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Simple virus-free mouse models of COVID-19
pathologies and oral therapeutic intervention

Huabin Zhu,"” Anuj K. Sharma,’” Karina Aguilar,’” Faizan Boghani,’ Semih Sarcan,’” Michelle George,’

Janavi Ramesh,’ Joshua Van Der Eerden,' Chandramukhi S. Panda,’ Aileen Lopez,” Wenbo Zhi,* Roni Bollag,**
Nikhil Patel,* Kandace Klein,® Joe White,* Muthusamy Thangaraju,” Bal L. Lokeshwar,®> Nagendra Singh,’*
and Vinata B. Lokeshwar’.8*

SUMMARY

The paucity of preclinical models that recapitulate COVID-19 pathology without requiring SARS-COV-2
adaptation and humanized/transgenic mice limits research into new therapeutics against the frequently
emerging variants-of-concern. We developed virus-free models by C57BL/6 mice receiving oropharyngeal
instillations of a SARS-COV-2 ribo-oligonucleotide common in all variants or specific to Delta/Omicron var-
iants, concurrently with low-dose bleomycin. Mice developed COVID-19-like lung pathologies including
ground-glass opacities, interstitial fibrosis, congested alveoli, and became moribund. Lung tissues from
these mice and bronchoalveolar lavage and lung tissues from patients with COVID-19 showed elevated
levels of hyaluronic acid (HA), HA-family members, an inflammatory signature, and immune cell infiltra-
tion. 4-methylumbelliferone (4-MU), an oral drug for biliary-spasm treatment, inhibits HA-synthesis. At
the human equivalent dose, 4-MU prevented/inhibited COVID-19-like pathologies and long-term mor-
bidity; 4-MU and metabolites accumulated in mice lungs. Therefore, these versatile SARS-COV-2 ribo-
oligonucleotide oropharyngeal models recapitulate COVID-19 pathology, with HA as its critical mediator
and 4-MU as a potential therapeutic for COVID-19.

INTRODUCTION

The world-wide vaccination efforts against Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-COV-2) have significantly reduced the
frequency of hospitalizations for patients with COVID-19. Several therapeutics including oral antivirals, monoclonal antibodies, steroids,
JAK-1/JAK-2 inhibitor, and anticoagulants also aid in preventing/reducing severe symptoms.'” However, due to frequently emerging “var-
iants-of-concern” (VOCs), COVID-19 infections are achieving a “seasonal” status such as the Influenza infections and will require newer
vaccines and therapeutics for prevention and treatment.® > A significant challenge for developing newer treatments and vaccines is the avail-
ability of preclinical models that reproducibly recapitulate the disease process without requiring live viral infections and accommodate testing
of specific mutations that are present in the VOCs.

The current mouse models of SARS-COV-2 infection recapitulate many of the COVID-19 associated pathologies and symptoms, including
acute inflammatory/immune response, cytokine storm, ground glass opacities, pulmonary fibrosis, acute respiratory distress syndrome
(ARDS) and post-acute sequelae (PAC) or Iong—COVID.‘”O However, due to the differences in the amino acid composition of the angiotensin
converting enzyme —2 receptor between humans and mice, live virus infections require either humanized or transgenic mice, and viral strains
adapted to infect mice.*”'” A simple model that uses common mice strains and does not require adaptation would have the advantage of
rapidly testing new treatments and preventive strategies against known and emergent VOC.

Hyaluronic acid (HA) is a major culprit in inflammatory lung diseases, including chronic obstructive lung disease (COPD), ARDS, asthma,
and possibly COVID-19.""~"? It is a non-sulfated glycosaminoglycan made up of repeated disaccharide units, N-acetyl-D-glucosamine, and
D-glucuronic acid. In tissues, HA regulates hydration and osmotic balance, cellular functions, and immune cell infiltration.*" Three HA-syn-
thases (HAS1, HAS2, and HAS3) can synthesize HA, but the size of the HA polymer dictates its functions. In healthy lungs, HA is synthesized by
type Il alveolar and other types of cells but the basal HA levels are low.'*"® During inflammation, HA levels are elevated by several fold due to
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the upregulation of HAS2 and to some extent HAS3 expression in alveolar cells. Subsequently, HA may be degraded by hyaluronidases and
inflammation-associated reactive oxygen species to polymers of < 500 kD."® CD44 is the major HA cell surface receptor expressed on all
immune cell types.'®"® By binding to CD44 and Toll-like receptors (TLRs) 2 and 4, HA induces inflammatory cytokine (e.g., IL-18, TNF-a,
and IL-6) production, which stimulates the infiltration of inflammatory cells. Therefore, HA promotes an inflammatory tissue microenviron-
ment."*7% A study reported 24-27 non-coding RNA sequences in the SARS-COV-2 genome (“Human Identical Sequences”) that apparently
induce HAS2 expression; however, the mechanism remains unclear."”

4-methylumbelliferone (4-MU; 7-hydroxy-4-methylcoumarin), also known as Hymecromone, is an over-the-counter drug approved in Eu-
rope as a treatment for biliary spasms. 4-MU inhibits HA synthesis by competitively depleting UDP-glucuronic acid levels, and by downregu-
lating HAS2 and HAS3 expression.””?? 4-MU has an excellent safety profile for humans and mice. The 50% toxic dose for 4-MU (Pubchem;
compound CID 5280567) for mice and rats ranges between 2.8 g and >10 g per kg. Studies from our group and others have used 250 mg—
1000 mg/kg dose to control tumor growth and metastasis in various mouse models.””*° 4-MU suppresses lung inflammation and neutrophil
infiltration in murine models.”®?’ In human studies that include double-blinded placebo-controlled trials, the safety of oral 4-MU has been
established at 2400 mg/day for up to 3 months, as a choleretic drug.?> A U.S. based study showed that in healthy human volunteers,
4-MU oral dose up to 3600 mg/day was well tolerated; the reported mild to moderate adverse events (headache, gastrointestinal, and
insomnia) resolved without intervention.”®

There were two main objectives of this study. First was to generate a mouse SARS-COV-2 model that does not require a live virus infection,
is adaptable for any SARS-COV-2 variant and recapitulates the COVID-19 lung pathologies. The second objective was to evaluate if HA is a
major component of the SARS-COV-2 associated lung pathologies both in human disease and mouse models. Furthermore, at the human
equivalent dose, if 4-MU abrogates COVID-19 pathologies and associated morbidity in the treatment, prevention, and long-term outcome
setting.

RESULTS

Oropharyngeal model for COVID-like pathology

Toll-like receptors (TLRs) 7 and TLR8 are the natural receptors for uridine-rich single stranded RNA (ssRNA). GU-rich sequences from RNA
viruses such as human immunodeficiency virus and SARS-COV-1 bind TLR7/8 and induce signaling.””*° We identified a GU-rich sequence
in the SARS-COV-2 genome that is present in all known COVID-19 variants (CV2; key resources table). This sequence met the selection criteria
of >40% content of GU or UG pairs and at least one GUGU or UGUG motif.””*° We assessed the binding efficiency of CV2 to mouse and
human TLR protein sequences using the Random Forest classifier.’’ The classifier predicted the strongest binding efficiency of CV2 to TIr7
(mouse) and TLR7 (human) proteins, followed by TLR-8 (Table S1). We synthesized the CV2 ribo-oligonucleotide with a thioester bond to in-
crease stability (key resources table). We delivered CV2 either alone or with low dose bleomycin (BE) through the oropharyngeal route once
daily for seven days, to mimic sustained SARS-COV-2 infection. BE is known to cause lung fibrosis when administered by intratracheal or
oropharyngeal route.” ** The oropharyngeal (OP) model was based on a method described by Egger et al.*” We used an 8- to 10-fold lower
dose of BE (0.125 mg/kg) to facilitate inflammation without causing lung fibrosis. Magnetic resonance imaging (MRI) on day ten showed subtle
scattered areas of increased signal and a small unilateral pleural effusion in the lungs of mice receiving CV2 alone and minimal changes in the
BE alone group (Figure 1A). Contrarily, mice receiving BE + CV2 OP instillations showed hypertensive signal affecting both lobes, represen-
tative of ground glass opacities with some showing consolidative opacities (Figure 1A). The MRI signal volume was > 4-fold higher in the BE +
CV2 group compared to the control, BE and CV2 groups (Figure 1B). Mice in the BE + CV2 group also lost 15% of body weight by day 10, an
experimental endpoint as per the institutional guidelines (Figure 1C).

Lung pathology in the BE + CV2 group showed bronchiolar epithelial cells with reactive atypia and cytopathic effects resembling a viral
infection, (Figure 1D). Interstitial fibrosis was also evident along with the loss of alveolar space, and the inflammatory infiltrates comprising of
macrophages, and lymphocytes were more pronounced around the bronchioles. The lungs did not show eosinophilia, granuloma, or fibrotic
foci; the latter is a characteristic of an interstitial lung disease. Ground glass opacities, loss of alveolar space, interstitial fibrosis, and immune

36,37

infiltrates are the hallmarks of COVID-19 induced lung pathology.

4-methylumbelliferone prevents the development of COVID-19-like lung pathology

The ground glass opacities reported in the lungs of patients with COVID-19 and in BE + CV2-treated mice are consistent with the gel-like
properties of HA.'*'® Therefore, we determined if 4-MU has therapeutic efficacy in the BE + CV2 OP model at 250 mg/kg dose which is (hu-
man equivalent dose, 1400 mg/day/70kg). In clinical studies, 4-MU has been tried at 2- to 3-fold higher doses.””*® Mice receiving a daily
gavage of 4-MU starting on the day of BE + CV2 OP instillation, did not develop ground glass or consolidative opacities (Figure 1A). MRl signal
intensities in the 4-MU treatment group were not significantly different from the normal control group (Figure 1B). Moreover, mice in the 4-MU
treatment group maintained a stable weight (Figure 1C). Histopathology showed normal alveolar architecture in >80% areas of the lungs in
4-MU treated mice, with the remaining 20% areas showing a resolving infection (Figure 1D).

Pharmacokinetics of 4-methylumbelliferone in lung tissues

In the liver, 4-MU is metabolized into two major metabolites, 4-MU sulfate (4-MUS) and 4-MU glucuronide (4-MUG) with futile cycling
between 4-MU and the metabolites.’” 4-MUG is a stable metabolite which also inhibits HA synthesis.*® Following a single oral dose of
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Figure 1. Evaluation of lung pathology in the OP model and its prevention by 4-MU oral treatment

As shown in the schematic, C57BL/6 mice received the oropharyngeal instillation of BE, CV2 or BE + CV2. Concurrently, mice in the BE + CV2 group were treated
once daily with vehicle or 4-MU oral gavage until day 9. Mice were imaged by MRI on day ten, which was the experimental endpoint. Number of mice in each
group: Control (ctr) n = 4; BE, CV2, BE + CV2, Vehicle (Veh): n = 5; BE + CV2 (4-MU), n = 6. The experimental endpoint was day ten, as the mice in the BE + CV2
vehicle group became moribund and showed about 15% loss of body weight.

(A) MRI images of the lungs from three representative mice in each group on day ten.

(B) Quantification of the MRI signal in the lungs on day 10. Dots represent MRI signal data for individual mice in each group; the line shows the mean intensity in

each group.

(C) Body weights of mice in each group. The Y axis shows the percentage of mice weights compared to day 1 (100%) in each group. The experimental endpoint
was based on the drop in body weight by 15% in the vehicle group. Data in B and C: Mean + SD.

(D) Representative hematoxylin-Eosin images of lung tissues in different groups at endpoint (day 10).

4-MU (250 mg/kg), while 4-MU and its metabolites were rapidly cleared from the lung tissues, we observed a second peak for both 4-MUS and
4-MUG at 8 h (Figure 2A). 4-MUG was the major metabolite and its concentration exceeded 2 mg/g of lung tissue at 8 h; even at 12 h, 4-MUG
levels were 0.32 mg/g (Figure 2A). These levels were significantly higher than the ICsy of HA synthesis.

Increased hyaluronic acid and hyaluronic acid family expression in the BE + CV2 oropharyngeal model and its attenuation by
4-methylumbelliferone

We measured HA levels in lung tissue extracts of mice from the control group and from BE + CV2 groups treated with either vehicle or 4-MU
(as described in Figure 1). HA levels measured by the HA test,">*! detected minimal basal HA levels in the control mice. However, HA levels
were 7-fold elevated in the vehicle treated group (Figure 2B). In the 4-MU treatment group, HA levels were comparable to the basal HA levels
(Figure 2B). Among the HA synthases, HAST and HAS3 protein expression was low in mice lungs (Figure 2C). However, the expression of
HAS2, CD44, and collagen type 1A1 (Col1A1) proteins was elevated in the lung extracts of mice from the BE + CV2 vehicle group (Figure 2C;
Table S2). We have shown that CD44-HA interaction induces CD44 expression through autocrine signaling.”*® Similarly, HA induces Col1A1
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Figure 2. Pharmacokinetics of 4-MU and the measurement of HA, HA-family molecules in the lung and BAL specimens

(A) Pharmacokinetics of 4-MU. Levels of 4-MU, 4-MUS and 4-MUG were measured by LC-MRM-MS in lung tissues at different times following oral gavage.
Multiple transitions (parent ion/daughter ion pairs) were monitoring for each drug and the ones used for quantification (quantifier) were 175.1/133.0, 351.0/
175.1 and 255.0/175.1 for 4-MU, 4-MUG and 4-MUS, respectively. The integrated peak areas for these transitions were calculated for each sample using the
Skyline software (version 20.0, University of Washington). Data: Mean + SD (n = 3).

(B) HA levels in lung tissue extracts from mice in the control, vehicle and 4-MU treatment groups (described in Figure 1) were measured by the HA test and
normalized to total protein. Data: Mean + SD HA levels (ng/mg protein) in mouse tissue extracts (n = 3).

(C) Immunoblot analysis of mice lung extracts from various groups (described in Figure 1), for HA-family and Col1A1 proteins; actin is the loading control.

(D) HA levels measured in BAL specimens from patients with COVID-19 (+); n = 12 or other respiratory or cardiovascular pathologies (—); n = 19). Dots represent
HA levels in individual patients; the line indicates mean HA levels in each group.

expression which is known to promote fibrosis.** HAS2, CD44, and Col1A1 levels in the 4-MU treatment and control groups were similar (Fig-
ure 2C; Table S2).

Hyaluronic acid/hyaluronic acid family expression in the BE + CV2 oropharyngeal model mirrors human COVID-19 lung
pathology

Since HA levels were elevated in lung extracts from the vehicle group of the BE + CV2 OP model, we measured HA levels in bronchoalveolar
lavage (BAL) specimens from patients with COVID-19 and other conditions that required intubation (n = 31; Table S3). Compared to the pa-
tients with other lung pathologies (e.g., COPD, pneumonia, and so forth), HA levels were elevated 13.6-fold in BAL specimens from patients
with COVID-19 (Figure 2D). In univariate analysis, COVID-19 status significantly correlated with HA levels but not with race, sex, or mortality
(Table S4). Elevated HA levels had 83% sensitivity and 100% specificity to associate with COVID-19 diagnosis (Table S4).

In a second cohort, we stained lung specimens obtained at autopsy from patients with COVID-19 and other causes, for HA, HAS2, CD44,
and Col1A1 by immunohistochemistry”>** (Table S5). In parallel, we stained lung specimens from mice in the control, and OP model groups
for the same markers. Compared to COVID-19 negative (—) pathologies, HA, HAS2, CD44, and Col1A1 expression were 3- to 7-fold elevated
in lung specimens from patients with COVID-19 (Figures 3A and 3C). While HA and Col1A1 formed a dense extracellular matrix surrounding
the thickened alveolar epithelium with reduced alveolar spaces, HAS2, and CD44 were expressed in both epithelial and stromal cells (Fig-
ure 3A). Mirroring this pattern, lung specimens from the BE + CV2 vehicle group showed a 10- to 20-fold higher expression of HA, HAS2,
CD44 and Col1A1, which was significantly reduced in the 4-MU treatment group (Figures 3B and S1).

4-methylumbelliferone inhibits an inflammatory signature in the BE + CV2 oropharyngeal model

Given the pivotal role of HA in inflammation and inflammation being a prime factor in COVID-19 pathology, we evaluated the expression of
ten transcripts, associated with inflammation, the cytokine storm and immune cell infiltration: HAS2, CD44, Col1A1, MMP-3, CTHRCT, IL-18,
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Figure 3. Immunohistochemical analyses of human and mouse lung tissues for HA, HA-family and Col1A1

(A-C)HA, HAS2, CD44 and Col1A1 were localized by IHC in human lung tissues from patients with (+) or without (—) COVID-19 and in mouse lung tissues from the
control, and BE + CV2 (vehicle, 4-MU) groups described in Figure 1. Representative specimens from each category are shown. (A) H&E and IHC staining images of
human lung tissues. (B) Mouse lung IHC images. Note, H&E images for mouse tissues are shown in Figure 1C. The quantification of staining intensities is shown in
Figure S1.

TNF-g, IL-6, CXCL1, and CXCL2."*° The expression of all the ten transcripts was measured using a reverse transcription polymerase chain
reaction using gene specific primers”>**°' (Table S6). The expression of various transcripts was 3- to > 10-fold elevated in the vehicle group,
as compared to the control and 4-MU treatment groups (Figures 4A-4J). Hierarchical clustering of the transcript data was performed using
the heatmapper software,” and showed an overall grouping of specimens in the control, vehicle, and 4-MU treatment groups, suggesting
that these ten transcripts likely represent a signature for the COVID-19-associated lung pathology and its resolution by 4-MU treatment
(Figure 4K).

Immune cell infiltration in the BE + CV2 oropharyngeal model mimics human COVID-19 pathology and is inhibited by
4-methylumbelliferone

Increased infiltration of macrophages (CDé8"), T-cells (CD3") and neutrophils is commonly observed in lung specimens of patients with
COVID-19.%*° IHC of the postmortem lung specimens from patients with COVID-19 showed 5- to 9-fold higher infiltration of myeloid linkage
cells (i.e., CD68" monocyte/macrophages), T-cells (CD3") and neutrophils (myeloperoxidase [MPO]+) compared to patients with other res-
piratory or cardiac events (Figures 5A and S2). Lung specimens of mice in the vehicle group (BE + CV2 OP model) showed 4- to 8-fold higher
infiltration of macrophages, T-cells, and neutrophils (Ly6G+; Figures 5B and S2) than control mice. Furthermore, the increased infiltration was
>90% inhibited in the 4-MU treatment group (Figures 5B and S2).

4-methylumbelliferone inhibits COVID-19 like lung pathology in a treatment setting

While 4-MU inhibited the development of lung pathology when administered concurrently with the BE + CV2 instillations, we next investi-
gated if 4-MU has efficacy in treating an established/ongoing COVID-19 like pathology. In this setting, mice received OP installations of
BE + CV2 for three days, followed by oral treatment with vehicle or 4-MU from day four to ten. MRl imaging on day four (before starting
the 4-MU treatment) showed scattered areas of increased signal (Figure 6A). On day ten, mice in the vehicle treatment group showed a hyper-
intense signal involving bilateral lower lungs with ground glass opacities (Figure 6A). In the 4-MU treatment group, hyperintense signal was
absent, and areas of increased signal that were detected on day four before starting the treatment had resolved (Figure 6A). The mean MR
signal volume was about 3-fold higher in the vehicle group compared to the 4-MU treatment group (Figure 6B).

The mice in the vehicle treatment group lost about 14% of body weight within ten days; however, the 4-MU treated group showed <5%
weight loss (Figure 6C). Lung specimens from the vehicle group showed loss of alveolar space and interstitial fibrosis without significant eosin-
ophilia or granuloma. The inflammatory component in the interstitium was filled with lymphoplasmacytic infiltrate. Furthermore, bronchial
epithelial cells showed reactive atypia and giant multinucleated cells that are characteristic of viral cytopathic effects (Figure 6D). Contrarily,
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Figure 4. Evaluation of an inflammatory transcript signature in the BE + CV2 OP model

RT-gPCR analyses for a ten gene signature was peformed on RNA isolated from lung tissues of mice in the control or BE + CV2 groups (Vehicle or 4-MU). The BE +
CV2 treatment groups are described in Figure 1. The levels of each transcript were measured in lung tissues collected on day ten (experimental endpoint).
(A-J) Panels show the levels of the indicated transcripts. Dots represent the levels of a particular transcript in individual tissues; the line shows mean transcript

levels in each group (n = 5 per group).
(K) Hierarchical clustering of the transcript expression data shown in panels A — J.

lung specimens from the 4-MU treatment group showed normal alveolar architecture without interstitial fibrosis or lymphoplasmacytic infil-

trate (Figure 6D).

The ten-transcript signature consisting of HAS2, CD44, Col1A1, CTHRC1, MMP-3, IL-1B, IL-6, TNF-a, CXCL1, and CXCL2 accurately clus-
tered the specimens in the control, vehicle, and 4-MU treatment groups (Figure 4E). The levels of all ten transcripts were 10- to 20-fold
elevated in the vehicle group compared to the control and the 4-MU treatment (Figure S3).

Hyaluronic acid matrix supports immune cell infiltration and its inhibition by 4-methylumbelliferone

During inflammation, the adhesive cables of HA matrix support immune cell migration.”®>” We co-localized HA and individual immune cell
types, i.e., CD68" macrophages, CD3" T-cells and MPO+ neutrophils in postmortem lung specimens from patients with or without COVID-19
pathology (Table S5). Lung specimens from patients with COVID-19 showed an increased number of macrophages, T-cells and neutrophils
embedded within the HA matrix. Contrarily, lung specimens from patients who died of other pulmonary and/or cardiovascular causes showed
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Figure 5. Immune cell expression in human and mouse lung tissues

Immune cells i.e., macrophages (CD68"), T-cells (CD3") and neutrophils (MPO for human; Ly6G for mouse) were analyzed in human and mouse lung tissues
by IHC.

(A) Representative images of human lung tissues from patients with (+) or without (—) COVID-19 showing the infiltration of specific immune cell types.

(B) Representative images showing indicated immune cell infiltration in mice lungs from the control, and BE + CV2 instillation groups (vehicle and 4-MU
treatment). The quantification of staining intensities is shown in Figure S2.

less deposition of HA matrix and immune cell infiltration (Figures 7A, 7C, and S4-S6). Lung specimens from control mice showed minimal HA
matrix and immune cell infiltration (Figures 7B, 7C, and S4-56). However, mice lungs in the vehicle group from the three-day BE + CV2 OP
model showed massive (6- to 20-fold) infiltration of macrophages, T-cells and neutrophils embedded in a dense HA matrix (Figures 7B, 7C,
and 54-56). The HA matrix in the lungs of mice from the 4-MU treatment group was sparse with a concomitant 4- to 10-fold reduction in im-
mune cell infiltration (Figures 7B, 7C, and S4-S6).

4-methylumbelliferone treatment has efficacy in the long-term recovery of COVID-19 like effects

The data presented in Figures 1 and 6 shown that 4-MU is effective in the prevention and treatment settings. Therefore, we examined if 4-MU
treatment could have efficacy in the long-term recovery even after a severe infection, we performed OP instillations of BE + CV2 for seven days
and the mice were treated with 4-MU or vehicle from days four to fifty. In this setting, 66% of the mice recovered based on MRl imaging and
after losing about 14% of their body weight by day ten, the surviving mice gained weight to the pre-BE+CV2 instillation level (Figures S7TA-
S7C). The mice that recovered showed normal lung architecture with minimal areas of interstitial fibrosis or immune cell infiltration
(Figure S7D).

4-methylumbelliferone effectively inhibits severe COVID-19 like pathology in the BE + Delta/Omicron (A/O) ribo-
oligonucleotide oropharyngeal model

SARS-COV-2 variants such as Delta (A) and Omicron (O) contain multiple mutations, including the L452R mutation that likely increases the
evasion of the immune system, and viral transmissibility. Curiously, this mutation is within a GU/UG rich sequence. We evaluated if the
COVID-19 like lung pathology could be induced by this GU/UG ribo-oligonucleotide containing the L452R mutation (A/O). The RF clas-
sifier prediction showed that A/O can interact with both mouse and human TLR7 proteins with 75% efficiency. We delivered BE+(A/O)
combination once daily for seven days. Concurrently, mice were treated with vehicle or 4-MU once daily from day one to nine. MRl im-
aging on day ten showed a bilateral hyperintense signal with areas representing ground glass opacity and more focal areas related to
consolidative opacities. In the 4-MU treatment group, there was a significant decrease to the complete absence of hyperintense signal
(Figure 8A). The mean MRI signal volume was about 2.5- to 3-fold higher in the vehicle group compared to the 4-MU treatment group
(Figure 8B). Mice in the vehicle group showed about 15% weight loss, whereas the mean weight loss in the 4-MU treatment group was
about 6% (Figure 8C).

Lung pathology in the vehicle group revealed cytopathic effects, interstitial fibrosis, loss of alveolar space, and infiltration of immune
cells. Additionally, significant areas of the bronchioles were filled with mucus and neutrophilic debris. Consistent with the MRI findings, in
the 4-MU treatment group, lung pathology showed normal alveolar architecture with minimal interstitial fibrosis or lymphoplasmacytic
infiltrates in the interstitium (Figure 8D). The ten-transcript signature clustered the specimens into control, vehicle, and 4-MU treatment
categories (Figure 8E). Quantitatively, the expression of all transcripts was 10- to 40-fold elevated in the vehicle group compared to
the control and 4-MU treatment groups (Figure S8). The lung tissues from the vehicle group showed increased deposition of dense HA
matrix with immune cell infiltration in (Figure S9). Like the control group, in the 4-MU treatment group, the HA matrix was sparse with min-
imal immune cell infiltration (Figure S9).
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Figure 6. Evaluation of 4-MU treatment efficacy in the BE + CV2 OP model in an established/ongoing COVID-19 like pathology setting

As shown in the schematic, C57BL/6 mice received the oropharyngeal instillation of BE + CV2, once daily for three days. Mice were then treated once daily with
vehicle or 4-MU oral gavage starting on day four until day ten (experimental endpoint); n = 5 per group. The experimental endpoint was day ten, as the mice in the
BE + CV2 vehicle group became moribund and showed about 15% loss of body weight.

(A) MRI images of the lungs from three representative mice on day four (before starting 4-MU treatment) and on day ten.

(B) Quantification of the MRI signal from the lungs of mice in each group. Dots represent the MRI signal data for individual mice in each group; the line shows the
mean intensity in each group.

(C) Body weights of mice in each group. The Y axis shows the percentage of mice weights compared to day 1 (100%) in each group. Data in B and C: Mean + SD.
(D) Representative hematoxylin-Eosin images of lung tissues in different groups at endpoint (day 10).

(E) Hierarchical clustering of the expression of the ten transcripts in mouse tissues from the control, vehicle and 4-MU treatment groups. The transcript expression
data are shown in Figure S3.

DISCUSSION

Our study reports three salient findings, which are schematically explained in Figure 9. First, this study describes virus-free BE + CV2 and
BE+(A/O) models that mirror COVID-19 pathologies. Second, the study shows compelling evidence for HA as a mediator, if not as a driver
of COVID-19 pathologies. Third, the study provides a strong rationale for the use of 4-MU in preventing and treating severe symptoms and
plausibly PAC. The use of SARS-COV-2 ribo-oligonucleotides for inducing COVID-19 pathologies makes the model universally adaptable.
The ribo-nucleotides can be inexpensively synthesized by any commercial vendor and the models can potentially test any “mutation of inter-
est” in VOCs without needing viral adaptation to mice or creating a humanized mouse. Furthermore, BE + CV2 OP instillation models can be
established in any laboratory world-wide, as they do not require BSL-3 facilities, which is necessary when using live SARS-COV-2.

In BE + CV2 and BE+(A/O) models, the amount, and duration of OP instillations of the ribo-oligonucleotides can be controlled to allow the
testing of any drug in the prevention, therapeutic and PAC settings. In our study, daily instillations of BE + CV2 for seven days mirrored an
active severe infection. An OP installation for three days, with treatment starting on day four, is like a clinical scenario where early symptoms
trigger diagnostic testing and treatment after a positive test. Treatment of mice up to fifty days after OP instillations for seven days mirror
testing treatment efficacy for PAC after a severe infection.
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Figure 7. Localization of immune cells on HA matrix in human and mouse lung tissues

Lung tissues from patients and mice were stained simultaneously for HA and macrophages (CD68), T-cells (CD3") or neutrophils (MOP for human; Ly6G for
mouse) by immunocytochemistry. Alexa Fluor 594 (red) represents immune cells; Alexa Fluor 488 (green) shows the HA matrix.

(A) Representative merged images of lung tissues from patients with (+) or without (—) COVID-19 showing the infiltration of specific immune cell types on the HA
matrix.

(B) Representative images showing indicated immune cell infiltration in mice lungs from the control, and BE + CV2 instillation groups (vehicle and 4-MU
treatment) described in Figure 6. For the merged images shown in panels A and B, images of the same tissues with each fluorophore and DAPI (nuclear
staining) are shown in Figures S4-S6.

(C) Quantification of immune cell infiltration in human and mouse lung tissues. Dots represent counts per high power field. The line shows the mean number of
immune cells infiltrated in a high power field (n = 15-50 HPF counts per group).

Both BE + CV2 and BE+(A/O) models display classic COVID-19 pathologies, including ground glass opacities, pulmonary fibrosis, loss of
alveolar space, viral cytopathic effects and immune infiltrates consisting of macrophages/monocytes, T-cells, and neutrophils in lung tissues.
Furthermore, the MRI findings and weight loss are comparable to the worsening of symptoms in the absence of treatment. Death as an
endpoint could not be evaluated due to institutional guidelines for animal welfare. The models rely on low dose BE to facilitate lung
injury/inflammation. However, unlike the BE-induced ARDS in other models,*® BE alone at low dose did not induce lung pathologies.

In published studies, including one study that evaluated HA levels in the plasma of patients with COVID-19, HA levels are compared be-
tween healthy individuals and patients with lung pathologies.”*'*"” However, plasma HA levels reflect inflammation in any organ of the body.
In two independent patient cohorts, we found that HA levels were >10-fold elevated in BAL and lung specimens from patients with COVID-19
as compared to patients with other lung pathologies. Significantly higher HA levels in the lungs are likely to cause the massive accumulation of
fluid and ground opacities observed in the COVID-19 infection. A concomitant increase in the expression of the HA family in lung specimens
from patients with COVID-19 further confirms the role of HA as a significant mediator of severe COVID-19 pathologies.

The elevated ten-transcript inflammatory signature, consisting of HAS2, CD44, IL-1B, TNF-a, IL-6, Col1A1, CTHRC1, MMP-3, CXLC1, and
CXCL2, is related to the role of HA in establishing COVID-19 pathology in the BE + CV2 and BE+(A/O) models. For example, HA induces the
expression of pro-inflammatory cytokines IL-1B, TNF-a, and IL-6, which are part of the cytokine storm observed in COVID-19."379°7 HA also
induces the expression and deposition of Col1A1 and of a related molecule, Collagen Triple Helix Repeat Containing 1 protein (CTHRC1).
Both Col1A1 and CTHRC1 are elevated in the lungs of patients with COVID-19.%%72% |L-1 induces the expression of MMP-3, which is a po-
tential biomarker and therapeutic target for COVID-19.%%"? Neutrophilic inflammation is a hallmark of COVID-19 infection. Chemokines
CXLC1 and CXCL2, which neutrophil recruitment at the site of inflammation, are upregulated in COVID-19.>

Innate and adaptive immunological responses in COVID-19 infections show peripheral blood abnormalities that include neutrophilia, lym-
phopenia, and atypical immune cells.” However, lung specimens from patients with COVID-19 have increased the infiltration of monocytes/
macrophages, T-cells and neutrophils.”** During inflammation, immune cell infiltration is supported by the rolling of immune cells on “HA
cables” via cell-surface HA-CD44 interaction.'” Our data on the co-localization of HA and individual immune cell types in lung specimens from
patients with COVID-19 and mouse models provide direct evidence for the causative role of HA in recruiting immune cells to the lungs.

4-MU is the only well-characterized inhibitor of HA synthesis and has an excellent safety profile in human studies.””*® In the BE + CV2 and
BE+(A/O) models, 4-MU treatment downregulated increased HA and HA family expression, inflammatory signature, and immune cell infiltra-
tion regardless of if 4-MU was administered concurrently will be + CV2 (or BE+(A/O)) OP instillations (i.e., prevention setting) or after the
COVID-19 such as pathology was established (i.e., treatment setting). In both settings, 4-MU oral treatment prevented/inhibited the
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Figure 8. Evaluation of lung pathology in the BE + Delta OP model and of 4-MU treatment efficacy

As shown in the schematic, C57BL/6 mice received the oropharyngeal instillation of BE + Delta once daily for 7 days. Concurrently, mice were treated once daily
with vehicle or 4-MU oral gavage until day 9. Mice were imaged by MRI on day ten, which was the experimental endpoint. n = 5 per group. The experimental
endpoint was day ten, as the mice in the BE+A/O vehicle group became moribund and showed about 15% loss of body weight.

(A) MRl images of the lungs from three representative mice in each group on day ten.

(B) Quantification of the MRI signal from the lungs of mice in each group. Dots represent the MRI signal data for individual mice in each group; the line shows the
mean intensity in each group.

(C) Body weights of mice in each group. The Y axis shows the percentage of mice weights compared to day 1 (100%) in each group. Data in B and C: Mean + SD
(n =5 per group).

(D) Representative hematoxylin-Eosin images of lung tissues in different groups.

(E) Hierarchical clustering of the expression of the ten transcripts in mouse tissues from the control, vehicle, and 4-MU treatment groups. Transcript expression
data are shown in Figure S8.

development of severe COVID-19 pathologies and associated morbidity. 4-MU did not cause a decrease in the basal levels of HA and HA-
family in the lung tissues from the treatment groups, which is consistent with a previous report that 4-MU/4-MUG causes minimal decrease in
the basal levels of HA in various tissues.”“? Furthermore, 4-MU treatment neither decreases leukocytes levels in tissues and in lymph nodes
nor does it induce ROS production or loss of viability in leukocyte.*®° These findings establish the plausible therapeutic efficacy of 4-MU for
COVID-19 with minimal toxicity.

A clinical study from China reported that 4-MU decreased disease progression in patients hospitalized for COVID-19."” While few details
regarding the source of 4-MU (Hymecromone) and the trial design were provided, the study also reported that a single intratracheal instil-
lation of HA (200-400 kD) in mice lungs caused ground opacities after four days.'” The latter finding is surprising because HA polymers of
various sizes (7-741 kD) are minimally retained in the lungs following intratracheal instillation.”’ Furthermore, high molecular mass HA
(>215 kD) has a short retention time in the lungs (5-7 h).°" A perceived conundrum regarding 4-MU’s efficacy in various clinical and preclinical
studies is its short half-life in circulation.”” However, 4-MUG, also inhibits HA synthesis, and is converted to 4-MU in futile cycling.38 Qurdataon
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Figure 9. Schematic representation of HA induced COVID-19-like pathology and its inhibition by 4-MU

After the viral entry to the respiratory tract (1), SARS-CoV-2 mainly infects (2) alveolar type Il pneumocytes through ACE2 receptors in the lower respiratory region.
TLR7/8 receptors in the endosomes sense the SARS-CoV-2 ssRNA producing interferons and proinflammatory cytokines leading to (3) the infiltration of innate
immune cells. Innate immune cells are primarily responsible for producing proinflammatory cytokines after (4) sensing the SARS-CoV-2 ssRNA or the ribo-
oligonucleotides (CV2 or A/O). Low concentration of BE is introduced to facilitate inflammation to mimic virus induced inflammation and early immune
activation. Innate immune cells produce proinflammatory cytokines through (5) TLR signaling which in turn results in the (6) differentiation and proliferation of
type Il pneumocytes. Fibroblasts along with type Il pneumocytes and innate immune cells (7) actively secrete HA. (8) HA can engage TLR2 and TLR4
receptors to further activate TLR inflammatory signaling in the innate immune cells or signal through (9) HA-CD44 pathway in all cell types to activate
inflammation and cellular differentiation and proliferation. The lack of clearance of pathogenic factors results in unregulated loop of innate activation and
uncontrolled production of cytokines causing (10) cytokine storm. The effect of cytokine storm induces positive feedback loop onto the differentiation of
type Il pneumocytes to fibroblasts and proliferation and activation of interstitial fibroblasts which further enhances (11) collagen production and HA secretion
in lungs. Moreover, (12) HA enhances immune cell infiltration into the interstitium and alveoli. (13) Due to its hygroscopic nature and water absorption
property, high amount of HA production in lungs leads to pulmonary edema and ARDS. (14) 4-MU inhibits HA synthesis and blocks HA-induced
inflammation and subsequent pathological manifestation.

the pharmacokinetics of 4-MU at a human equivalent dose of show high 4-MUG levels in the lungs even at 12 h, suggesting that oral 4-MU
treatment would be effective even at a reduced dose.

In summary, our study demonstrates that the virus-free BE + CV2 and BE+(A/O) models mirror COVID-19 pathologies observed in pa-
tients. Furthermore, HA is a strong mediator of the severe pathological manifestations observed in patients with COVID-19 and that 4-MU
has potential to effectively prevent and treat COVID-19 symptoms and PAC.
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Limitations of the study

The following are the limitations of our study. First, because of technical restrictions, we could not estimate the amount of CV2 or the A/O ribo-
oligonucleotide uptake in lung tissues following OP instillation and whether the ribo-oligonucleotides were preferentially taken up by certain
cell types (e.g., alveolar cells). Second, we selected the ribo-oligonucleotides based on the selection criteria of >40% content of GU or UG
pairs and at least one GUGU or UGUG motif. However, it is possible that other sequences in the SARS-COV-2 genome also generate lung
pathologies that we observed in our models. Nevertheless, the design of the OP model described in this study may allow future research in
this area. Third, the premise of the study was based on generating virus-free models, and therefore, the study did not include a side-be-side
comparison with the live virus. However, the comparison of patient samples and lung tissues/extracts, MRl images, lung pathologies demon-
strate that these animals models induce COVID-19-like pathologies. Lastly, in our studies we used a single dose of 4-MU based on the dose
that is used for treating biliary spasms in patients. Nonetheless, our pharmacokinetics studies show that dose reduction is possible for the
4-MU oral treatment to prevent/inhibit COVID-19 and plausibly PAC.
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5/ rC*rG*rU*rG*rU*rA*rG*
rA*rG*rU*rG*rU*rU*rU*rU*rU*rG-3’
Delta

5 rA*TA*A*rC*rC*rU*rU*rG*
rU*rA*rA*rU*rG*rG*rU*rG*rU*rU*rG-3’

Strain Wuhan

Strain Delta

17202-17218
OM790279.1 nucleotides 17202 - 17218

22871-22879
OK091006.1 nucleotides 22871-22879

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Software and algorithms

Graphpad Prism 8.0.0 Graphpad software https://www.graphpad.com/
JMP Pro 14 JMP Pro software https://www.jmp.com/
Other

Cytoseal 60 Epredia 8310-4

Anti-Fade Fluorescence Mounting Medium Abcam AB104135

Protein block serum-free DAKO/Agilient X090930-2
Streptavidin, Alexa Fluor™ 488 conjugate ThermoFisher $11223

DAPI Invitrogen ThermoFisher D1306

Lipofectamin™ 3000 transfection reagent ThermoFisher 3000001
RESOURCE AVAILABILITY

Lead contact

Further information and requests should be directed to and will be fulfilled by the lead contact, Vinata B. Lokeshwar (vlokeshwar@
augusta.edu).

Materials availability

The study generated Single strand (ss) RNA sequences in the Wuhan strain of SARS-COV-2 (CV2), and the B.1.617.2 lineage Delta/Omicron
(A/Q) variant. These ribo-oligonucleotides were synthesized with a phosphothioate bond modification by Integrated DNA Technologies.
GenBank ID and sequence are available in the key resources table. Supplementary materials are available.

Data and code availability
All data reported in this paper can be made available upon reasonable request from the lead contact.

This paper does not report any original code.
Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Ethical committee approval
This study was approved by the Augusta University Institutional Review Board (protocol # 1610562) in consultation with the Augusta University

Environmental Health and Safety Office (BSP # 2014). The vertebrate animal experiments were conducted under a protocol approved by the
Institutional Animal Use and Care Committee (AUP#2010-0201).

METHOD DETAILS

Specimens

Bronchoalveolar lavage (BAL) specimens from hospitalized patients were collected between December 2021 and January 2022. This study
was approved by the Augusta University Institutional Review Board (protocol # 1610562) in consultation with the Augusta University Environ-
mental Health and Safety Office (BSP # 2014). Postmortem lung tissue from patients with confirmed SARS-COV-2 infection who succumbed to
hypoxic respiratory failure or other respiratory diseases were included in this study. Autopsies were performed after consent was obtained
from next of kin. Use of human tissue for postmortem studies has been approved by the institutional review board (protocol # 611107);
formalin-fixed COVID autopsy specimens were obtained under protocol # 1610562 designated for samples from SARS-COV-2 infected indi-
viduals between September 2020 and May 2022. All available patient characteristics for both cohorts are provided in Tables S3 and S5. The
specimens were deidentified, delinked and demographic data regarding ethnicity, ancestry, or socioeconomic status were not available.

Murine oropharyngeal (OP) aspiration model

The vertebrate animal experiments were conducted under a protocol approved by the Institutional Animal Use and Care Committee
(AUP#2010-0201). In each experiment, C57BL/6 mice in various groups (e.g., vehicle, 4-MU) were age matched and included both sexes,
described as follows: Figure 1 groups: Ctr (4 Males, 1 Female; 2-5 months), BE (4 Males, 1 Female; 2-5 months), CV2 (2 Males, 3 Females;
3 months), BE + CV2 Veh (4 Males, 1 Female; 2-5 months), BE + CV2 4-MU (3 Males, 3 Females; 5 months). Figure 6 groups: BE + CV2
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Veh (4 Males, 1 Female; 4-5 months), BE + CV2 4-MU (2 Males, 3 Females; 3-5 months). Figure 8 groups: BE+A/O Veh (4 Males, 1 Female;
4-5 months), BE+A/O 4-MU (2 Males, 3 Females; 3-5 months). Figure S7 group: BE + CV2 4-MU (3 males; 3-6 months).

CV2 or (A/O) ribo-oligonucleotide (10 pg/aspiration; 1 ng/ulL stock) and Lipofectamin 3000 transfection reagent (10 pL) were mixed 1:1in
Dulbecco’s Modified Eagles Medium. Bleomycin (BE; 0.125 mg/kg) was diluted in phosphate buffered saline (PBS). The oligo/lipofectamine
mixture with or without BE, was placed onto the distal part of the oropharynx as described by Egger et al.>” 4-MU or vehicle oral treatments
were administered as per the experimental design described in each Figure. A decrease in body weight by 15% was the experimental
endpoint, as approved under the AUP#2010-0201.

4-MU administration and pharmacokinetics (PK) of 4-MU in lung tissues by LC-MRM MS analysis: Mice received a daily gavage of vehicle
(2% sucrose; 0.1 cc) or sodium salt of 4-MU (250 mg/kg) in 2% sucrose and euthanatized at different time intervals (0-24 h; n = 2 or 3/time
point). Lung tissues (20 mg) was homogenized in PBS and 4-MU and metabolites were extracted in methyl tert-butyl ether. The clear upper
phase was dried, reconstituted in methanol and separated on a Phenomenex Kinetex C18 column (100 x 2.Tmm, 1.7um) using a Shimadzu
Nexera UHPLC system and gradient elution from 20% to 90% acetonitrile (with 0.1% formic acid) in 5 min; flowrate of 0.2 mL/min. The eluent
was ionized via negative ion electrospray on a TSQ Quantiva triple-quadrupole mass spectrometer (Thermo Scientific). The optimal collision
energy levels and RF lens settings were determined using 4-MU and its metabolites, i.e., 4-methylumbelliferyl sulfate (4-MUS), 4-methylum-
belliferyl-B-D-glucuronide (4-MUQG), as standards (>98% HPLC).

Magnetic resonance imaging (MRI) imaging

MRIimages of mice lungs were recorded, individually in a BioSpec 70/20 USR MRI system with the following parameters: slice thickness = 1 mm;
repetition time = 20 ms, echo time = 0.47 ms, flip angle = 15°, bandwidth = 200 kHz, 402 projections, 4 averages, matrix size = 128 x 128, field of
view = 3.2 X 3.2 cm2; scan time: The total scan time per animal was 418 s. The Images (bright region) of whole lung from each mouse were
quantified using the ImageJ software.

HA ELISA-like assay (HA test)

BAL specimens were heated at 700C for 20 min in 1% SDS-PBS solution and stored frozen at —800 C. For assaying, the samples were incu-
bated in boiling water for 10 min and centrifugation at 14,000 rom for 10 min.***® HA levels in lung tissues and BAL specimens were measured
by an ELISA-like assay and normalized to total protein levels.**®

Immunohistochemistry (IHC)

Five-micron sections of paraffin-fixed tissues were placed on positively charged slides. The slides were made by the Electron Microscopy and
Histology Core at Augusta University. The slides were sequentially deparaffinized, rehydrated and subjected to antigen retrieval by heating
the slides at 95°C for 25 min in the Target-Retrieval Solution. The slides were then incubated with the primary antibodies; HA: DAKO antibody
diluent 1:500; RT, 2h; HAS 2: 4% goat serum; 1:2000 RT, 2h; CD3: DAKO antibody diluent 1:100 40C O/N; CD68/SR-D1: DAKO antibody
diluent 1:100 40C O/N; Myeloperoxidase: DAKO antibody diluent 1:200 40C O/N; Mouse Ly6g/Gr1: DAKO antibody diluent 1:500; RT, 2h;
CD44: DAKO antibody diluent 1:200 40C O/N; Collagen 1A1 (Col1A1): DAKO antibody diluent 1:150 40C O/N. Primary antibodies are
described in the key resources table. The slides were developed using the Dako LSAB kit and 3,3'-diaminobenzidine staining. Slide
grading for staining intensity was performed by two individuals in a blinded fashion. To account for the heterogeneity in staining, each spec-
imen was graded for staining intensity (0-3 +) and then multiplied by the area in the specimen staining, with that intensity (e.g., 25% x 0 = 0;
50% x 1+ =50 and 25% x 2+ = 50). The intensity scores in all areas were added to obtain the staining score for the entire specimen (e.g., 0 +
50 + 50 = 100). Therefore, each specimen received a staining score between 0 and 300. The intensity scores of the two readers were then
averaged to obtain the final score. Immune cells were counted at 400X magnification (high power field [HPF]).

Immunocytochemistry

Lung tissues were processed like the IHC procedure. Non-specific binding sites were blocked in 3% goat serum plus 1% bovine serum albumin
solution followed by incubation with biotinylated HA-binding protein and a primary antibody. HA and the antigen (CD68, CD3 or Ly6G/mye-
loperoxidase [MPQ]) were visualized using Alexa Fluor 488 conjugated Streptavidin and Alexa Fluor 594 conjugated anti-rabbit antibody,
respectively blocked with IF buffer: 1X PBS/1% BSA/0.3% Triton X-100 at 1:400 dilution. The images were acquired, and immune cells
were counted using Keyence digital microscope under high-power-field.

Real-time qPCR and immunoblot analyses

Total RNA isolated from mouse lung tissues was subjected to quantitative RT-PCR using gene specific primers; primer sequences are pro-
vided in Table Sé. Forimmunoblotting, tissues were homogenized in a non-ionic detergent solution, containing a protease inhibitor cocktail.
The lysates were clarified by centrifugation and analyzed for specific proteins; actin was used as the loading control.

QUANTIFICATION AND STATISTICAL ANALYSES

All analyses in this study were performed using JMP Pro 14 and GraphPad Prism 8.0.0 software. Logistic regression single parameter analysis
(univariate) was used to determine the association of HA levels with various parameters. Differences in MRI intensity signals, normalized
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mRNA expression, HA levels, staining intensity or immune cell counts between two groups (vehicle versus 4-MU treatment) were analyzed by
un-paired t-test or by Tukey's multiple comparison test for multiple group comparisons; p-values are two-tailed. For hierarchical clustering, a Z
score was calculated for each sample based on the mean and SD of the expression of a transcript in all samples (i.e., control, vehicle, and 4-MU
treatment). Z-scores were used for hierarchical clustering by centroid linkage and Euclidean distance measurement using the Heatmapper
software (http://www.heatmapper.ca/).
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