were identified as outliers and excluded.

Results

Demographics

Demographic data is shown in Table 1. The table presents all patients included in this study. For the individual analyses, we
selected our samples from these patient pools. Demographic data for the different experiments (ELISA, IHC, IF) are displayed
in Additional Tables 2a—c) of the additional data. There were no significant differences between the CRSWNP, CRSsNP, and
control groups (CRSwNP n=55, CRSsNP n=46 and control n=51) with respect to gender, race and allergic rhinitis. In both

CRS groups, the patients’ age was significantly higher compared to that of the control patients (p<0.0001). Comorbid asthma
occurred significantly more often in CRSwNP (p=0.0004). The number of patients suffering from AERD was significantly
higher in CRSWNP (p=0.0008). Moreover, there were significantly more smokers in the control group (p=0.0203).

Figure 1 shows a flow chart of the patients who were used for this study.

Table | Demographics of CRSWNP, CRSsNP and control patients in total. See Additional
Tables 2a—c) of the additional data for demographic results of the patients used for the
individual analyses. In some cases, not all data were available for one patient.

Characteristics in (%) CRSwNP CRSsNP Control p-value
(n=55) (n=46) (n=51)

Age (years), mean + SD 47.9+13.8 45.6+16.4 3224115 FRRK(p<0.0001)

Gender

Male 38/55 (69.1) 24/46 (52.2) 32/51 (62.7) ns (p=0.2161)

Female 17/55 (30.9) 22/46 (47.8) 19/51 (37.3) ns (p=0.2161)

Race

Caucasian 55/55 (100) 46/46 (100) 51/51 (100) Not applicable

Comorbidity

Asthma 13/53 (24.5) 4/44 (9.1) 0/51 (0) *#%(p=0.0004)

Environmental allergy 27/53 (50.9) 21/43 (48.8) 17/51 (33.3) ns (p=0.1501)

AERD 7/53 (13.2) 0/43 (0) 0/51 (0) **%(p=0.0008)

Smoker 10/36 (27.8) 6/35 (17.1) 19/41 (46.3) *(p=0.0203)

Notes: Asterisks indicate statistically significant results. ¥<0.05, **¥<0.001, ***¥<0.0001.
Abbreviations: CRSWNP, chronic rhinosinusitis with nasal polyps; CRSsNP, chronic rhinosinusitis without nasal polyps;
AERD, aspirin-exacerbated respiratory disease; SD, standard deviation; ns, not significant.
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n= 159

Patients in 2020-2022
that agreed to participate
n=212

Reason for clinic visit

CRS SRP

n=53

Exclusion criteria in demographic data
\ 4 \4

CRS Patients in total qualified for this study

n=101

CRSwNP
n=55

Pathophysiological findings
and surgical reports

Available samples

Control patients in total qualified for this study

n=51

CRSsNP
n= 46

Available samples

A\ 4 \ 4
Mucus Mucus Tissue
n=26 n=31 n=47
Selection of suitable tissues Selection of suitable tissues Selection of suitable tissues
using H&E staining using H&E staining using H&E staining
vV V vV V vV V
ELISA with | [stainings and ELISAwith | [stainings and ELISA with | [stainings and
tissue lysates counting analyses tissue lysates counting analyses tissue lysates counting analyses
n=20 n=23 n=17 n=14 n=7 n=12
v v v
ELISA with ELISA with ELISA with
mucus mucus mucus
n=27 n=26 n=31

Figure | Flow chart of CRSWNP, CRSsNP and control patients used for this study.
Abbreviations: CRSWNP, chronic rhinosinusitis with nasal polyps; CRSsNP, chronic rhinosinusitis without nasal polyps; SRP, septorhinoplasty; H&E, Hematoxylin and Eosin.

Localization and Quantitative Analysis of LVs in CRSWNP, CRSsNP and Control

Patients Using if

IF was performed for co-staining of LYVE-1 and PDPN in CRSwWNP iTN (n=6), CRSWNP mTN (n=7), CRSWNP UP
(n=7), CRSWNP ET (n=7), NP (n=8), CRSsNP iTN (n=7), CRSsNP mTN (n=7), CRSsNP UP (n=7), CRSsNP ET (n=7),
and control iTN (n=13). Subsequently, LVs were counted and normalized to a tissue area of 7 mm?. In each case, the
whole tissue was considered.

LYVE-1 and PDPN are proteins expressed by LECs and therefore serve as frequent markers of LVs.***> However,
while PDPN is expressed by virtually all LECs,* LYVE-1 is only expressed by the endothelium located at the blind ends
of the LCs. Consequently, LVs were differentiated into LVs expressing only PDPN but no LYVE-1 and possessing
a larger lumen (=(pre-)collector vessels) and LVs expressing both PDPN and LYVE-1 and possessing a small lumen
(=LCs), as previously described in the literature.'**3-> Examples of the IF stainings are shown in Figure 2a).

LYVE-1"/ PDPN " LVs were almost exclusively found at the edge of the tissues directly under the epithelium
(arrowheads). In contrast, LYVE-1"/ PDPN " LVs were mostly located in the deeper layers of the stroma (arrows).

Mean values of LVs for each individual tissue type are displayed in Figure 2b).

LVs showed a heterogenous distribution pattern between the analyzed tissues. However, with the exception of the
CRSwWNP iTN, counting revealed fewer LVs of both types in all CRSWNP and CRSsNP tissues than in control iTN.

The results of statistical evaluation after summarizing all available tissues of the same CRS phenotypes (CRSwNP
n=35, CRSsNP n=28, and control n=13) are displayed in Figure 2c and d). There, the results of the Tukey’s multiple
comparisons tests are displayed. The ANOVA summaries are displayed in Additional Table 3 of the additional data.
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Figure 2 Immunofluorescence (a) of LYVE-I (green) (panels (i), (i) and (iii)) and PDPN (red) (panels (iv), (v) and (vi)) in CRSWNP, CRSsNP and control tissues
(photographed with a 40x objective lens). The panels (vii), (viii) and (ix)) show the merged images. Staining of the nuclei was performed with DAPI (blue). Larger LVs
located near the epithelium contain a visible lumen and their LECs express PDPN, but not LYVE-| (arrowheads). Narrow initial ends of lymphatic capillaries are mostly
located in the inner stroma, and their LECs expressed both proteins PDPN and LYVE-1 (arrows). Nonspecific antibodies served as negative controls (panels (x), (xi) and
(xii). The heat map (b) shows the mean values of the LV count in different tissues of CRSWNP, CRSsNP, and control patients normalized to an area of 7 mm?. Scatter dot
plots (c and d) including mean and SD error bars show the results of counting LVs in the different tissue types of CRSWNP (blue), CRSsNP (red), and control (green)
patients normalized to an area of 7 mmZ. For (c) LYVE-1~ / PDPN * LVs statistically significant differences can be seen for CRSsNP vs control (p<0.01) and for CRSWNP vs
control (p<0.01). For (d) LYVE-1"/ PDPN * LVs statistically significant differences can be seen for CRSsNP vs control (p<0.05) and for CRSWNP vs control (p<0.05).
Asterisks indicate statistically significant results. ¥<0.05, *¥<0.01.

Abbreviations: CRSWNP, chronic rhinosinusitis with nasal polyps; CRSsNP, chronic rhinosinusitis without nasal polyps; LYVE-1, lymphatic vessel endothelial receptor I;
PDPN, podoplanin; DAPI: 4’,6-Diamidino-2-phenylindol; NC, negative control; LVs, lymphatic vessels; LECs, lymphatic endothelial cells; MV, mean value; iTN: inferior
turbinate; mTN: middle turbinate; UP, uncinate process; ET, ethmoid; NP, nasal polyp; vs, versus; ns, not significant; SD, standard deviation.
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LYVE-1/PDPN " LVs (Figure 2c) were significantly underexpressed in the tissues of CRSSNP (FC=0.4, p=0.0044)
and CRSwNP (FC=0.38, p=0.0020) compared to control iTN, while comparison of CRSsNP and CRSwNP was not
significant (p=0.9796).

LYVE-1"/PDPN " LVs (Figure 2d) were significantly underexpressed in the tissues of CRSsNP (FC=0.54, p=0.0214)
and CRSwNP (FC=0.53, p=0.0159) compared to control iTN, while comparison of CRSsNP and CRSwNP was not
significant (p=0.9996).

In general, inflamed and polypous nasal tissues contained fewer LVs compared to the control iTN (Figure 2).

Quantitative Analysis of LYVE-1 in CRSWNP, CRSsNP, and Control Patients Using
ELISA

ELISAs for LYVE-1 were performed using tissue lysates of the iTN, mTN, UP, and ET from CRSwNP and CRSsNP
patients, the NP from CRSwNP patients and the iTN from control patients (n=7 per group) and using the mucus samples
of CRSwWNP (n=28), CRSsNP (n=30), and control (n=30) patients. The results of the Tukey’s multiple comparisons tests
are displayed in the Figure 3a and b). The ANOVA summaries are displayed in Additional Table 3 of the additional data.

ELISA of tissue lysates (Figure 3a) revealed a significant overexpression of LYVE-1 in CRSWNP NP compared to
CRSwNP iTN (FC=3.49, p<0.0001) within the CRSWNP tissues, while there were no significant results between the
CRSsNP tissues. CRSWNP NP showed a significant overexpression compared to control iTN (FC=2.76, p<0.0001).
Results revealed a continuous rise in LY VE-1 levels between the CRSwNP tissues mTN<UP<ET<NP.

ELISA of mucus (Figure 3b) revealed a significant underexpression of LYVE-1 in CRSsNP compared to the controls
(FC=0.53, p=0.0151) and to CRSwNP (FC=0.052, p=0.0168), while comparison of CRSwNP and the controls was not
significant (p>0.9999) (Figure 3).
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Figure 3 The scatter dot plot (a) including mean and SD error bars shows results of the quantitative analysis of LYVE-1 by ELISA in the tissue lysates (I value below
detection limit) of CRSWNP (blue), CRSsNP (red), and control (green) patients normalized to a total protein concentration. Significant differences can be seen for CRSWNP
NP vs CRSWNP iTN (p<0.0001) and for CRSWNP NP vs control iTN (p<0.0001). The scatter dot plot (b) including mean and SD error bars shows results of the quantitative
analysis of LYVE-I by ELISA (3 outliers, no value below detection limit) in the nasal mucus of CRSWNP (blue), CRSsNP (red), and control (green) patients normalized to
a total protein concentration. Outliers are not included. Statistically significant differences can be seen for CRSWNP vs CRSsNP (p<0.05) and for CRSsNP vs the controls
(p<0.05). Asterisks indicate statistically significant results. ¥<0.05, ***<0.0001.

Abbreviations: CRSWNP, chronic rhinosinusitis with nasal polyps; CRSsNP, chronic rhinosinusitis without nasal polyps; iTN, inferior turbinate; mTN, middle turbinate; UP,
uncinate process; ET, ethmoid; NP, nasal polyp; LYVE-I, lymphatic vessel endothelial receptor |; ns, not significant; SD, standard deviation.

872 hetps: Journal of Inflammation Research 2024:17

Dove!


https://www.dovepress.com/get_supplementary_file.php?f=436450.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Pesold et al

Quantitative Analysis and Localization of MMP-14 in CRSWNP, CRSsNP, and Control

Patients Using ELISA and Histochemical Staining

ELISAs for MMP-14 were performed using tissue lysates of the iTN, mTN, UP, and ET from CRSwNP and CRSsNP
patients, the NP from CRSwNP patients and the iTN from control patients (n=7 per group). IHC was performed to
localize MMP-14 in the same tissue types. The result of the Tukey’s multiple comparisons test is displayed in Figure 4a).
The ANOVA summary is displayed in Additional Table 3 of the additional data.

Results of tissue MMP-14 (Figure 4a) revealed a significant overexpression of MMP-14 in CRSwNP UP compared to
CRSwNP iTN (FC=2.02, p=0.0002) within the CRSwWNP tissues, while there were no significant results between the
CRSsNP tissues. CRSWNP UP showed a significant overexpression compared to control iTN (FC=2.08, p=0.0002).

Examples of IHC of MMP-14 in different tissue types are shown in the panels (i), (ii) and (iii) of Figure 4b). IHC
results verified the results of ELISA. MMP-14 was expressed by epithelial cells as well as many other cell types within

the whole stroma.

Quantitative Analysis and Localization of HA and Macrophages in CRSWNP, CRSsNP

and Control Patients Using ELISA and Histochemical Staining

ELISAs for HA were performed using tissue lysates of the iTN, mTN, UP, and the ET from CRSwNP and CRSsNP

patients, the NP from CRSwNP patients and the iTN from control patients (n=7 per group) and using the mucus samples

of CRSwNP (n=28), CRSsNP (n=31), and control (n=30) patients. The results of the Tukey’s multiple comparisons tests

are displayed in the Figure 5a—c). The ANOVA summaries are displayed in Additional Table 3 of the additional data.
ELISA of the tissue lysates (Figure 5a) revealed no significant differences in HA expression either between different

anatomical regions or between CRSwNP, CRSsNP, and controls.

ELISA of the mucus (Figure 5b) revealed a significant underexpression of HA in CRSsNP (FC=0.78, p=0.0362) and
in CRSwNP (FC=0.66, p=0.0008) compared to the controls. Comparison of the mucus HA between CRSsNP and
CRSwNP was not significant (p=0.3684).

Histochemical staining was performed for localizing HA in tissues of CRSWNP, CRSsNP and control patients.
Examples are displayed in Figure 5e) (panels (i), (ii), (iii), (iv), (v), (vi), (vii) and (viii)). In order to verify the results
shown that were obtained by Astra blue staining, sections of the same tissue were additionally stained with HABP (data
not shown). Staining results showed that HA was present in the epithelial cell layers (blue arrows) of all sections. There
were no visible quantitative differences in the presence of HA between the whole tissue slides. However, in NP
hyaluronan was excessively located in the outer stroma directly under the epithelium, while it was located to a lesser
extent in the inner stroma. In contrast, staining of CRSsNP ET and control iTN revealed the inner stroma and the
glandular bundles contained therein as its main locations (blue arrowheads). In CRSWNP ET HA was detected
throughout the whole tissue section. Mucopolysaccharides other than HA were found in the outer epithelial layers
(pink arrows).

IHC was performed for macrophages in CRSWNP iTN (n=6), CRSWNP mTN (n=7), CRSWNP UP (n=7), CRSwNP
ET (n=7), NP (n=8), CRSsNP iTN (n=7), CRSsNP mTN (n=7), CRSsNP UP (n=7), CRSsNP ET (n=7) and control iTN
(n=13). Examples are shown in Figure 5e) (panels (ix), (x), (xi) and (xii)). Macrophages were detected in the outer
stroma and throughout the whole epithelium. Subsequently, the macrophages were counted and normalized to a tissue
area of 7 mm?. In each case, the whole tissue slide was considered. Counting of macrophages (Figure 5¢) revealed no
significant differences either between different anatomical regions or between CRSwWNP, CRSsNP, and controls.

Correlation analysis was performed using all tissues for which ELISA result of HA in lysate and number of
macrophages were available (CRSWNP iTN (n=2), CRSWNP mTN (n=5), CRSWNP UP (n=4), CRSwWNP ET (n=4),
NP (n=5), CRSsNP iTN (n=4), CRSsNP mTN (n=2), CRSsNP UP (n=5), CRSsNP ET (n=1) and control iTN (n=1)). For
correlation between HA and macrophages (Figure 5d), results revealed a weakly significant positive correlation
(r=0.3807, p=0.0289).
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Figure 4 The scatter dot plot (a) including mean and SD error bars shows the results of the quantitative analysis of MMP-14 by ELISA in the tissue lysates (I value
below detection limit) of CRSWNP (blue), CRSsNP (red), and control (green) patients normalized to a total protein concentration. Significant differences can be
seen for CRSWNP UP vs CRSWNP iTN (p<0.001) and for CRSWNP UP vs control iTN (p<0.001). Immunohistochemistry (b) of MMP-14 (panels (i), (ii) and (iii)) in
CRSwWNP, CRSsNP, and control tissues (photographed with a 40x objective lens). The NCs are displayed in the panels (iv), (v) and (vi). Antigens were stained with
Red Alkaline Phosphatase-Substrate, and counterstaining was performed with Harris’ hematoxylin solution. Asterisks indicate statistically significant results.

*#%<0.0001.

Abbreviations: CRSWNP, chronic rhinosinusitis with nasal polyps; CRSsNP, chronic rhinosinusitis without nasal polyps; MMP-14, matrix metalloproteinase 14; iTN, inferior
turbinate; mTN, middle turbinate; UP, uncinate process; ET, ethmoid; NP, nasal polyp; ns, not significant; NC, negative control; SD, standard deviation.
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Figure 5 The scatter dot plot (a) including mean and SD error bars shows the non-significant results of the quantitative analysis of HA by ELISA in the tissue lysates (| value
below detection limit) of CRSWNP (blue), CRSsNP (red), and control (green) patients normalized to a total protein concentration. The scatter dot plot (b) including mean
and SD error bars shows the results of the quantitative analysis of HA by ELISA in the nasal mucus (I outlier, no value below detection limit) of CRSWNP (blue), CRSsNP
(red), and control (green) patients normalized to a total protein concentration. Outliers are not included. Statistically significant differences can be seen for CRSWNP vs
controls (p<0.001) and for CRSsNP vs controls (p<0.05). The scatter dot plot (c) including mean and SD error bars shows the non-significant results of the macrophage cell
count in the tissue slides of CRSWNP (blue), CRSsNP (red), and control (green) patients normalized to an area of 7 mm?. The scatter dot plot (d) shows the result of the
correlation between HA and macrophages in nasal tissues. Inmunohistochemistry (e) of HA (photographed with a 20x objective lens) and macrophages (photographed with
a 40x objective lens) in CRSWNP, CRSsNP, and control tissues. Staining by Astra blue without degradation of HA by hyaluronidase is displayed in the panels (i), (ii), (i) and
(iv), whereas the panels (v), (vi), (vii) and (viii) show the same tissues after degradation of HA by hyaluronidase. Counterstaining was performed with Nuclear Fast Red. HA
was found in both the epithelium (blue arrows) and the stroma (blue arrowheads). The outer epithelium additionally shows staining of mucopolysaccharides other than HA
(pink arrows). Staining of macrophages is displayed in the panels (ix), (x), (xi) and (xii). Antigens were stained with Red Alkaline Phosphatase-Substrate, and counterstaining
was performed with Harris’ hematoxylin solution. Asterisks indicate statistically significant results. ¥<0.05, ***<0.001.

Abbreviations: CRSWNP, chronic rhinosinusitis with nasal polyps; CRSsNP, chronic rhinosinusitis without nasal polyps; iTN, inferior turbinate; mTN, middle turbinate; UP,
uncinate process; ET, ethmoid; NP, nasal polyp; HA, hyaluronic acid; HABP, hyaluronic acid binding protein; HYAL, hyaluronidase; ns, not significant; SD, standard deviation.
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Discussion

The aim of our study was to identify novel aspects that may be involved in the pathogenesis of CRS and especially polyp
development and that may represent new targets for medical therapies. In addition, we wanted to know whether these
factors differ between certain anatomical regions of the nasal mucosa and could thus be related to the likelihood of
developing inflammation and NPs.

The staining of LVs in nasal tissues revealed that the wider LYVE-1"/PDPN" (pre-)collector vessels were mainly located near
the epithelium of the tissue sections, while the narrow LYVE-1"/PDPN" LCs were mainly located in the inner stroma. Thus, we
hypothesize that deeper tissue layers might be cleared more effectively than the outer layers. The counting of LVs revealed that
CRSsNP iTN contained less of both LV types than the iTN of CRSWNP and the controls. Interestingly, the number of both LV
types in all grouped CRSWNP and CRSsNP tissues were significantly lower than in the control iTN. Whereas inflammation
generally induces lymphangiogenesis,” these findings suggest poor lymphangiogenesis in CRS-affected tissues. Respectively,
a physiologically lower density of LVs in nasal tissues could favor the development of CRS. Probably the CRSWNP iTN was not
affected by CRS, so that these circumstances do not apply with regard to this tissue. We hypothesize that in CRS the clearing of
cell debris and interstitial water by lymphatics, and thus the healing process, is insufficient, supporting persistence and
chronification. Currently, the generally accepted theory regarding polyp formation is an excessive fibrin deposition induced
by coagulation factor XIII-A. Simultaneously, the type 2 cytokines interleukin (IL)-4 and IL-13 suppress expression of the tissue
plasminogen activator (t-PA), which would usually counteract the formation of a fibrin scaffold.*® Since LC ends also act as
liquid absorbers, they may be overwhelmed by the excessive amount of interstitial water leaking from hyperpermeable blood
vessels during inflammation,'~” enabling the fibrin clot to further attract fluid.*® This supports the result of a previous study
which found that a lower LV density was associated with a higher risk of polyp formation.'’

In order to examine levels of the lymphatic marker protein LYVE-1' in CRS, we performed ELISAs using the tissue
lysates and nasal mucus of CRSWNP, CRSsNP, and controls. ELISA analysis of LY VE-1 in nasal tissues revealed the highest
expression in NP and a continuous rise in LY VE-1 levels between the CRSwNP tissues mTN<UP<ET<NP, while comparison
of the same tissue types in CRSsNP was not significant and did not differ from the control iTN. However, this result did not
match the number of LY VE-1" lymphatic capillaries identified in the tissues. We assume that LY VE-1 detected by ELISA was
mainly SLYVE-1, which is known to be generated by cleavage of the extracellular N-terminus by MMP-14.%°

In order to examine the nasal mucosa for its main site of MMP-14 overexpression, we performed ELISAs using the
tissue lysates of CRSwNP, CRSsNP, and controls. The results revealed a significant overexpression of MMP-14 in
CRSwNP UP compared to CRSwWNP iTN and control iTN. Interestingly, although levels of MMP-14 did not significantly
differ between CRSsNP tissues, CRSsNP UP also showed a higher MMP-14 content compared to the other CRSsNP
tissues. Given the fact that the uncinate process serves as a protective shield to prevent non-sterile inhaled air from
reaching the sinuses,’® the overproduction of proteases might be a defense mechanism against the absorbed harmful
stimuli.'® As a membrane-bound proteinase, MMP-14 was previously shown to cleave the ectodomain of LY VE-1 under
pathological conditions including chronic inflammation. Proteolytic cleavage of LYVE-1 from the LCs consequently
suppresses the production of vascular endothelial growth factor (VEGF)-C counteracting pathological LV growth.s’6
Hence, we hypothesize that the cleaved sLYVE-1 is likely to ascend from the UP tissues of CRS patients, apparently
diffuses through the mucosa, and ultimately accumulates in NP tissue. Moreover, an insufficient excretion due to fewer
glands in CRSWNP tissues’® or a compensatory mechanism to equalize LY VE-1 tissue content in NPs lacking LCs could
further favorize this process. In the ELISA of mucus samples, LYVE-1 was significantly underexpressed in CRSsNP
compared to CRSwNP and controls, which could be a consequence of an increased internalization of the protein into the
LECs stimulated by tumor necrosis factor TNF-a,*” that is known to be overexpressed in CRSsNP.

HA is a large glycosaminoglycan mainly located in the ECM where it acts as a stabilizer, hydrator, and regulator of wound
healing.” For synthesis, three HA synthases located on the inner surface of the plasma membrane generate polymers of distinct
sizes and extrude the nascent HA chains to the cell surface. HA metabolism varies depending on the situation. Normally, HA is
initially degraded by hyaluronidases, cleaving it to products of intermediate sizes. These products are either degraded in
lysosomes by local immune cells and ECM cells or enter LVs via LY VE-1, followed by terminal degradation in dLNs. An

inflammatory state further increases HA turnover due to the increased activity of hyaluronidases, resulting in low molecular

876 hetps: Journal of Inflammation Research 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Pesold et al

weight (LMWHA) fragments that trigger immune responses as damage-associated molecular patterns (DAMPS)."7#!

However, since HA is capable of absorbing water equivalent to many times its own mass,' a high presence in polypus tissues
supporting fluid retention would be imaginable.

In contrast to our expectations and consistent with a previous study,*? the ELISA results of HA in different nasal
tissues of CRSwNP, CRSsNP, and control patients did not show any significant differences. However, HA-staining
showed that in NP tissue HA was concentrated within and below the epithelial layer, which was not the case in CRSsNP
and control tissues, where HA was mainly located in the inner stroma. In the CRSWNP ET, an incipient rearrangement of
the HA was evident. Other groups also localized HA around basal epithelial cells and in the basement membrane of
NPs.** Therefore, we hypothesize that HA metabolism in NPs may be altered, triggering an accumulation of the HA at
certain localizations of the nasal mucosa retaining liquid. In the ELISA of mucus samples, HA was significantly
decreased in CRSWNP and CRSsNP compared to the controls. HA was proven to be secreted by respiratory epithelial
cells and submucosal glands and to co-regulate mucociliary clearance that increases with smaller HA fragments.** Our
results of HA in nasal secretion indicate that CRS may be associated with a reduced concentration of HA, which
normally protects the nasal mucosa from harmful environmental influences.** Whether this is a trigger or a consequence
of the CRS disease will need further investigation. The low HA content in CRSWNP mucus could also be due to the fact
that CRSWNP tissues contain fewer glands® containing HA, which was shown by IHC. Still, our results support the
outcomes of clinical trials where local HA administration via nebulized nasal douche or nasal spray reduced CRS
symptoms.***

During the inflammatory state HA supports the motility, proliferation and activation of immune cells including
macrophages.””"'%® The gathering of immune cells at the site of injury is important for proper healing processes.*’
However, for the following resolution of the inflammation and regeneration of the tissue, these cells should be cleared
from the tissue by LVs.® The staining of macrophages in sections of the different tissue types confirmed other findings
that these cells are particularly localized in the outer stroma, the basement membrane, the lamina propria, and the
epithelium.*® Probably, due to reduced cell density caused by HA accumulation and insufficient uptake by LVs, the
immune cells are able to migrate more easily in these areas of the tissues, which may enable their gathering. While
previous studies found macrophages to be particularly accumulated in NP tissue,>® counting of macrophages revealed no
significant differences either between the phenotypes or between the tissue types. However, in most CRS tissues there
was a much higher variance compared to the control. Low immune cell counts in NP could be due to the generally low
cell density in swollen tissue, where infiltrating factors can consequently spread more widely than in all other nasal
tissues where the cell density is comparable. Another possible reason could be an inhomogeneous infiltration of the NP
by macrophages, so that these were not present in some sections analyzed.

The correlation analysis between HA and macrophages in nasal tissues revealed a weakly significant positive
correlation, supporting previous findings of HA attracting macrophages.”'°

The disruption of adherens junctions caused a by loss of E-cadherin and B-catenin was previously identified as the
reason for enhanced cell migration within HA accumulation sites. Loose cell connections consequently facilitate cell
motility and ECM remodeling, which in turn are favorable factors for the development of many diseases.''*'%4¢4?

In conclusion, our findings suggest that the lymphatics play an important role in CRS pathophysiology by causing
a deviant distribution of hyaluronan and macrophages and thus supporting fluid retention and chronification of the disease.

Despite promising results there were some limitations to our study. Firstly, despite careful selection of the samples,
additional factors other than CRS affecting the outcome cannot be completely ruled out. Secondly, the sample sizes per
tissue type were relatively small. Thirdly, iTN served as our only control tissue. Especially since it has been described
before that LVs physiologically occur with varying densities in different anatomical subsites,’® the differences between
the control iTN and the tissues of anatomical subsites other than iTN in CRS patients could therefore theoretically be
physiological.

Since not much is known about the pathophysiological relationships between LVs and CRS to date, more studies will
be needed in the future. Larger cohorts and different types of control tissues should be used to clarify our findings. The
connections between the LVs and other inflammatory and pathogenic CRS factors such as other immune cells, fibrinogen
and collagen,'* should be investigated.
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Overall, our study elucidates a novel and promising approach to explain the pathophysiology of CRS by analyzing the
role of the lymphatic system. This warrants further analysis in the future to enable the exact connections with other
pathways in CRS to be understood.

Conclusion

Lymphatic vessels and hyaluronan and may play essential roles in the pathogenesis of CRS via retention of fluid and
macrophages. Inadequate lymphatic clearance may support the deposition of HA and immune cells and thus perpetuate
the disease. These results may provide a novel approach to the identification of disease-associated factors.
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