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Abstract

Objective: Cigarette smoke (CS) is a primary risk factor for the development of numerous
benign and malignant laryngeal diseases. The epithelium and mucus lining the vocal folds (VF)
are the first barriers against CS. The primary objective of this study was to investigate epithelial
and mucus barrier changes in the mouse laryngeal mucosa upon exposure to subacute CS. The
secondary objective was to compare mucus barrier changes in mice and human smokers and
nonsmokers.

Methods: Mice were exposed to CS for 4-weeks for 4-hours [N=12, high dose, (HD)] or 1-hour
[N=12, (low dose (LD)] per day. Air-exposed mice were used as a control group (N=10). Larynges
were harvested and VF epithelial barrier integrity was evaluated including cellular proliferation
and expression of cell junctions. We also investigated mucus production by examining mucus cell
area and mucin expression in mice and human smokers and nonsmokers.

Results: HD CS increased VVF epithelial cellular proliferation but did not alter expression of

cell junctions. HD CS also induced hypertrophy of the mucus-producing submucosal glands.
However, only LD CS increased MUCS5AC gene expression. MUCS5AC staining appeared elevated
in laryngeal specimens from smokers, but this was not significant as compared to nonsmokers.

Conclusion: These findings help us identify potential adaptive mechanisms to CS exposure as
well as set the foundation for further study of key aspects of epithelial and mucus barrier integrity
that may be implicated in laryngeal disease development following prolonged smoking.
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INTRODUCTION

Multiple laryngeal diseases including chronic laryngitis, Reinke’s edema, laryngeal
leukoplakia, and laryngeal cancer are associated with environmental exposure to cigarette
smoke (CS).1~* CS is a mixture of more than 7000 toxicants, including carcinogens and
currently, an estimated 40 million adults smoke.? ® CS-induced benign and malignant
diseases are not trivial and impair critical laryngeal functions including respiration,
coughing, swallowing, and in humans, voice production. Specifically, CS may influence
voice production directly by causing inflammation and dehydration of the vocal folds.” The
larynx is also a target of CS in terms of the significant discomfort associated with smoking.8
CS may induce a phonotraumatic cough and throat clearing behaviors, which can lead to
vocal fold edema and inherent cellular damage.3 (Dworkin, inflammation) It is imperative
to elucidate the pathophysiological mechanisms of CS-induced laryngeal disease in order to
improve clinical management. However, our understanding remains incomplete, especially
as pertains to the outermost portions of the vocal folds (VF), the epithelial and mucus
barriers.

The VF epithelium is the first layer of cellular contact upon inhalation of CS and serves

a critical barrier function.? It is stratified squamous type and composed of multiple cell
layers joined together by tight and adherens cell junctions.1%: 11 The epithelium is derived
from a population of basal progenitor cells that express transcription factor TP63 (p63).12
Epithelial turnover, or proliferation, begins in the basal layer and following division, cells
replenish the epithelium as they differentiate and migrate towards the surface.13 Earlier
studies have evaluated the effects of CS on the epithelium in the supraglottic and subglottic
regions of the larynx.14-16 However, these regions are lined by pseudostratified columnar
epithelium, a different type than the stratified squamous cells covering the VF. Furthermore,
previous work has demonstrated regional heterogeneity among airway epithelial cell types in
response to CS.17 It has been shown that CS induces VF epithelial hyperplasia.18 However,
the impact of CS on VF epithelial cell junctions and proliferation, both key to barrier
integrity, have not been evaluated in detail.

A thin layer of fluid, or mucus, covers the VF epithelial surface.® Mucus is secreted from
goblet cells embedded within the supraglottic and subglottic epithelium and underlying
submucosal glands. Mucus binds and traps inhaled irritants for clearance from the

larynx through coughing or swallowing and lubricates the \VF during vibration.1® Mucin
glycoproteins are the most important component of mucus and dictate its defensive and
physical properties.2 While there is some evidence CS induces laryngeal subglandular
hypertrophy and increases mucus production,8: 21 there is an overall paucity of information
related to CS-induced changes in mucus production, particularly mucin expression, in the
larynx.

Sustained insults from CS that disrupt VVF epithelial integrity or alter mucus production
may diminish the protective capacity offered by these barriers and contribute to disease
development. Consequently, the primary objective of this study was to investigate epithelial
and mucus barrier changes in mouse laryngeal mucosa upon exposure to CS. This model
was chosen as mouse laryngeal organization is similar to that of humans22 and used
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extensively to evaluate CS-induced inhalation injuries in other regions of the airway.23: 24
Mice were exposed to CS for 4-weeks for 4-hours [high dose, (HD)] or 1-hour [(low dose
(LD)] per day. Air-exposed mice were utilized as a control group. We evaluated critical
aspects of VVF epithelial barrier integrity including cellular proliferation and cell junctions.
We also examined CS-induced mucus production by examining mucus cell area and mucin
expression. While it is established that the mouse VF epithelial barrier is similar to

humans in terms of cellular composition and junctions,2> minimal work has been published
regarding use of a mouse model for evaluating laryngeal mucus production. Consequently,
a secondary objective of this study was to evaluate mucin expression in human laryngeal
specimens from smokers and nonsmokers and compare those findings to that observed in the
mouse.

MATERIALS AND METHODS

Animals

Animal protocols were performed with prior approval from the Stanford University
Institutional Animal Care and Use Committee. Adult male C57BL/6 mice were given
standardized food, water ad libitum and housed separately in ventilated cages in a designated
temperature-controlled room with 12:12h light-dark cycle in the Stanford School of
Medicine Veterinary Service Center. Animal health was monitored daily.

Cigarette Smoke Exposure (CSE)

Fifteen-week-old mice were randomly assigned into three groups: HD CSE (n=12), LD
CSE (n=12), and room air-exposed controls (n=10). Mice in the CSE groups were exposed
5 days/week, for 4-weeks (Fig. 1A). HD and LD group mice were exposed to 4-hours

and 1-hour of CS per day, respectively (Fig. 1B). Based on Organization for Economic
Co-operation and Development (OECD) inhalation exposure guidelines, 4-weeks exposure
is considered a subacute inhalation toxicity study (OECD TG 412). In addition, previous
studies demonstrate that 1-4 hours of CSE per day induces pathological changes within the
airways.18. 26. 27 Age-matched control mice were left in room air in their original housing
conditions.

Mice in the HD and LD groups were exposed to whole body mainstream CS (Delivered
dose: 5.4882 MY/kg/cigarette; Supplementary data S1) using the “inExpose” smoking system
and Flexiware software (SCIREQ, Montreal, Canada). 3R4F reference research cigarettes
(University of Kentucky, KY, USA) were smoked according to the following standards

(1SO 1991): one 35 ml puff of 2-second duration followed by 58 seconds of fresh air at a
rate of 2L/min. The CS was directed in a 5-liter volume whole body exposure chamber in
which mice were divided by separators. The average total particulate matter per cubic meter
of air (TPM) was 621 mg/m3 for both LD and HD exposures (Supplementary data S2).

Mice were euthanized 24-hours following the final exposure. Larynges were harvested for
morphometric, gene, and immunofluorescent (IF) assessments (Fig. 1A). Number of animals
used in each assessment are provided in figure legends.
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Human Sample Acquisition

Six healthy participants (23-42 years) with no history of laryngeal, respiratory, or
gastrointestinal disease were recruited. The protocol was approved by the Institutional
Review Board of Stanford University and informed consent was obtained from all
participants. Three nonsmokers (2 males, 1 female) had not smoked during the previous
year. Three smokers (3 males) consumed a minimum of 2 cigarettes/day (range 2-3
cigarettes) for one or more years. All smokers also used electronic nicotine delivery systems
(range 1x/month — 3x/day) for at least one year.

False vocal fold (FVF) tissue was sampled from smokers and non-smokers. An Olympus
ENF-T3 flexible fiberoptic laryngoscope with biopsy forceps passed through the biopsy
channel was used to collect two biopsies, 2 mm each, following topical anesthesia with 4%
lidocaine. FVF samples were fixed in 4% paraformaldehyde overnight at 4°C and sent to
histology services in the Department of Pathology, for paraffin embedding and microtomy.
5um sized sections were obtained and processed for IF of mucin.

Mouse Larynx Morphometric Analysis

Mouse larynges were fixed in 4% paraformaldehyde overnight at 4°C and sent to HistoWiz,
Inc. (http://www.histowiz.com; Brooklyn, NY, USA) in 70% ethanol for processing, paraffin
embedding and sectioning. Larynges were sectioned anterior to posterior and coronal
sections (5um) were stained with Hematoxylin & Eosin (H&E) and Alcian blue/Periodic
Acid Schiff (AB/PAS). Whole-stained slides were scanned and digitized (Aperio AT2,
Leica Biosystems, Germany) for morphometric analysis of vocal fold epithelial thickness
(H&E) and submucosal gland area and composition (AB/PAS). Morphometric analysis was
conducted on a single section per larynx. The region of interest for analysis was at an
approximate laryngeal depth of 150-200 um, which corresponds to the mid-membranous
VF. For epithelial thickness, the right and left VF epithelium was traced using Aperio
ImageScope v.12.3.2.8013 (Leica Biosystems) and thickness was computed as an average
between five different points. For submucosal gland area, the exterior border of the entire
subglandular region across the right and left subglottis spanning from the lower border

of the VVF to the first tracheal ring was traced and the average area was computed using

Fiji (derivative of ImageJ; NIH, USA). For quantification of mucus composition, individual
images of the AB-stained acidic and PAS-stained neutral mucus were obtained using color
deconvolution. The exterior borders of AB- and PAS-stained glands were then traced across
the left and right subglottis and average area of acidic and neutral mucus, respectively, was
obtained. Finally, the percentage of acidic and neutral mucus was calculated by dividing
the average area of acidic or neutral mucus by the average total subglandular area and
multiplying by 100.

RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (QPCR)

Mucosa and submucosal tissues from the upper border of the mouse glottis to the lower level
of the cricoid cartilage were harvested for gPCR analyses. Mouse-specific primer sequences
for cell junction and mucin genes are displayed in Supplementary Table 1. R-actin was
selected as the endogenous reference gene. gPCR was performed using iTag™ Universal
SYBR® Green Supermix (Bio-Rad, Hercules, CA, USA) in the CFX96 Real-Time PCR
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Machine (Bio-Rad). Relative quantitative analysis of gene expression was completed using
the standard comparative Ct method (2-24Ct).28 Al samples were run in duplicate.

Immunofluorescence (IF)

Antibodies against cell junction and mucin proteins are displayed in Supplementary Table
2. Heat-induced antigen retrieval was performed, followed by blocking. Primary antibodies
were applied overnight, washed, and then slides were treated for 1-hour with secondary
antibodies (Supplementary Table 2). Slides were mounted with ProLong Gold Antifade
Mountant formulated with DAPI (Invitrogen™, CA, USA). Images were acquired using

an Axiolmager M1 microscope (Carl Zeiss, Gottingen, Germany). Ki67 and p63 labeled
mouse VF epithelial cells were counted across a length of 450um (Fiji). Mean fluorescence
intensity (MFI) was calculated across a fixed epithelial length of 230um for mouse cell
junctions and 350um for human MUC5AC (Zen 3.1, Carl Zeiss, Gottingen, Germany). MFI
for mouse MUCS5AC was computed across six randomly selected circular regions with a
130um diameter in the right and left subglottis.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 9.0. All mouse epithelial
and mucus barrier assessments were analyzed by one-way analysis of variance (ANOVA)
and post hoc Fisher’s Least Significant Difference (LSD) multiple comparison test. Mann-
Whitney U test was used to evaluate mucin expression between human smokers and
nonsmokers. Values less than p < 0.05 were considered significant. All data are represented
in figures as means + standard deviations (SD).

RESULTS

CSE and Epithelial Barrier Integrity

VF epithelial thickness was evaluated on H&E-stained slides in control (Fig. 2A), LD (Fig.
2B), and HD (Fig. 2C) groups. Thickness was significantly increased in the HD as compared
to control (p=0.0056, 95% confidence interval [CI]: —9.515 to —2.041) and LD groups (p=
0.0147, 95% confidence interval [C1]: —9.190 to —1.224) (Fig. 2D).

VF epithelial proliferation was evaluated by staining for Ki67, a marker for proliferation

in control (Fig. 3A), LD (Fig. 3B), and HD (Fig. 3C) groups. HD mice had significantly
greater Ki67+ cells than the control mice (p=0.0162, 95% confidence interval [CI]: -=12.75
to —1.913) (Fig. 3D). Ki67 labeled proliferative cells remained unaltered in the LD group in
comparison to the controls.

VF epithelial basal cells were evaluated by staining for p63 in control (Fig. 4A), LD (Fig.
4B), and HD (Fig. 4C) groups. CS exposed mice in both LD (p = 0.0067, 95% confidence
interval [CI]: —=30.47 to —7.528) and HD (o = 0.0039, 95% confidence interval [CI]: —32.81
to —9.861) groups exhibited a significantly greater number of p63+ cells in the VF in
comparison to controls (Fig. 4D).

Expression of an epithelial adherens junction proteins (E-cadherin and B-catenin) and tight
junction protein (Zona occludens 1, [ZO-1])were quantified by gPCR (Fig. 5) and IF (Fig.
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6). Both analyses indicated no significant change in E-cadherin (Fig. 5A, Fig. 6A-D) and
B-catenin (Fig. 5B, Fig. 6E—H) expression between groups. LD and HD groups exhibited

a 2.5- to 3-fold increase in ZO-1 gene expression compared to controls (LD: p = 0.0025,
95% confidence interval [CI]: —2.669 to —0.7873; HD: p=0.0019, 95% confidence interval
[CI]: —2.749 to —0.8677) (Fig. 5C). However, IF analysis for ZO-1 revealed no significant
differences between groups (Fig. 61-L).

CSE and Laryngeal Mucus Production

Submucosal gland area was evaluated on AB/PAS-stained slides in control (Fig. 7A),

LD (Fig. 7B), and HD (Fig. 7C) groups. HD mice showed significant submucosal gland
hypertrophy in comparison to the controls (p = 0.0023, 95% confidence interval [CI]:
-0.1250 to —0.03410) and LD mice (p= 0.0235, 95% confidence interval [CI]: —0.09946
to —0.008517) (Fig. 7D). Acidic mucins significantly increased in both the LD (p=
0.0287, 95% confidence interval [CI]: —27.42 to —1.778) and HD groups (p = 0.0069, 95%
confidence interval [CI]: —30.51 to —5.957) compared to controls (Fig. 7E). Neutral mucin
levels remained unaltered.

The effect of CSE on MUCS5AC, a primary secreted mucin in the airway, was examined

in control (Fig. 8A), LD (Fig. 8B), and HD (Fig. 8C) groups by IF analysis. MUC5AC
expression was primarily localized to submucosal glands. There were no significant changes
between the groups (Fig. 8D). However, gPCR analysis demonstrated that LD mice
exhibited a significant 2.5-fold increase in MUC5AC gene expression in comparison to
controls (p=0.0078, 95% confidence interval [CI]: —4.273 to —0.7702) and HD mice (o
=0.0213, 95% confidence interval [CI]: 0.3618 to 3.864) (Fig. 8E). MUC5AC was also
evaluated in FVF specimens from human nonsmokers (Fig. 8F) and smokers (Fig. 8G).

IF analysis revealed that FVVF specimens demonstrated epithelial goblet cell staining and
that smokers exhibited a non-significant increase in MUC5AC expression in comparison to
nonsmokers (Fig. 8H).

DISCUSSION

In this investigation, mice were exposed to HD or LD CS for 4-weeks and we examined
VF epithelial barrier integrity and laryngeal mucus production. HD CS increased epithelial
cellular proliferation but did not consistently alter expression of cell junctions. HD CS
also induced hypertrophy of the mucus-producing submucosal glands. However, only LD
CS increased MUCS5AC gene expression. MUCS5AC staining appeared elevated in FVF
specimens from smokers, but this was not significant as compared to nonsmokers.

In healthy VF epithelium, cell proliferation is tightly regulated and necessary for normal
epithelial turnover.® Following HD CSE, cell proliferation was increased. Specifically,

VF epithelial thickness increased, which indicates hyperplasia. This was accompanied by
elevated Ki67+ proliferative cells and p63+ basal cells. Ki67+ cells were localized to the
basal cell layer. Together, these findings suggest that the cells of the basal layer continually
proliferate and differentiate under continuous CS, eventually leading to hyperplasia. In
response to CS, basal cells of the lower airways proliferate and can regenerate normally
differentiated epithelium or altered histologic phenotypes.2? It is possible that the VF
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increased proliferation as an adaptive response to CS in order to turnover injured surface
cells and regenerate normal epithelium.13: 30. 31 |ncreased epithelial proliferation and
hyperplasia is seen during tissue regeneration following iatrogenic VF injury.32: 33 Even if
adaptive, hyperplasia may still have adverse consequences for VF health including reduced
epithelial transport efficiency and increased VVF mass, which might affect vibration.34
Sustained cell proliferation in toxicant-exposed tissue may also be a site-specific indicator
of injury and identify the location and types of cells at risk for carcinogenesis.3> Basal cells
in the lower airways undergo transcriptomic changes upon chronic CSE resulting in altered
differentiation and a disorganized epithelium.36: 37 In addition, epithelial hyperplasia has
been shown to be a precursor to laryngeal dysplasia and carcinoma.38 In order to establish
a timeline of events leading up to disease development, it will be necessary to characterize
when and how CS impacts the VF basal cell transcriptome.

We investigated the effect of CS on the expression of epithelial tight and adherens junctions.
HD and LD CSE increased ZO-1 gene expression. No other changes in cell junction gene
or protein expression were observed. In epithelial cells of the lower airways, exposure to
CS reduces levels of tight and adherens junctions indicating CS-induced loss of structural
barrier integrity.11: 39. 40 Our data suggest that the VVF epithelial barrier is structurally intact
following a 4-week CSE. The stratified squamous epithelium of the VF may be more
resistant to injury than other airway epithelial cell types, at least in the short-term. However,
whether a 4-week CSE increases VF epithelial permeability, an indicator of functional
barrier integrity, is unknown. Previous work has demonstrated that the presence of cell
junctions cannot be equated with intact functional barrier integrity.41

Clinically, thick mucus is observed in the larynx of smokers.3 Consistent with previous
studies,® 21 we observed significant submucosal gland hypertrophy in the HD group, which
suggests increased mucus production. Histochemically, mucus is classified as neutral or
acidic. HD and LD CSE increased acidic mucus in the laryngeal submucosal glands.
Increased acidic mucus has also been observed following CSE in the lower airways.*2 While
the functional significance of this is unknown, it is possible that as CS-induced laryngeal
disease progresses, there may be corresponding changes in mucus content. With further
studies, histochemical laryngeal mucus content may be used as a marker of CS-induced
disease development.

We examined the effect of CS on MUCS5AC, one of the most abundant secreted mucins in
the airway.*3 As there is a paucity of research regarding laryngeal mucus production in both
animal models and humans, we investigated MUCS5AC expression in both the mouse larynx
and in FVF tissue from smokers and nonsmokers. Staining patterns of MUC5AC differed

in mice and humans, suggesting that there may be some differences in the mechanisms
underlying laryngeal mucus production. In control and CS-exposed mice, MUC5AC was
localized to submucosal glands with minimal epithelial goblet cell expression. On the other
hand, in FVF specimens from nonsmokers and smokers, we observed epithelial goblet

cell MUCS5AC expression. In mice, the structure and cellular composition of submucosal
glands are similar to those seen in humans; however, airway localization differs.** In the
human larynx submucosal glands are located in the FVF#° and subglottis#® and in the
mouse larynx are isolated to the subglottis.*4 We did not assess for MUC5AC in human
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larynx submucosal glands. The limited depth of FVF biopsies precluded reliable submucosal
gland MUCS5AC analysis and we are unable to obtain subglottic human biopsies in-office.
However, previous work has shown that healthy submucosal glands of the larynx*® and
lungs*3 do not express MUCSAC. In terms of the influence of smoking on laryngeal
MUCSAC, in mice, we only observed increased MUC5AC gene expression following LD
exposure. This was surprising as CS is well known to induce MUC5AC gene and protein
expression in other parts of the airway.*’~4° Increased MUCS5AC content is also associated
with disease severity.%0 It is possible that the 4-weeks was not long enough to induce
sustained increases in MUCS5AC in the larynx. In addition, MUCS5AC expression is closely
related to inflammation.5! Consequently, future studies are needed to elucidate the influence
of CS dose on inflammation and mucin expression in the larynx. Finally, we also did not
observe a significant increase in MUC5AC in the FVF of smokers. Admittedly, our smokers
were overall healthy and considered to have low CS consumption.>2 However, given the
trend observed in our data, we suspect that a significant increase in MUC5AC would be
observed in human smokers with a greater sample size or longer smoking history.

Although we evaluated two doses of CS, only a 4-week, subacute exposure was performed.
Further studies would benefit from acute and chronic timepoints in order to create a

detailed timeline of cellular and molecular changes that eventually culminate in CS-induced
laryngeal disease. In addition, we quantified cell junction and mucin protein expression
using IF. Other techniques such as western blotting may be more sensitive to assessing
protein changes following CS. In addition, our protein levels did not always correlate with
gene expression findings, demonstrating that transcript levels by themselves may not be
sufficient to predict protein levels.>3 There are many different types and causes of chronic
laryngeal inflammation in addition to CS and these causes often may occur simultaneously.3
Individuals with habitually excessive vocal behaviors (i.e. phonotrauma) are also highly
susceptible to laryngeal inflammation and it has been shown previously that the mechanical
stresses of vocal fold vibration compromise vocal fold epithelial barrier integrity.10 It

is likely that phonotrauma may exacerbate or accelerate CS-induces changes in the VF
epithelial and mucus barrier. Consequently, further studies should work to systematically
combine different causes of chronic laryngeal inflammation to elucidate synergetic effects
that may ultimately present in laryngeal disease. Finally, at least 20 mucins have been
identified. We investigated the localization and expression of one predominant secreted
mucin, MUC5AC; however, future studies are needed to systematically evaluate all mucins
in the mouse and human larynx under normal / healthy conditions and following CS
exposure. This is particularly relevant as we observed differences in MUC5AC localization
in the mouse and human larynx in the current study. Although we recognize that our

human FVF sample size was relatively small and did not include submucosal gland analysis,
these preliminary findings suggest possible differences in mechanisms underlying laryngeal
mucus production. Future investigations will be useful for understanding the distinct roles of
mucins in laryngeal protection and disease development, and also help validate the mouse
model for studying human laryngeal mucus production.
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CONCLUSION

We investigated the effect of subacute CSE on the VVF epithelial and mucus barriers, which
have not been investigated in detail. Greater changes in the epithelial and mucus barriers
were observed with a higher dose of CS. We speculate that the VVF increased epithelial
proliferation as an adaptive response to CS; thus, maintaining structural barrier integrity as
demonstrated by intact cell junctions. While the mucus-secreted cells were enlarged, we
did not see consistent increases in MUCS5AC expression. In summary, these findings help
identify potential adaptive mechanisms to CSE as well as set the foundation for continued
study of key aspects of epithelial and mucus barrier integrity that may be implicated in
laryngeal disease development following prolonged smoking.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A
C57Bl/6 male Euthanasia of mice after 24h post final CSE followed by
mice harvesting laryngeal tissues
v -
¢ ° * ° -
Acclimitization Week 1 Week 2 Week 3 Week 4
~ . HD(n=12) 1 week CSE CSE CSE CSE =
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Figure 1.

Break-Room air
only (1h)

Break-Room air
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( Histopathology) ( RNA ) ( Immunostaining )

Experimental schematic. Mice were exposed to HD or LD CSE or air control exposures
for 4 weeks (A). Prior to the start of 4-week CS exposures, LD and HD group mice

were acclimatized to 20min of CS per day, for 1-week (M-F). HD exposures occurred in
1-1.5 hour increments with a 30 minute break in order to minimize Carboxyhemoglobin
(CoHB) buildup and exposure-related stress (Fig. 1B). Following euthanasia, larynges
were harvested and processed for histopathology, gene expression, or immunostaining. LD
exposures included 1 hour of CS per day and HD exposures included 4 hours per day (B).
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Figure 2.
VF epithelial thickness following control (A), LD (B), and HD (C) CSE. VF epithelial

thickness was significantly increased following HD CSE when compared to control and LD
CSE (D). N=5 in control group. N=4 in LD group. N=6 in HD group. H&E stained images
are at a magnification of 200x. Bar graph shows the mean with standard deviation (SD). *
indicates p < 0.05. ** indicates p < 0.01.
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Figure 3.
VF epithelial proliferative cells following control (A), LD (B), and HD (C) CSE. The

number of Ki67 labeled proliferative cells (green) was significantly increased following HD
CSE when compared to control (D). N=3 in all groups. Fluorescent stained images are at

a magnification of 200x. Hoechst (blue) was used as a nuclear stain. Bar graph shows the
mean with SD. * indicates p < 0.05.
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Figure 4.
VF epithelial basal cells following control (A), LD (B), and HD (C) CSE. The number

of p63 labeled basal cells (red) was significantly increased following LD and HD CSE
when compared to control (D). N=3 in all groups. Fluorescent stained images are at a
magnification of 200x. DAPI (blue) was used as a nuclear stain. Bar graph shows the mean
with SD. ** indicates p < 0.01.
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VF epithelial cell junction gene expression following control, LD, and HD CSE. Expression
of E-cadherin (A) and R-catenin (B) was not significantly altered following CSE. Expression
of Z0O-1 was significantly increased following LD and HD CSE (C). N=3 in all groups. Bar

graph shows the mean with SD. ** indicates p < 0.01.
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VF epithelial cell junction protein expression following control, LD, and HD CSE. E-
cadherin is visualized in green (A-C), B-catenin in red (E-G), and ZO-1 in yellow (I-K).
Intensity of E-cadherin (D), R-catenin (H), and ZO-1 (L) expression was not significantly
altered following CSE. Fluorescent stained images are at a magnification of 200x. DAPI
(blue) was used as a nuclear stain. N=3 in all groups. Bar graph shows the mean with SD.
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Figure7.
Laryngeal subglandular area and mucin histochemical activity following control (A), LD

(B), and HD (C) CSE. Subglandular area was significantly increased following HD CSE
when compared to control and LD CSE (D). Percent acidic mucins were significantly
increased following LD and HD CSE when compared to controls (E). AB/PAS stained
images are at a magnification of 200x. N=5 in control group. N=4 in LD group. N=6 in HD
group. Bar graph shows the mean with standard deviation (SD). * indicates p < 0.05. **
indicates p < 0.01.

Laryngoscape. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Erickson-DiRenzo et al. Page 20
] LD ] | HD
E
*% * H
800 | | e—| 1500

(RS VI
N m 1l m

T T T T
Control LD HD Control LD HD Non-smoker Smoker

[ Control

] [ Non-smoker

Smoker

1000

MFI MUCSAC
Fold Change
MUCS5AC Expression
MFI MUC5AC
o
S
T

o
1

>
>

&
c
-

Figure 8.
MUC5AC expression following control, LD, and HD CSE in mice (A-E) and in human FVF

specimens from nonsmokers and smokers (F-H). Intensity of MUCS5AC protein expression
in mouse submucosal glands was not significantly altered following CSE (D). MUC5AC
gene expression was significantly increased following LD CSE as compared to control

and HD (E). Intensity of MUCS5AC protein expression in human FVF epithelium was not
significantly different in smokers compared to nonsmokers (H). Fluorescent stained images
are at a magnification of 200x. DAPI (blue) was used as a nuclear stain. For MFI in mice,
N=4 in all groups. For gene expression in mice, N=6 in all groups. N=3 for human smokers
and nonsmokers. Bar graphs show the mean with SD. * indicates p < 0.05. ** indicates p <
0.01.
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