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Diesel exhaust particle inhalation

in conjunction with high-fat diet consumption
alters the expression of pulmonary SARS-
COV-2 infection pathways, which is mitigated
by probiotic treatment in C57BL/6 male mice
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Abstract

Background Both exposure to air pollutants and obesity are associated with increased incidence and severity of
COVID-19 infection; however, the mechanistic pathways involved are not well-characterized. After being primed by
the transmembrane protease serine 2 (TMPRSS2) or furin protease, SARS-CoV-2 uses the angiotensin-converting
enzyme (ACE)-2 receptor to enter respiratory epithelial cells. The androgen receptor (AR) is known to regulate both
TMPRSS2 and ACE2 expression, and neuropilin-1 (NRP1) is a proposed coreceptor for SARS-CoV-2; thus, altered
expression of these factors may promote susceptibility to infection. As such, this study investigated the hypothesis
that inhalational exposure to traffic-generated particulate matter (diesel exhaust particulate; DEP) increases the
expression of those pathways that mediate SARS-CoV-2 infection and susceptibility, which is exacerbated by the
consumption of a high-fat (HF) diet.

Methods Four- to six-week-old male C57BL/6 mice fed either regular chow or a HF diet (HF, 45% kcal from fat) were
randomly assigned to be exposed via oropharyngeal aspiration to 35 pg DEP suspended in 35 pl 0.9% sterile saline
or sterile saline only (control) twice a week for 30 days. Furthermore, as previous studies have shown that probiotic
treatment can protect against exposure-related inflammatory outcomes in the lungs, a subset of study animals

fed a HF diet were concurrently treated with 0.3 g/day Winclove Ecologic® Barrier probiotics in their drinking water
throughout the study.

Results Our results revealed that the expression of ACE2 protein increased with DEP exposure and that TMPRSS2, AR,
NRP1, and furin protein expression increased with DEP exposure in conjunction with a HF diet. These DEP + HF diet-
mediated increases in expression were mitigated with probiotic treatment.
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Conclusion These findings suggest that inhalational exposure to air pollutants in conjunction with the consumption
of a HF diet contributes to a more susceptible lung environment to SARS-CoV-2 infection and that probiotic treatment

could be beneficial as a preventative measure.

Background

Numerous studies have shown a positive correlation
between exposure to traffic-generated air pollution
and the progression of respiratory diseases [1-6]. The
severe acute respiratory syndrome (SARS) novel coro-
navirus (SARS-CoV-2) that causes the respiratory coro-
navirus disease (COVID-19) has become endemic, with
over 103 million confirmed cases in the United States
and nearly 770 million cases worldwide as of 2023 [7, 8].
While air pollution has been linked to increased risk and
severity of COVID-19, the mechanisms involved have
not yet been fully elucidated [9, 10].

SARS-CoV-2 has been shown to use the angiotensin-
converting enzyme 2 (ACE2) receptor for entry into lung
epithelial cells [11-13]. The spike (S) protein of the coro-
navirus must be primed by transmembrane protease ser-
ine 2 (TMPRSS2) and/or furin protease, which exposes

the receptor-binding domain and allows for the fusion
of the viral and host membranes [14—18]. The presence
of a furin cleavage site is unique to SARS-CoV-2 and is
not found in other coronaviruses, which may contribute
to the rapid spread of COVID-19. Because of its ability
to bind furin-cleaved substrates, neuropilin-1 (NRP1) is a
proposed coreceptor for SARS-CoV-2 infection [14—17].
The androgen receptor (AR) has been demonstrated
to regulate TMPRSS2 expression. Activated AR also
promotes ACE2 expression, facilitating the priming of
coronavirus S proteins and allowing entry into the host
cell [18, 19]. This androgen-mediated pathway likely con-
tributes to the observation that men appear to be more
susceptible to, as well as have more severe symptoms of,
COVID-19 [11-13, 18-20]. In addition to being the bind-
ing site for SARS-CoV-2, ACE2 is essential for normal
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Fig.1 Proposed SARS-CoV-2 cellular entrance pathways. Following priming of its spike proteins by the transmembrane protease serine 2 (TMPRSS2) and/
or furin protease, SARS-CoV-2 uses the angiotensin-converting enzyme (ACE2) receptor for entry into respiratory epithelial cells. The androgen receptor
(AR) has been demonstrated to regulate TMPRSS2 and ACE2 expression, facilitating the priming of coronavirus S proteins and allowing entry into the
host cell. Because of its ability to bind furin-cleaved substrates, neuropilin-1 (NRP1) is a proposed coreceptor for SARS-CoV-2 infection. Created withhttp://

BioRender.com.
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pulmonary function, with ACE2 dysregulation being
reported in several lung diseases, including COPD [11].

Exposure to air pollution increases susceptibility to var-
ious respiratory infections and contributes to inflamma-
tory diseases such as obesity and autoimmune disorders
[21, 22]. Studies from China, Italy, and the United States
have shown a strong connection between COVID-19
infection and mortality rates and exposure to air pollu-
tion [9, 23, 24]. Notably, these regions experience chronic
high-level air pollution, so populations most likely have
increased underlying levels of pulmonary inflammation
compared with regions with better air quality. Although
a single air pollutant known to increase susceptibility to
COVID-19 has yet to be identified, positive correlations
between COVID-19 infection and environmental par-
ticulate matter and gases such as O; and NO, have been
reported [9]. Previous studies by our lab have shown
that traffic-generated air pollutants are associated with
increased expression of other members of the renin-
angiotensin signaling pathway, in which ACE2 plays a key
role [25].

The consumption of a high fat (HF)-diet, diet-induced
inflammation, and, by extension, obesity have also been
identified as risk factors for greater COVID-19 incidence
and severity [9, 23, 24, 26]. Additionally, the consumption
of foods that score higher on the Dietary Inflammatory
Index, many of which are HF, has been shown to be cor-
related with increased COVID-19 incidence and severity
[26]. It has been proposed that obesity causes alterations
in the expression and activity of factors associated with
SARS-CoV-2 infection. Al Heialy et al. reported that
ACE2 and TMPRSS2 are upregulated in obese individu-
als due to dysregulation of lipid synthesis and clearance,
which is characteristic of obesity. The resulting increase
in ACE2 expression in the lungs may promote increased
susceptibility of viral infection, as well as increased
inflammation and exacerbated disease outcomes [27].

Another risk factor contributing to the exacerbation
of viral infections is microbiome dysbiosis [27, 29, 30].
The majority of bacteria in the lung microbiome belong
to four primary phyla: Firmicutes, Bacteroidetes, Proteo-
bacteria , and Actinobacteria [28]. In healthy individuals,
these bacteria typically enter the lungs by aspiration of
saliva droplets and are eliminated by coughing, mucocili-
ary clearance, and the local immune response [29]. This
cycle of entry and elimination results in a healthy balance
of the lung microbiome among the four phyla. This bal-
ance is disturbed in lung disease, resulting in an observ-
able shift in the lung microbiome [28-30]. An increase
in mucus production is characteristic of many pulmo-
nary diseases, allowing for the proliferation of mucus-
metabolizing bacteria, especially those belonging to the
Proteobacteria phylum [30]. We have previously reported
that the consumption of a HF diet and exposure to diesel
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exhaust particulate matter (DEP) alter the lung microbi-
ome and increase baseline pulmonary inflammation in
a wild-type mouse model [31]. However, treatment with
probiotics has been shown to diminish Proteobacteria
expansion and inflammation in the lungs of these animals
[31]. Because of their known immunomodulatory effects,
dietary probiotics have been proposed as supplementary
treatments for COVID-19 [32].

To further characterize the pathways by which expo-
sure to environmental traffic-generated air pollutants
may contribute to susceptibility to COVID-19 infection,
we investigated the hypothesis that exposure to DEP
increases the expression of factors that mediate the entry
of SARS-CoV-2 into pulmonary epithelial cells. Further-
more, we characterized whether exposure to DEP com-
bined with a HF diet further exacerbates these outcomes.
Finally, we investigated whether probiotic treatment mit-
igates DEP- * HF diet-driven alterations in our exposure
model.

Results

Exposure to DEP results in increased ACE2 protein
expression in the bronchioles of C57BL/6 mice

To investigate whether subchronic inhalational exposure
to DEP and consumption of a HF diet alter ACE2 expres-
sion, we measured ACE2 protein expression by immuno-
fluorescent histology (Fig. 1A-M) and mRNA transcript
expression by RT-qPCR (Fig. 1N). We observed a signifi-
cant increase in ACE2 protein expression in experimen-
tal groups that were exposed to DEP, regardless of diet.
Compared with that in the LF+CON group, ACE2 pro-
tein expression was significantly greater in the LF+DEP
(p<0.0001) and HF+DEP groups (p<0.0001). Compared
with that in the HF+CON group, there was a significant
increase in ACE2 protein expression in the LF+DEP
(p<0.0001) and HF+DEP groups (p<0.0001). There was
no significant difference in protein expression observed
among the exposure groups. Exposure F=71.07, diet
F=2.494, and exposure x diet F=0.08277. There was no
significant difference in ACE2 mRNA transcript expres-
sion between the groups.

Probiotic treatment mitigated the DEP-mediated increase
in ACE2 receptor protein expression in the lungs of
C57BL/6 mice

To determine whether probiotic treatment miti-
gates DEP- + HF diet-mediated alterations in ACE2
expression, we measured ACE2 protein expression
via immunofluorescent histology (Fig. 2A-M) and
mRNA transcript expression by RT-qPCR (Fig. 2N).
We observed a significant decrease in ACE2 protein
expression in the HF+CON+PRO (p<0.0001) and
HF+DEP+PRO (p<0.0001) groups compared with the
HE+DEP group. There was no significant difference in
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Fig. 2 Exposure to DEP results in increased angiotensin-converting enzyme 2 (ACE2) receptor protein expression in the bronchioles of C57BL/6 mice.
Representative images of ACE2 expression in the bronchioles of C57BI/6 mice on a control (LF; A-C) or high-fat (HF; G-l) diet exposed to saline (CON) or
on a LF (D-F) or HF diet (J-L) exposed to diesel exhaust particles (DEP — 35 ug PM) twice a week for a total of 30 days. Red fluorescence indicates ACE2
expression, and blue fluorescence indicates nuclear staining (Hoechst). The right panels (C, F, |, L) are overlayed figures of left (blue; A, D, G, J) and center
(red; B, E, H, K) panels. M Graph of histological analysis of lung ACE2 mean fluorescence (minimum of 4 sections per slide and n=3 per group) and N mean
normalized gene expression of ACE2 mRNA transcript expression within the lungs, as determined by RT-gPCR (n=6-8 per group). 40x magnification;
scale bar =100 pm. The data are presented as mean + SEM with *p <0.05 compared to LF+CON, tp <0.05 compared to LF + DEP, #p <0.05 compared to
HF + CON by two-way ANOVA. The brightness of the nuclei image panels was increased by 40% and the overlay images were increased by 10%, as shown
in this figure
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ACE2 protein expression between the probiotic groups
and the HF+CON group. Exposure F=43.91, probiotics
F=38.18, exposure x probiotics F=46.77.

We also observed a significant decrease in ACE2
mRNA expression in the HF+CON+PRO (p=0.0012)
and HF+DEP+PRO (p=0.0017) groups compared to
the HF+CON group. Similarly, ACE2 mRNA expres-
sion was significantly lower in the HF+CON+PRO
(p=0.0003) and HE+DEP+PRO (p=0.0005) groups than
in the HF+DEP group. There was no significant differ-
ence in ACE2 mRNA expression between the HF+ CON
and HF+DEP groups or between the probiotic treated
groups. Exposure F=32.10, probiotics F=0.5418, expo-
sure x probiotics F=0.4563.

Exposure to diesel exhaust particulate matter in
conjunction with consumption of a HF diet results in
increased TMPRSS2 expression in the lungs of C57BL/6
mice

To assess whether subchronic inhalational exposure
to DEP and consumption of a HF diet alter TMPRSS2
expression, we measured TMPRSS2 protein expres-
sion by immunofluorescent histology (Fig. 3A-M) and
mRNA transcript expression by RT-qPCR (Fig. 3N).
We observed a significant increase in TMPRSS2 pro-
tein expression in the HF+DEP group compared to
the LF+CON (p=0.0004), LF+DEP (p<0.0001), and
HF+CON (p<0.0001) groups. Compared with the
LF+CON group, the LE+DEP (p<0.0001) and HF+ CON
(p=0.0004) groups presented significantly lowerTM-
PRSS2 protein expression. Compared to the LF+DEP
group, the HF+CON (p=0.0273) group displayed sig-
nificantly increased TMPRSS2 protein expression was
significantly increased. Exposure F=1.325, diet F=16.98,
exposure x diet F=56.07.

TMPRSS2 mRNA expression was not significantly dif-
ferent between the LF+CON, LF+DEP, and HF+CON
groups, but the expression of TMPRSS2 mRNA in the
HF+DEP group was significantly greater than that in the
LE+DEP (p=0.0016) and HF+CON (p=0.0067) groups.
Exposure F=0.7838, diet F=2.562, exposure x diet
F=12.77.

Probiotic treatment mitigated the DEP- and HF diet-
mediated increase of TMPRSS2 protein expression in the
lungs of C57BL/6 mice

To establish whether probiotic treatment mitigates DEP-
*+ HF diet-mediated alterations in TMPRSS2 expression,
we measured TMPRSS2 expression by immunofluores-
cent histology (Fig. 4A-M) and mRNA transcript expres-
sion by RT-qPCR (Fig. 4N). We observed a significant
decrease in TMPRSS2 protein expression in groups
treated with probiotics (HF+CON+PRO (<0.0001),
HF+DEP+PRO (<0.0001)) compared to the HF+DEP
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group. Within the probiotic groups, TMPRSS2 protein
expression was observed to be significantly decreased in
the HF+DEP+PRO (p=0.0049) group compared to the
HF+CON+PRO group. Exposure F=20.93, probiotics
F=3.547, exposure x probiotics F=38.84.

TMPRSS2 mRNA expression was not found to be sta-
tistically different between the HF+CON, HF+DEP, and
HF+DEP+PRO groups. TMPRSS2 mRNA expression in
the HF+ CON+PRO (p=0.0275) group was observed to
be significantly lower than that of the HF+DEP group.
Exposure F=2.137, probiotics F=4.328, exposure x pro-
biotics F=0.1592.

Exposure to diesel exhaust particulate matter in
conjunction with the consumption of a HF diet results in
increased androgen receptor protein expression in the
bronchioles of C57BL/6 mice

To determine if subchronic inhalational exposure to DEP
and consumption of a HF diet alters AR expression, we
measured AR protein expression by immunofluorescent
histology (Fig. 5A-M) and mRNA transcript expres-
sion by RT-qPCR (Fig. 5N). We observed a significant
increase in AR protein expression in the HF+DEP group
compared with the LF+CON (p<0.0001), LF+DEP
(p<0.0001), and HF+CON (p<0.0001) groups. There
was no significant difference observed between the
LF+CON, LF+DEP, and HF+CON groups. Exposure
F=10.21, diet F=17.17, exposure x diet F=22.58.

AR mRNA expression was significantly greater in the
LE+DEP (p=0.0188) group than in the LF+CON group
as well as decreased in the HF+DEP group (p=0.0307)
compared to the LF+DEP group. Exposure F=1.669, diet
F=1.270, exposure x diet F=5.069.

Probiotic treatment mitigated the DEP- and HF diet-
mediated increase in androgen receptor protein
expression in the bronchioles of C57BL/6 mice

To ascertain whether probiotic treatment mitigates
DEP- + HF diet-mediated alterations in AR expression,
we measured AR expression via immunofluorescent his-
tology (Fig. 6A-M) and mRNA transcript expression by
RT-qPCR (Fig. 6N). We observed a significant decrease
in AR protein expression in the groups treated with pro-
biotics [HF+CON+PRO (p<0.0001), HF+DEP+PRO
(p<0.0001)] compared with the HF+DEP group. There
was no significant difference observed between the
HF+CON and probiotic groups. Exposure F=14.03, pro-
biotics F=5.946, exposure x probiotics F=28.60. There
was no significant difference in AR mRNA expression
observed between groups.
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Fig. 3 Probiotic treatment mitigates the DEP-mediated increase of angiotensin-converting enzyme 2 (ACE2) protein expression in the bronchioles of
C57BL/6 mice. Representative images of ACE2 expression in the bronchioles of C57BI/6 mice on a high-fat (HF) diet exposed to either (A-C) saline (CON),
(D-F) DEP - 35 ug PM, (G-1) saline and probiotics (PRO) —0.3 g/day (~7.5x 107 cfu/day), or (J-L) DEP and probiotics. Red fluorescence indicates ACE2 ex-
pression, the blue fluorescence indicates nuclear staining (Hoechst). The right panels (C, F, |, L) are overlayed figures of the left (blue; A, D, G, J) and center
(red; B, E, H, K) panels. M Graph of histological analysis of lung ACE2 mean fluorescence (minimum of 4 sections per slide and n=3 per group) and N mean
normalized gene expression of ACE2 mRNA transcript expression within the lungs, as determined by RT-qPCR (n=6-8 per group). 40x magnification,
scale bar =100 um. The data are presented as mean + SEM with *p <0.05 compared to HF + CON, tp < 0.05 compared to HF + DEP, #p < 0.05 compared to
HF + CON+ PRO by two-way ANOVA. The brightness of the nuclei image panels was increased by 40% and the overlay images were increased by 10%,
as shown in this figure
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Fig. 4 Exposure to DEP in conjunction with consumption of a HF diet results in increased transmembrane serine protease 2 (TMPRSS2) expression in
the bronchioles of C57BL/6 mice. Representative images of TMPRSS2 expression in the bronchioles of C57BI/6 mice on a control (LF; A-C) or high-fat (HF;
G-l) diet exposed to saline (CON) or fed a LF (D-F) or HF diet (J-L) and exposed to diesel exhaust particles (DEP - 35 ug PM) twice a week for a total of 30
days. Red fluorescence indicates TMPRSS2 expression, and blue fluorescence indicates nuclear staining (Hoechst). The right panels (C, F, I, L) are overlayed
figures of the left (blue; A, D, G, J) and center (red; B, E, H, K) panels. M Graph of histological analysis of lung TMPRSS2 mean fluorescence (minimum of 4
sections per slide and n=3 per group) and N mean normalized gene expression of TMPRSS2 mRNA transcript expression within the lungs, as determined
by RT-gPCR (n=6-8 per group). 40x magnification; scale bar =100 um. The data are presented as mean +SEM, with *p <0.05 compared to LF+CON,
tp<0.05 compared to LF+DEP, #p <0.05 compared with HF +CON by two-way ANOVA

Exposure to diesel exhaust particulate matter in To investigate whether subchronic inhalational exposure
conjunction with the consumption of a HF diet results in to DEP and consumption of a HF diet alter NRP1 expres-
increased NRP1 protein expression in the bronchioles of sion, we measured NRP1 protein expression via immuno-

C57BL/6 mice fluorescent histology (Fig. 7A-M) and mRNA transcript
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Fig. 5 Probiotic treatment mitigated the DEP- and HF diet-mediated increase in transmembrane serine protease 2 (TMPRSS2) protein expression in the
bronchioles of C57BL/6 mice. Representative images of TMPRSS2 expression in the bronchioles of C57BI/6 mice fed a high-fat (HF) diet exposed to either
(A-C) saline (CON), (D-F) DEP — 35 pg PM, (G-I) saline and probiotics (PRO) —0.3 g/day (~7.5x 107 cfu/day), or (J-L) DEP and probiotics. Red fluorescence
indicates TMPRSS2 expression, and blue fluorescence indicates the nuclear staining (Hoechst). The right panels (C, F, 1, L) are overlayed figures of the
left (blue; A, D, G, J) and center (red; B, E, H, K) panels. M Graph of histological analysis of lung TMPRSS2 mean fluorescence (minimum of 4 sections per
slide and n=3 per group) and N mean normalized gene expression of TMPRSS2 mRNA transcript expression within the lungs, as determined by RT-qPCR
(n=6-8 per group). 40x magnification, scale bar =100 um. The data are presented as mean +SEM with *p <0.05 compared to HF +CON, tp <0.05 com-
pared to HF + DEP, #p <0.05 compared to HF + CON + PRO by two-way ANOVA
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Fig. 6 Exposure to diesel exhaust particulate matter in conjunction with consumption of a HF diet results in increased androgen receptor (AR) protein
expression in the bronchioles of C57BL/6 mice. Representative images of AR expression in the bronchioles of C57BI/6 mice on a control (LF; A-C) or
high-fat (HF; G-I) diet exposed to saline (CON) or on a LF (D-F) or HF diet (J-L) exposed to diesel exhaust particles (DEP — 35 ug PM) twice a week for a
total of 30 days. Red fluorescence indicates AR expression, and blue fluorescence indicates the nuclear staining (Hoechst). The right panels (C, F, |, L) are
overlayed figures of the left (blue; A, D, G, J) and center (red; B, E, H, K) panels. M Graph of histological analysis of lung AR mean fluorescence (minimum of
4 sections per slide and n=3 per group) and N mean normalized gene expression of AR mRNA transcript expression within the lungs, as determined by
RT-gPCR (n=6-8 per group). 40x magnification; scale bar =100 um. *p < 0.05 compared to LF + CON, tp < 0.05 compared to LF + DEP, #p < 0.05 compared
to HF+CON by two-way ANOVA
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Fig. 7 Probiotic treatment mitigated the DEP- and HF diet-mediated increase of androgen receptor (AR) protein expression in the bronchioles of C57BL/6
mice. Representative images of AR expression in the bronchioles of C57BI/6 mice on a high-fat (HF) diet exposed to either (A-C) saline (CON), (D-F) DEP —
35 ug PM, (G-1) saline and probiotics (PRO) —0.3 g/day (~7.5% 10 cfu/day), or (J-L) DEP and probiotics. Red fluorescence indicates AR expression, and blue
fluorescence indicates the nuclear staining (Hoechst). The right panels (C, F, |, L) are overlayed figures of the left (blue; A, D, G, J) and center (red; B, E, H,
K) panels. M Graph of histological analysis of lung AR mean fluorescence (minimum of 4 sections per slide and n=3 per group) and N mean normalized
gene expression of AR mMRNA transcript expression within the lungs, as determined by RT-gPCR (n =6-8 per group). 40x magnification, scale bar =100 pm.
The data are presented as mean + SEM with *p <0.05 compared to HF + CON, +p < 0.05 compared to HF + DEP, #p < 0.05 compared to HF + CON +PRO by

two-way ANOVA
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expression by RT-qPCR (Fig. 7N). We observed a signifi-
cant increase in NRP1 protein expression in the HF + DEP
group compared with the LF+CON (p<0.0001),
LE+DEP (p<0.0001), and HF+CON (p<0.0001) groups.
There was no significant difference observed between the
two LF groups. NRP1 protein expression was decreased
in the HF+CON group compared with the two LF groups
[LF+CON (p=0.0159), LE+DEP (p<0.0001)]. Exposure
F=44.21, diet F=2.039, exposure x diet F=27.47.

NRP1 mRNA expression was observed to be sig-
nificantly greater in the LF+DEP group than in the
LF+CON (p=0.0205), HF+CON (p=0.0125), and
HE+DEP (p=0.0239) groups. There was no signifi-
cant difference in NRP1 mRNA expression among the
LE+CON, HF+CON, and HF+DEP groups. Exposure
F=3.732, diet F=3.976, exposure x diet F=2.236.

Probiotic treatment mitigated the DEP- and HF diet-
mediated increase in NRP1 protein expression in the
bronchioles of C57BL/6 mice

To determine whether probiotic treatment mitigates
DEP- + HF diet-mediated alterations in NRP1 expres-
sion, we measured NRP1 expression via immunofluo-
rescent histology (Fig. 8A-M) and mRNA transcript
expression by RT-qPCR (Fig. 8N). We observed a sig-
nificant decrease in NRP1 protein expression in groups
treated with probiotics [HF+CON+PRO (p<0.0001),
HF+DEP+PRO (p<0.0001)] compared with the
HF+DEP group. There was no significant difference
observed between the HF+CON and probiotic groups.
Exposure F=38.85, probiotics F=41.20, exposure x pro-
biotics F=27.18.

We also observed a significant increase in NRP1 mRNA
expression in the HF+DEP+PRO group compared
with the HF+CON (p=0.0345) and HF+CON+PRO
(p=0.0161) groups. There was no significant differ-
ence in NRP1 mRNA expression among the HF+CON,
HF+DEP, and HF+CON+PRO groups. Exposure
F=1.792, probiotics F=3.385, exposure x probiotics
F=2.405.

Exposure to diesel exhaust particulate matter in
conjunction with consumption of a HF diet results in
increased furin protein expression in the bronchioles of
C57BL/6 mice

To establish whether subchronic inhalational expo-
sure to DEP and consumption of a HF diet alter furin
expression, we measured furin expression via immuno-
fluorescent histology (Fig. 9A-M) and mRNA transcript
expression by RT-qPCR (Fig. 9N). We observed a signifi-
cant increase in furin protein expression in the HF+DEP
group compared with the LF+CON (p<0.0001),
LE+DEP (p<0.0001), and HF+CON (p<0.0001) groups.
There was no significant difference observed between the
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LF+CON, LF+DEP, and HF+CON groups. Exposure
F=30.95, diet F=28.62, and exposure x diet F=45.02. We
also observed no significant difference in furin mRNA
expression among the four groups.

Probiotic treatment mitigated the DEP- and HF diet-
mediated increase in furin protein expression in the
bronchioles of C57BL/6 mice

To determine whether probiotic treatment mitigates
DEP- + HF diet-mediated alterations in furin expression,
we measured furin expression by immunofluorescent
histology (Fig. 10A-M) and mRNA transcript expres-
sion by RT-qPCR (Fig. 10N). We observed a signifi-
cant decrease in furin protein expression in the groups
treated with probiotics [HF+CON+PRO (p<0.0001),
HF+DEP+PRO (p<0.0001)] compared with the
HF+DEP group. Furin protein expression was signifi-
cantly lower in the HF+CON+PRO group than in the
HF+CON (0.0360) and HF+DEP+PRO (p=0.0077)
groups. Exposure F=46.02, probiotics F=60.13, exposure
x probiotics F=12.00.

Furin mRNA expression was decreased in the
HF+CON+PRO group compared with the HF+CON
(p=0.0399) and HF+DEP+PRO (p=0.0022) groups.
There was no significant difference observed in furin
mRNA expression among the HF+CON, HF+DEP, and
HF+DEP+PRO groups. Exposure F=0.04313, probiotics
F=3.122, exposure x probiotics F=7.989.

Discussion

The present study demonstrated that subchronic inha-
lational exposure to diesel exhaust particulate matter in
conjunction with consumption of a HF diet contributes
to a lung environment that may be more susceptible to
SARS-CoV-2 infection, which can be attenuated through
oral probiotic treatment. Specifically, our results revealed
that the expression of the ACE2 protein increases with
DEP exposure and that the expression of pulmonary
proteins TMPRSS2, AR, NRP1, and furin increases with
DEP exposure in conjunction with the consumption of
a HF diet. These DEP- + HF diet-mediated alterations
in expression were mitigated when the lung microbi-
ome was diversified and re-established through probiotic
treatment throughout the exposure period.

The observed upregulation of SARS-CoV-2 infection
pathways in DEP-exposed mice fed a HF diet al.igns with
epidemiological data reporting an increased incidence
and severity of COVID-19 in regions with increased air
pollution and in obese individuals [9, 23, 24, 27]. While
ACE2 is known to be used by SARS-CoV-2 for cel-
lular entry, whether NRP1 is utilized in the same man-
ner has not been confirmed, although strong evidence
suggests that this occurs. Previous studies reported
increased COVID-19 susceptibility due to obesity-related
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Fig. 8 Exposure to diesel exhaust particulate matter in conjunction with consumption of a HF diet results in increased neuropilin 1 (NRP1) protein expres-
sion in the bronchioles of C57BL/6 mice. Representative images of NRP1 expression in the bronchioles of C57BI/6 mice on a control (LF; A-C) or high-fat
(HF; G-I) diet exposed to saline (CON) or on a LF (D-F) or HF diet (J-L) exposed to diesel exhaust particles (DEP — 35 ug PM) twice a week for a total of 30
days. Red fluorescence indicates NRP1 expression, and blue fluorescence indicates the nuclear staining (Hoechst). The right panels (C, F, I, L) are overlayed
figures of the left (blue; A, D, G, J) and center (red; B, E, H, K) panels. M Graph of histological analysis of lung NRP1 mean fluorescence (minimum of 4
sections per slide and n=3 per group) and N mean normalized gene expression of NRPT mRNA transcript expression within the lungs, as determined by
RT-gPCR (n=6-8 per group). 40x magnification; scale bar =100 um. The data are presented as mean + SEM with *p < 0.05 compared to LF+CON, tp < 0.05
compared to LF+DEP, #p <0.05 compared to HF + CON by two-way ANOVA

alterations in ACE2, allowing for increased viral binding  of all of the members of the TMPRSS2/furin and ACE2
potential [26]. In agreement with these reports, our find-  SARS-CoV-2 infection pathways. Additionally, our find-
ings indicate that consumption of a HF diet combined ings indicate that these combined insults of HF diet and
with exposure to inhaled DEP causes the upregulation inhaled DEP cause further increases in SARS-CoV-2
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Fig. 9 Probiotic treatment mitigates DEP- and HF diet-mediated increase of neuropilin 1 (NRP1) protein expression in the bronchioles of C57BL/6 mice.
Representative images of NRP1 expression in the bronchioles of C57BI/6 mice on a high-fat (HF) diet exposed to either (A-C) saline (CON), (D-F) DEP -
35 ug PM, (G-)) saline and probiotics (PRO) —0.3 g/day (~7.5x 107 cfu/day), or (J-L) DEP and probiotics. Red fluorescence indicates NRP1 expression, and
blue fluorescence indicates the nuclear staining (Hoechst). The right panels (C, F, |, L) are overlayed figures of the left (blue; A, D, G, J) and center (red;
B, E, H, K) panels. M Graph of histological analysis of lung NRP1 mean fluorescence (minimum of 4 sections per slide and n=3 per group) and N mean
normalized gene expression of NRPT mRNA transcript expression within the lungs, as determined by RT-gPCR (n=6-8 per group). 40x magnification,
scale bar =100 um. The data are presented as mean + SEM with *p <0.05 compared to HF + CON, tp <0.05 compared to HF + DEP, #p < 0.05 compared to
HF + CON + PRO by two-way ANOVA

infection potential due to the observed upregulation of exposure resulted in local alterations in the bronchiolar
NRP1. epithelium rather than whole-organ lung alterations in

Most of the significant changes we observed were the expression of SARS-CoV-2 infection pathways. This is
through histological analysis of the bronchioles. These further supported by the fact that our RT-qPCR (Figs. 1,
findings suggest that our 30-day DEP and HF diet 2,3,4,5,6,7,8,9,10and 11) and ELISA (Supplementary
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Fig. 10 Exposure to diesel exhaust particulate matter in conjunction with consumption of a HF diet results in increased furin protein expression in the
bronchioles of C57BL/6 mice. Representative images of furin expression in the bronchioles of C57BI/6 mice on a control (LF; A-C) or high-fat (HF; G-I) diet
exposed to saline (CON) or on a LF (D-F) or HF diet (J-L) exposed to diesel exhaust particles (DEP — 35 pg PM) twice a week for a total of 30 days. Red fluo-
rescence indicates furin expression, and blue fluorescence indicates the nuclear staining (Hoechst). The right panels (C, F, |, L) are overlayed figures of the
left (blue; A, D, G, J) and center (red; B, E, H, K) panels. M Graph of histological analysis of lung furin mean fluorescence (minimum of 4 sections per slide
and n=3 per group) and N mean normalized gene expression of furin mRNA transcript expression within the lungs, as determined by RT-gPCR (n=6-8
per group). 40x magnification; scale bar =100 um. The data are presented as mean +SEM with *p <0.05 compared to LF+CON, tp<0.05 compared to
LF +DEP, ¥p <0.05 compared to HF +CON by two-way ANOVA
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Fig. 11 Probiotic treatment mitigates DEP- and HF diet-mediated increase of furin protein expression in the bronchioles of C57BL/6 mice. Representative
images of furin expression in the bronchioles of C578BI/6 mice on a high-fat (HF) diet exposed to either (A-C) saline (CON), (D-F) DEP - 35 ug PM, (G-I)
saline and probiotics (PRO) —0.3 g/day (~7.5x 10’ cfu/day), or (J-L) DEP and probiotics. Red fluorescence indicates furin expression, and blue fluorescence
indicates the nuclear staining (Hoechst). The right panels (C, F, I, L) are overlayed figures of the left (blue; A, D, G, J) and center (red; B, E, H, K) panels.
M Graph of histological analysis of lung furin mean fluorescence (minimum of 4 sections per slide and n=3 per group) and N mean normalized gene
expression of furin mRNA transcript expression within the lungs, as determined by RT-qPCR (n =6-8 per group). 40x magnification, scale bar =100 um.
The data are presented as mean + SEM with *p <0.05 compared to HF + CON, +p < 0.05 compared to HF + DEP, #p < 0.05 compared to HF + CON +PRO by

two-way ANOVA

Figs. 1 and 2) analyses, which were performed with whole
lung tissue homogenate, produced largely insignificant
or unexpected results compared with our immunofluo-
rescent histological analysis. These local alterations are
consistent with our routes of exposure, as the bronchiolar

epithelium is the primary location of contact with the
inhaled DEP and also orally administered probiotics via
aspiration. Because of the observed alterations in SARS-
CoV-2 pathways locally at the bronchiolar epithelium in
our study, increased susceptibility to other respiratory
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infections may also be conferred with these expo-
sures. This premise aligns with previous data reporting
increased inflammation, immunosuppression, and infec-
tion in the lungs with exposure to air pollutants [5, 33].

In addition to observing direct alterations in expression
of SARS-CoV-2 infection pathway members in the pres-
ent study, our laboratory previously reported alterations
in the lung microbiome and in lung immunity in the same
animals [31]. Specifically, increases in BALF IgG and IgA
(indicators of the lung immune response), increased mac-
rophage infiltration, and increased mucus production in
response to DEP exposure+HF diet were observed [31].
TNF-a and ROS/RNS production were also shown to be
significantly increased in the lungs of animals exposed
to DEP [31]. Additionally, shifts in the lung microbiome
composition were recorded, most notably the expan-
sion of the Proteobacteria phylum, which is indicative
of increased inflammation and is associated with vari-
ous lung diseases [31, 34]. These findings suggest that the
DEP+HF diet-mediated alterations in the microbiome
and immune response in the lung may contribute to more
severe respiratory disease outcomes [31, 34]. There were
also notable mitigative and immune-regulating effects of
probiotic supplementation, much like those reported in
the present study. DEPtHF diet-mediated increases in
Proteobacteria expansion, TNF-a expression, and ROS/
RNS production were all attenuated with probiotic-treat-
ment [31]. Our findings of attenuation of the expression
of factors that mediate SARS-CoV-2 infection align with
these previously reported protective effects of probiotic
supplementation in the lungs. Although the underlying
mechanism has not yet been defined, it is important to
note that the probiotics used were suspended in water,
likely resulting in alterations in the lung microbiome via
microaspiration [31, 35, 36].

While these previous studies have reported that DEP
exposuret+ HF diet directly alters the respiratory micro-
biome and promotes inflammation, there are also likely
effects on the gut-lung axis signaling pathway, which
may also contribute to local and systemic inflammatory
signaling as well as the disruption of gut permeability.
LPS, an endotoxin derived from the outer membrane
of gram-negative bacteria in the gut, is known to signal
through toll-like receptors (TLRs), such as TLR-2 and
—4, in addition to other receptors in the lung, leading
to increased ROS production and inflammatory signal-
ing [37, 38]. Our laboratory previously reported that
DEP exposure and HF diet significantly increase expres-
sion of TLR-2 and TLR-4 receptors in the lung [31] and
the level of circulating LPS [35], which is indicative of
increased systemic inflammation. In addition to the
increase in circulating LPS in DEP-exposed animals, we
also observed elevated systemic inflammatory signaling,
most notably TNF-q, interleukin (IL)-3, and IL-1a, and
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pulmonary ROS [31, 35]. Increased LPS is also indica-
tive of increased gut permeability. Previous analyses by
our laboratory revealed that probiotic supplementation
attenuated the DEP- and HF diet-driven increases in cir-
culating LPS, suggesting that gut integrity decreases with
DEP and a HF diet and is restored with probiotics [35].
In this same study, our laboratory also observed the DEP
exposure and a HF diet promoted shifts in the abundance
of gut Proteobacteria (increased) and Bifidobacteria
(decreased), which were mitigated by probiotic supple-
mentation [35]. Bifidobacteria are known to be the main
producers of short chain fatty acids (SCFAs), which are
key immune system-regulating molecules, whereas Pro-
teobacteria expansion is indicative of increased inflam-
mation. Thus, these observed shifts in the microbiome
also confer alterations in immune signaling [34, 39, 40].
The collective findings from this study suggest that DEP
exposure and a HF diet not only result in the pulmonary
effects reported in the results section, but also alter gut-
lung axis signaling, and promote ROS, inflammation, and
immune modulation systemically.

While the current findings report novel outcomes
related to DEP exposure, HF diet consumption, and
increased expression of factors that mediate SARS-
CoV-2 susceptibility, some limitations should be noted.
First, this study utilized a male wild-type mouse model
because of the increased incidence and severity of
COVID-19 symptoms in male humans; however, how the
SARS-CoV-2 infection pathways analyzed in this study
are altered in females is currently unknown. In addition,
we only analyzed outcomes in the reported pathways fol-
lowing a 30-day exposure+HF diet protocol, rather than
at multiple timepoints throughout the duration of the
exposure period. Notably, the DEP exposure was per-
formed twice a week, which could allow for intermedi-
ate clearance of particles between exposures. As detailed
previously by our laboratory, while the dose chosen for
the current study (approximately 10 pg/mouse/day) was
higher than that experienced by typical human environ-
mental exposures, the findings in the lungs are in agree-
ment with those of previous DEP exposure studies [31,
36]. We also recognize that the DEP used in the current
study are not necessarily representative of all vehicle-gen-
erated PM found in ambient air pollution; however, the
toxicological effects of these particular DEP in the lungs
have been well characterized in previously reported stud-
ies [31]. Finally, the current study focused only on inves-
tigating the expression of members of the SARS-CoV-2
infection pathway that involve fusion of the viral and cell
membranes, whereas more recent studies suggest that
SARS-CoV-2 can also infect cells via endogenous recep-
tor-mediated endocytosis mechanisms [17].

Notably, the experimental design of the current study
did not include probiotic treatment in the low-fat diet
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exposure groups because our original aims focused on
characterizing the potential mitigative effects of probiot-
ics on inflammation and microbiome dysbiosis caused by
a HF diet+DEP exposure. However, our laboratory has
recently completed studies that will examine the effects
of probiotics on a DEP-exposed mouse model without
the insult of a HF diet, which will be published as results
are obtained. On the basis of our previously reported
findings [31, 35, 36], we hypothesize that we will observe
similar protective effects in both the lungs and gut with
probiotic usage in the absence of a HF diet.

Even when considering these limitations, this study
provides preliminary insight into the potential underlying
mechanism of SARS-CoV-2 susceptibility and infection,
which may be exacerbated by exposure to environmen-
tal air pollutants and/or the consumption of a HF diet as
well as the potential for probiotics to be used as supple-
mental or preventative treatments.

Conclusions

The relationships among air pollutant exposure, diet,
and COVID-19 incidence and severity are not well-
understood, nor are the potential benefits of probiotic
treatment. Thus, we aimed to study the effects of DEP
inhalation, HF diet consumption, and oral probiotic sup-
plementation on the expression of SARS-CoV-2 infection
pathways. Our results revealed that the expression of the
ACE2 protein is increased with DEP exposure and that
the expression of TMPRSS2, AR, NRP1, and furin pro-
teins increased with DEP exposure in conjunction with
a HF diet in the bronchioles. The DEP- and/or HF diet-
mediated increases in expression were mitigated with
probiotic treatment. These findings suggest that inhala-
tional exposure to air pollutants in conjunction with the
consumption of a HF diet contributes to a more suscep-
tible lung environment to SARS-CoV-2 infection and
that probiotic treatment could potentially be used as an
adjunctive or preventative measure.

Materials and methods

Animals and exposures

Eight-week-old C57BL/6 male mice were placed on either
a HF (HF) (n=24) or low-fat control (LF) (n=24) diet
and randomly sorted to be exposed to either 35 pg diesel
exhaust particles (DEP; NIST Standard Reference Mate-
rial #2975), suspended in 35 pl 0.9% sterile saline (n=12
per diet group) or sterile saline only (control) (#=12 per
diet group) via oropharyngeal aspiration, two times per
week for 30 days, as previously described by our labora-
tory [31, 35, 36].

A separate set of mice (n=24) were placed on the HF
diet, exposed to either DEP (n=12) or control (n=12),
and treated with a dose of 0.3 g/day (~7.5x108 cfu/day)
of Ecologic® Barrier probiotics (Winclove Probiotics,
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Amsterdam, Netherlands) in the drinking water over the
course of the exposures, as previously described by our
lab [31, 35, 36]. The probiotics used includes a blend of
the following bacterial strains: Bifidobacterium bifidum
W23, Bifidobacterium lactis W51, Bifidobacterium lactis
W52, Lactobacillus acidophilus W37, Lactobacillus bre-
vis W63, Lactobacillus casei W56, Lactobacillus salivar-
ius W24, Lactococcus lactis W19 and, Lactococcus lactis
W58.

Lung tissues

Within 12 h of the final exposure, the trachea/bronchi/
lungs of all of the animals were collected under sterile
conditions from all animals (n=8/grp). The left lung was
ligated, removed from the right lung, and snap frozen.
The right lung was flushed with sterile, cold PBS and the
BALF was collected, then snap frozen. A subset of the
lungs (n=4-5) was flushed with 10% NBF under pressure
and embedded for tissue staining.

Immunofluorescent histology

For immunofluorescence analyses, lungs that were
embedded in paraffin and sectioned at 5 um thickness
were processed and single immunofluorescence was used
to detect and localize expression of the ACE2, TMPRSS2,
AR NRP1], and furin.

The sectioned lung tissues were deparaffinized with
HistoChoice Clearing Agent three times for 5 min each
time at room temperature, rehydrated, and stained via
methods previously described by our laboratory with
the following alterations to the antigen retrieval proce-
dure: EDTA (pH=8) in place of citrate buffer, heating for
5 min at 20% power instead of 30 s at full power, and an
additional set of three 5-minute rinses in 1X PBS follow-
ing heating [21, 25, 41-43]. The primary antibodies used
were against ACE2 (1:250; Santa Cruz Biotechnology,
sc-390851), TMPRSS2 (1:500; Proteintech, 14437-1-AP),
AR (1:500; Proteintech, 22089-1-AP), furin (1:500; Santa
Cruz Biotechnology, sc-133142), and NRP1 (1:500; Santa
Cruz Biotechnology, sc-5307). The secondary antibodies
used were anti-mouse Alexa Fluor 546 for ACE2, furin,
and NRP1 staining and anti-rabbit Alexa Fluor 555 for
both TMPRSS2 and AR staining.

Slides were imaged using fluorescent microscopy at
20x and 40x with the appropriate excitation/emission
filter, digitally recorded, RGB overlay signals were split
and analyzed for mean fluorescence using image densi-
tometry with Image] software (NIH). A minimum of 4
sections per slide and n=2-3 per group, were used for
analysis. 40x images were used for image quantification.

RT-qPCR
RNA was isolated from lung tissue and (n=6-8 per
group) using an RNAEasy Mini kit (Qiagen, Valencia,
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Table 1 Mouse primer sequences used for RT-gPCR analysis

Primer Sequence

ACE2 FP 5'-TCTGGGAATGAGGACACGGAG-3'
ACE2 RP 5-AACTTGGGTTGGGCACTGCTTA-3'
TMPRSS2 FP 5'-GTAGGTCGTGTACTTGGAGCG-3'
TMPRSS2 RP 5'-TTCCTGGAGGTGACCCTGAGT-3'
AR FP 5'-AAAGAGCCGCTGAAGGGAAA-3'
AR RP 5'-GGAGACGACAAGATGGGCAA-3'
Furin FP 5'-GGGCTCTCTACACCTCCAGA-3'
Furin RP 5'-AACCTTCCTCACACACCACG-3’
NRP1 FP 5'-GCTGTGAAGTGGAAGCACCT-3
NRP1 RP 5'-GGAAGTCATCACCTGTGCCA-3'
GAPDH FP 5'-CATGGCCTTCCGTGTTCCTA-3
GAPDH RP 5'-GCGGCACGTCAGATCCA-3

ACE2, angiotensin converting enzyme 2; AR, androgen receptor; FP, forward
primer; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NRP1,
neuropilin-1; RP, reverse primer; TMPRSS2, transmembrane protease serine 2

CA) per kit instructions and cDNA was synthesized using
an iScript cDNA Synthesis kit (Biorad, Cat. #170891).
RT-qPCR was done to confirm the expression of ACE2,
TMPRSS2, AR, NRP1, and furin using the appropriate
primers (Table 1) and PowerUp™ SYBR™ Green Master
Mix (Thermo Fisher Scientific, Cat. #A25742). Samples
were run on a Biorad CFX96 and analyzed using Biorad
CFX Manager software as previously described by our
laboratory [21, 43—-46].

Lung protein extraction

A total of 20-40 mg of lung tissue was placed in lysis
buffer (297 pL of RIPA buffer and 3 pL protease inhibi-
tor cocktail (Calbiochem, Millipore Sigma, St. Louis,
MO, cat. #535140) and homogenized in bead beater
for 15 min then centrifuged at 15,000 rpm for 5 min at
4 °C. The supernatant was removed and the mixture was
sonicated for 15 min then centrifuged again. The super-
natant was removed and frozen at -20 °C. The samples
were checked for purity and protein quantification using
a Take3™ Micro-Volume Plate (BioTek, Winooski, VT)
read on Cytation™5 Imaging Reader with Gen5 Software
(BioTek, Winooski, VT).

ELISA

TMPRSS2 concentration was measured using protein
extracted from lung tissues (#=6 per group) following
the manufacturer’s protocol (Biomatik, #50-228-6433).
ELISA was read on a Cytation5 plate reader at 450 nm
absorbance. The samples were processed in duplicates
and values were determined from a known value stan-
dard curve using a second-order polynomial (quadratic)
curve fit.

Statistical analysis
A two-way ANOVA with a post hoc Holm-Sidak multiple
comparison all-pairwise test was used to analyze data
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across groups of diet (variable 1) vs. exposure (variable
2)-dependent outcomes, or interactions of diet x expo-
sure, as well as across groups of exposure vs. probiotic
usage (variable 3), or interactions of exposure x probiotic
usage. Statistical analyses were performed with Graph-
Pad Prism 10. A p<0.05 was considered statistically
significant.

Abbreviations

ACE2 Angiotensin-converting enzyme 2

AR Androgen receptor

BALF Bronchoalveolar lavage fluid

CON Control (saline)

COPD Chronic obstructive pulmonary disorder
COVID-19 Coronavirus Disease 2019

DEP Diesel exhaust particulate

HF HF

IgA Immunoglobulin A

19G Immunoglobulin G

LF Low-fat

NRP1 Neuropilin 1

PM Particulate matter

PRO Probiotic

SARS-CoV-2  Severe acute respiratory syndrome coronavirus 2
TMPRSS2 Transmembrane serine protease 2
TNF-a Tumor necrosis factor-alpha
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