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Abstract

To combat the ongoing COVID-19 pandemic, effective, safe, and brad-spectrum oral therapeutics are still in high demand [1]. Here we 
demonstrate, for the first time, that Interferon tau (IFN-τ) is highly potent in inhibiting SARS-CoV-2 infected Vero and Calu-3 cells, and it also 
improved outcomes in BALB/c mice infected with mouse-adapted SARS-CoV-2. In a Cytopathic Effect (CPE) assay in vitro, IFN-τ potently 
inhibited the SARS-CoV-2 activity with an IC50 of 2.1 nM, which is ~1,000x more potent than the reference agents evaluated in the same 
assay, including Remdesivir2, Chloroquine, Hydroxychloroquine, Aloxistatin, and Interferon Lambda (λ). In vivo, IFN-τ demonstrated oral 
efficacy in alleviating symptoms of mice infected by SARS-CoV-2 virus and decreased viral loads. Further, IFN-τ has a superior safety profile 
over other Type I interferons as demonstrated by pre-clinical animal studies as well as clinical studies reported in literature. In sum, we report 
here that IFN-τ is a potent oral agent against SARS-CoV-2 virus in vitro and in vivo, and may be further developed as an alternative treatment 
option in the battle against COVID-19 pandemic.

Research Article © Tang W, et al. 2023

Introduction
The global outbreak of COVID-19 pandemic started about 4 

years ago has severely compromised the health and daily life of 
general public and hampered economic growth. In addition to 
the development of an effective, safe, and lasting vaccine, there 
is a strong demand for effective, safe, and broad-spectrum oral 
therapeutics for treating infected patients. Various antiviral 
agents are under investigation or approved for treating the 
viral infection. In December 2021, FDA issued EUAs for two oral 
agents (Molnupiravir and Paxlovid) for the treatment of mild-
to-moderate COVID-19 infection. (https://www.fda.gov/news-
events/press-announcements/coronavirus-covid-19-update-
fda-authorizes-additional-oral-antiviral-treatment-covid-19; 
https://www.fda.gov/news-events/press-announcements/
coronavirus-covid-19-update-fda-authorizes-first-oral-antiviral-
treatment-covid-19). Both drugs can be conveniently taken 
orally for treating COVID-19 infection, but some undesirable side 
effects and limitations to use these drugs have been reported 
[2,3]. Several other oral agents, such as Hydroxychloroquine or 
Chloroquine, which were previously thought or proclaimed to 
be effective against COVID-19, have since been shown to have 
minimal effects or may even be harmful [4,5]. Thus, effective, safe 

and broad-spectrum oral treatments are still in high demand in 
the battle against COVID-19 pandemic.

Interferons (IFNs) are small glycoproteins secreted by 
eukaryotic cells to fight against viral infection. There are three 
classes of IFNs according to their different immunological and 
biological properties: types I, II and III interferons. Interferon tau 
(IFN-τ) is a member of the type I Interferon (IFN) family and is 
a novel pregnancy recognition signal secreted by mononuclear 
trophectoderm cells of ruminant conceptuses during the first 
3 to 4 weeks of pregnancy. In sheep, IFN-τ induces Interferon 
Regulatory Factor 1 (IRF2) that silences expression of receptors 
for estradiol and oxytocin so that uterine epithelial cells do not 
secrete oxytocin-dependent pulses of prostaglandin F-2 alpha. 
These pulses would regress corpora lutea on the ovaries that are 
required to produce progesterone essential for establishment 
and maintenance of pregnancy [6]. There is no functionally active 
human analog of IFN-τ. Within the type I IFN family, IFN-τ is 
mostly similar to IFN-omega (ω) with about 70% Amino Acid (AA) 
identity whereas it has about 50% AA identity with IFN-α and 
about 25% AA identity with IFN-β. Ovine IFN-τ binds to type I IFN 
receptors on cells with high affinity, but less strongly than IFN-α 
and IFN-β, to induce comparable anti-proliferative, antiviral and 
immunomodulatory activities [7,8]. A striking feature of IFN-τ 
is that it exhibits minimum or none cytotoxicity, even at high 
concentrations, compared to other members of interferon family 
[7]. In vivo, it has significantly lower toxicity than IFN-α and 
IFN-β when administered orally or by IV injections in pre-clinical 
or clinical studies [9-11]. Notably, IFN-τ has shown protective 
effects during pregnancy, and is important for the maternal 
recognition and maintenance of pregnancy in ruminants [12-14]. 
In mice it was shown to prevent embryo implantation failure [15]. 
In contrast, IFN-α and IFN-β exhibit severe toxicity in both animal 
and clinical studies, which include but not limited to tachycardia, 
nausea, weight loss, leucopenia, and neutropenia [16,17]. In a 
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head-to-head comparison study, significant levels of toxicity, 
such as severe decreases in lymphocytes, were detected in mice 
fed with IFN-α or IFN-β, but not with IFN-τ [7,9,16]. Another 
unique feature of IFN-τ is that it can be taken orally, unlike other 
members of interferon family, despite the mechanism of its oral 
activity is not fully understood. It was demonstrated that oral 
administration of IFN-τ increases energy metabolism, reduces 
adiposity, and alleviates inflammation of adipocytes and insulin 
resistance in rats and mice [18,19]. It was shown in a Ph2 clinical 
study in HCV patients that the oral treatment with IFN-τ at 15 
mg/day for 84 days had some positive effect, and it was also safe 
and well tolerated [10].

IFN-α was previously reported to inhibit SARS-CoV-2 in Vero 
E6 cells in vitro. Pre-treatment with 1,000 U/mL recombinant 
IFN-α for 18 hours suppressed SARS-CoV-2 infection [20]. A 
previous study 21 on SARS-CoV mouse model suggested that the 
timing of the IFN response was influenced by viral load and age 
of the host. Low viral load induces early IFN responses, whereas 
high viral load and older hosts delay IFN responses. Early IFN 
response results in fast viral clearance and mild disease, while a 
delayed IFN response causes viral persistence, inflammation, and 
severe disease. Late onset of IFN response cannot control initial 
viral replication, but could cause inflammation and damage lungs 
instead [21,22]. It was observed in COVID-19 patients with severe 
infections, that there was a highly suppressed type I IFN response 
with little to no IFN production and activity [23]. These patients 
had a continuous viral burden in blood and an aggravated 
inflammatory response. It was suggested that the deficiency of 
type I IFN response is a hallmark of critical COVID-19 patients 
[23], and that type I IFN is beneficial for early-stage COVID-19 
patients [24]. The need to explore dosing, timing and route of 
administration of type I IFNs at various stages of COVID-19 
infection has been advocated, but the severe side effects of most 
type I interferons have limited this effort. Here we report, for the 
first time, that IFN-τ is effective in inhibiting COVID-19 infection 
in pre-clinical studies in vitro and in vivo, and it has an excellent 
safety profile compared to other type I interferons [25].

Results and Discussion
IFN-τ was previously shown to be effective as an oral agent 

in several metabolic disease models including those for diabetes, 
and obesity [18,19]. As a member of the type I interferon family, 
IFN-τ demonstrated promising anti-viral effects against human 
immunodeficiency virus and human papillomavirus [26-28]. 
Here we present data demonstrating that IFN-τ has remarkable 
anti-viral activity against SARS-CoV-2 virus. In a cellular CPE 
assay conducted in Vero E6 cells, IFN-τ potently inhibited SAR-
CoV-2 activity with an IC50 of 2.1 nM (Figure 1A, 1B), which is 
1,857 times more potent than Remdesivir (IC50 = 3.9 μM), 910 
times more potent than Hydroxychloroquine (IC50 = 1.91 μM), 
829 times more potent than Chloroquine (IC50 = 1.74 μM), and 
4667 times more potent than Aloxistatin (IC50 = 9.8 μM) in 
the head-to-head comparison study (Figure 1C). The recently 
approved oral SARS-CoV-2 3-CL protease inhibitor, Paxlovid, 

has an IC50 of 13 nM in the same assay, while Interferon λ has an 
IC50 of >150 nM (the highest concentration tested in the assay) 
(Figure 1C). It is, however, possible that different experimental 
designs, such as pre-treatment period, cell systems used, and 
variable viral titers and strains used in the experiment, could 
contribute to variable assay results. Cytotoxicity was evaluated 
for IFN-τ and the reference compounds in parallel with the CPE 
assays in host Vero E6 cells. For a direct comparison, the same 
10 concentrations were used in the CPE assay. The cell viability 
was measured using Promega Cell Titer Glo with the CC

50 values 
calculated using a four-parameter logistic fit. As shown in (Figure 
1B), IFN-τ did not inhibit cell viability at all concentrations tested 
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Figure 1a Anti-SARS-CoV2 Activity of IFN-τ in CPE assays with Vero 
E6 Cells.

Compounds were added to Vero E6 cells in a BSL2 lab, then the plates 
were taken to a BSL3 lab for viral inoculation. Cells were incubated 
for 72 hrs after viral inoculation before performing the CPE analyses. 
The assays were done in duplicates. Each dot represents one sample. 
IFN-τ potently inhibited SAR-CoV-2 activity with an IC50 of 2.1 nM (42 
ng/ml).
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Figure 1b Effect of IFN-τ on viability of Vero E6 cells.

The viability of Vero E6 cells was determined using the CellTiter Glo 
(CTG) assay described in the Materials and Methods section. IFN-τ 
treatment did not affect viability of Vero E6 cells at concentrations 
tested up to 1 µg/ml.
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Figure 1c Anti-SARS-CoV2 Activity of Reference Compounds in CPE assays using Vero E6 cells.

The CPE assay for Vero E6 cells was performed as described for Figure 1A. Each dot represents one sample.

up to 150 nM (the highest concentration used in the assay).

We also performed SARS-CoV2 immunostaining assay using 
automated microscopy imaging in Calu-3 cells. The IC50 of IFN-τ 
in this assay was 10.5 nM (Figure 2A), which is about 10 times 
more potent than Remdesivir (IC50 = 99.4 nM) in the same assay 
(Figure 2B). The cytotoxicity of IFN-τ was also evaluated in this 
assay, and no evidence of cell toxicity was induced by either IFN-τ 
or Remdesivir treatment. 

To evaluate the effect of IFN-τ on other types of coronaviruses, 
we conducted CPE assays for human coronaviruses hCoV-OC43 
and hCoV-229E with IFN-τ and reference agents. IFN-τ did not 
exhibit anti-viral effects against hCoV-OC43 at the concentrations 
up to 1,000 ng/ml (the highest concentration tested), whereas 
the reference compound, Remdesivir, had an IC50 of 41 nM in the 
assay. Chloroquine also had no significant effects against hCoV-
OC43 with an IC50 of 3,120 nM (Figure 3). 
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Figure 2a Anti-SARS-CoV2 Activity of IFN-τ in CPE assays using Calu-
3 cells.
The CPE assays with Calu-3 cells was performed as described in the 
Materials and Methods section. Cells were incubated continuously 
with IFN-τ and SARS-CoV2 for 48 hours. Cells were fixed before being 
immunostained with anti-dsRNA (J2), and counterstaining nuclei with 
Hoechst 33342 for automated microscopy. The assay was performed 
in triplicate and error bars represent standard errors of the mean. The 
data were normalized to aggregated control wells and plotted versus 
IFN-τ to determine the IC50 (infection: blue) and CC50 (toxicity: green).

   Remdesivir IC50 = 99.4 nM

Figure 2b Anti-SARS-CoV2 Activity of Remdesivir in CPE assays using 
Calu-3 cells.
The CPE assay using Calu-3 cells was performed as described in the 
Materials and Methods section. Cells were incubated continuously 
with Remdesivir and SARS-CoV2 for 48 hours. Cells were fixed before 
being immunostained with anti-dsRNA (J2) and counterstaining 
nuclei with Hoechst 33342 for automated microscopy. The assay was 
performed in triplicate and error bars represent standard error of 
the mean. The data were normalized to aggregated control wells and 
plotted versus Remdesivir to determine the IC50 (infection: blue) and 
CC50 (toxicity: green).

Figure 3 Anti-hCoV-OC43 Activity in CPE assay.
The CPE assays using Huh7 cells were performed as described in 
the Materials and Methods section. Cells were pre-treated with 
compounds for 24 hrs before virus inoculation, and then incubated 
for 7 days afterwards. Black dots and curves are dose-dependent 
inhibition curves. Grey dots and curves represent cell viability data. 
Error bars represent SEM (standard error of the mean).

For human coronavirus hCoV-229E, another respiratory 
disease-causing virus, IFN-τ potently inhibited its activity in 
the CPE assay. The IC50 of IFN-τ is 0.241 nM (Figure 4A), which 
is 100 times more potent than Remdesivir (IC50 = 23.07 nM) 
in the same assay (Figure 4B), and 10,000 times more potent 
than Chloroquine (IC50 = 2.2 μM) (data not shown). The IC50 for 
Ribavirin, a nucleoside analogue and anti-viral agent approved 

for treating chronic hepatitis C, is 30 μM in this assay (data not 
shown). (Figure 4A) shows the lack of effect on cell viability 
treated with IFN-τ at all concentrations tested. These data 
provide the evidence that IFN-τ has potent activity against 
human coronaviruses SARS-CoV-2 and hCoV-229E, but not hCoV-
OC43 in CPE assay in vitro. Compared to all reference compounds 
tested in the same assay, including Remdesivir, Chloroquine, 
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Hydroxychloroquine, Aloxistatin, and Interferon λ, IFN-τ is 
significantly more potent against SARS-CoV-2 and CoV-229E 
viruses than other antiviral agents currently in use or at various 
stages of development for treating SARS-CoV-2 [29]. The lack of 
inhibition on hCoV-OC43 suggests that the anti-viral activity of 
IFN-τ is selective for certain types of coronaviruses. Although 
the reason for this selectivity is unknown, it might be due to the 
induction of the unique IFN-Inducible Transmembrane (IFITM) 
proteins reported to promote infection by hCoV-OC43 [30,31]. 
More importantly, IFN-τ had minimal cytotoxic effects in the 
cellular assays, which is consistent with the safety data reported 
in the previous phase I and II clinical trials [9,11], as well as in 
various animal studies in vivo [7,16].

We next studied the in vivo efficacy of oral administration of 
IFN-τ in a 9-10 week old BALB/c mouse model challenged with 
mouse-adapted SARS-CoV2 MA10 virus [32]. In this study, mice 

were pre-treated with IFN-τ by oral gavage at 8 or 25 μg/kg for 
2 hr before viral challenge, and then dosed once a day for 2 or 
5 days before the mice were euthanized at the end of the study 
(Day 2 or 5). The body weight change, clinical signs and viral load 
in lung tissues were then evaluated. 

The mice challenged with the virus and treated with vehicle 
had an average decrease in body weight of 15%, whereas mice 
challenged with SARS-CoV-2 and treated with IFN-τ at 8 or 25 
µg/kg lost significantly less body weight than the vehicle control 
treated animals (Figure 5A). The improvement in body weight 
reduction did appear to carry over to improved clinical scores 
as mice from both IFN-τ groups (8 and 25 µg/kg) had similarly 
improved clinical scores between Study Day (SD) 2 and SD5 
compared to the vehicle control group (Figure 5B).

Viral load analysis via qPCR indicated that oral administration 

Figure 4a Anti-HCoV-229E activity of IFN-τ in CPE assays using MRC5 cells.
The CPE assays with MRC5 cells were performed as described in the Materials and Methods section. Cells were pre-incubated with IFN -τ for 2 hr 
before virus inoculation and incubated for 3 days afterwards. Samples were assayed in duplicates. The mean values are presented in the graphs.

Figure 4b Anti-hCoV-229E Activity of Remdesivir in CPE assays using MRC5 cells.
The CPE assays with MRC5 cells were performed as described in the Materials and Methods section. Cells were pre-incubated with Remdesivir for 2 
h before virus inoculation and incubated 3 days afterwards. Samples were assayed in duplicates with similar results. The mean values are presented 
in the graphs.
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Figure 5a The Effect of IFN-τ on Changes in Body Weight of Mice in 
the Mouse Model for studies of SARS-CoV2.
Naïve female BALB/cAnNHsd mice at 11-12 weeks of age, were pre-
treated with IFN-τ or Vehicle (PBS) for 2hrs before being inoculated 
intranasally with the mouse-adapted SARS-CoV-2 (MA10) virus. The 
virus challenge day is the Study Day (SD) 0. Mice were treated once 
a day with IFN-τ or PBS until being euthanized. Body weight was 
measured once each day. Data are presented as Mean ± SEM. **P < 
0.01, *P < 0.05. Statistical analysis using a main effects two-way 
ANOVA determined that there were significant differences in body 
weights between IFN-τ (25 µg/kg) and Vehicle control mice on SD3, 
SD4 and SD5.
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Figure 5b The Effect of IFN-τ on Clinical Scores for Mice in the Mouse 
Model of SARS-CoV2 study.
Mice were monitored at least once daily by visual examination. Clinical 
scoring and health assessments were performed and documented at 
each observation using the scoring system described in Material and 
Methods section. Data are presented as Mean ± SEM.

 Figure 5c The Effect of IFN-τ on Viral Load as Assessed Using qPCR in 
the Mouse Model of SARS-CoV2.
(Outlier were excluded). Drug or vehicle was administered 2 h before 
virus inoculation, and then once a day until Study Day (SD) 2. After 
euthanasia, lungs were removed, homogenized and extracted for 
viral load analysis via qRT-PCR. Treatment groups are compared with 
the Vehicle (PBS) control group. Data on lung tissue are presented 
as Means ± SEM, *P < 0.05. Statistical significance was analyzed by 
Student’s t-test. One outlier in IFN-τ (8 µg/kg) SD2 group and one 
in its SD 5 group were excluded according to Dixon’s test for outlier 
on the following website: https://contchart.com/outliers.aspx. The 
graph was made by GraphPad Prism 9.3.1 software.

 

Figure 5d The Effect of IFN-τ on Viral Activity Assessed in a 
TCID50 Assay in a Mouse Model of SARS-CoV2. Drug or vehicle was 
administered 2 h before virus inoculation, then once a day till Study 
Day 5. After euthanasia, lung tissues from mice were homogenized. 
Samples were serially, diluted 10-fold in MEM/2% Heat Inactivated-
FBS for the TCID50 assay. TCID50 (The 50% of tissue culture infection 
dose) was determined based on tissue culture cytopathic effects as 
described in the Materials and Methods section. Viral load data are 
expressed as TCID50 per gram of tissue. Data are presented as Means 
± SEM, *P < 0.05. Statistical significance was analyzed by Student’s 
t-test.
TCID50: The 50% tissue culture infection dose as determined by tissue 
culture cytopathic effects. The graph was made by GraphPad Prism 
9.3.1 software.

of IFN-τ at 8 μg/kg once a day suppressed viral load significantly 
(P < 0.05), and the viral load decreased about 10 times on SD2. 
For IFN-τ at 25 µg/kg group on SD2, the viral RNA levels were 
suppressed about 10 times in 2 out of 4 mice in the group (Figure 
5C). Although no statistically significant inhibitory effect on viral 
RNA by IFN-τ (25 µg/kg) treatment on SD2, the mean value of this 
treatment group was lowered about 44%. The lack of statistical 
significance may be due to the low number of mice used in each 
group (n = 4). At the late stage of infection (SD5), both vehicle 
or IFN-τ-treated mice had lower viral RNA levels possibly due to 
spontaneous recovery of anti-viral immune response of the mice 

in both groups by day 5 [33]. 

In addition, a statistically significant anti-viral activity was 
detected on SD2 as measured by TCID50 (50% tissue culture 
infection dose) assay when mice were treated with oral IFN-τ at 
25 μg/kg (QD) when compared with the vehicle group (Figure 
5D). The TCID50 level was reduced more than 2 times by IFN-τ 
treatment at 25 μg/kg (P.O., QD). 
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Histopathology analyses performed after completion of the 
study include macroscopic and microscopic findings. Macroscopic 
findings were observed in all groups on SD 2 and/or SD 5 and 
consisted of red, dark red, black, or light red spots. Hemorrhage, 
in most cases, was considered an artifact due to the presence of 
a tissue tear or separation. Due to equal incidence and severity 
of hemorrhage observed in all groups, this finding is probably 
unrelated to SARS-CoV-2 exposure or IFN-τ treatment. SARS-
CoV-2-related microscopic findings in the lung on SD 2 included 
mixed or mononuclear cell alveolar, interstitial, peribronchial, 
and/or pleural inflammation; mononuclear cell perivascular 
inflammation; bronchial/bronchiolar epithelial necrosis/
necrotic debris; interstitial necrotic debris; and/or alveolar 
necrotic debris. Necrosis and necrotic debris were observed 
early in SARS-CoV-2 infection. In this study, necrosis was greater 
at SD 2 than SD 5, as expected during the course of the disease. 

The histopathology data on lung inflammation on SD5 
demonstrated a slight decrease in incidence and severity of SARS-
CoV-2-related microscopic findings in IFN-τ-treated mice as 
compared to the vehicle control mice (Figure 5E). Furthermore, 
both 8 µg/kg and 25 µg/kg IFN-τ alleviated the severity of 

hyperplasia of lung tissues caused by viral infection. IFN-τ also 
decreased the severity of inflammation in mononuclear cells and 
alveoli cells in a dose-dependent manner.

In summary, our results demonstrate that IFN-τ has more 
potent anti-SARS-CoV-2 activity in vitro than other agents 
currently approved or in development for treating COVID-19 
in a head-to-head comparison assay. The oral efficacy of IFN-τ 
in mice challenged with mouse-adapted SARS-CoV-2 virus 
was also demonstrated in our studies. Further, IFN-τ has well-
documented excellent safety profile in previous pre-clinical and 
clinical studies compared to other type I interferons, such as 
IFN-α and -β. Taken together, IFN-τ is a potential effective and 
safe therapeutic candidate for treating COVID-19, and it may also 
serve as a prophylactic treatment agent due to its excellent safety 
profile. Clinical studies to verify efficacy and safety for COVID-19 
treatment in human are warranted.

Materials and Methods

Anti-SARS-CoV-2 CPE assay in Vero E6 Cells

Materials: Most materials were purchased from commercial 
resources. Plates were Corning 3764 BC black-walled, clear 
bottom plates. Cell Titer Glo (CTG) was from Promega (G7573). 

 

Figure 5e The Effect of IFN-τ on Lung Histopathology in a Mouse Model of SARS-CoV2.
Mouse lung tissues were harvested and perfused with formalin and placed in 10% neutral buffered formalin for fixation after euthanasia on Study 
Day 5. Fixed tissues were processed to hematoxylin and eosin-stained slides and examined. The histopathology assay was performed as described 
in the Materials and Methods section with grades. From one to five according to severity. The severity of the non-neoplastic tissue lesions was 
graded as follows: Grade 1 is minimal, Grade 2 is mild, Grade 3 is moderate, Grade 4 is marked, Grade 5 is severe. The average grades per mouse for 
hyperplasia and inflammation in mononuclear cell and alveolar cells are presented in the graphs.
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PBS -/- (w/o Ca2+ or Mg2+), and media were purchased from 
Gibco: MEM (#11095) with 10% Heat Inactivated FBS Gibco 
(#14000). Trypsin-EDTA was also from Gibco (#25300-054). 
The study was with Vero E6 cells selected for high expression 
of ACE2 (angiotensin converting enzyme 2). Positive controls 
were Chloroquine (Southern Research Repository), Remdesivir, 
E64d (Selleck) and Hydroxychloroquine (Southern Research 
Repository).

Compounds:  IFN-τ was supplied as stock solutions in 
Phosphate Buffered Saline (PBS) [18,19]. IFN-τ stock was 
stored at -20°C until the day of the assays. A set of positive 
control antiviral compounds were included in each of the assays 
performed. Interferon λ (Recombinant Human IL‑29/IFN‑λ1, 
R&D Systems, Catalog Number: 1598-IL) was purchased as dry 
powder. Compound stocks were stored at -20°C until the day of 
the assays.

Virus Strains and Cell Lines: The virus strain (USA_
WA1/2020) and cell line (Vero E6, ATCC Cat. No. CRL-1586) 
utilized in these studies were obtained from World Reference 
Center for Emerging Viruses and Arboviruses (WRCEVA) and 
American Type Culture Collection (ATCC), respectively. Vero 
E6 cells were selected for high expression of ACE2 (Angiotensin 
Converting Enzyme 2). Sorting and sub-cloning of Vero E6 cells for 
high expression of ACE2 was carried out. Cell culture medium was 
Dulbecco’s Modified Eagle’s Medium with 10% heat inactivated 
Fetal Bovine Serum and Amphotericin B. The assay medium was 
Dulbecco’s Modified Eagle’s Medium with 2% heat-inactivated 
Fetal Bovine Serum and 1% Penicillin and Streptomycin, and 
Amphotericin B. The analyses were A Cytopathic Effect (CPE) 
reduction assay to measure antiviral effects and a cell viability 
assay to determine cytotoxic effects of compounds.

On the day of each assay, a pre-titered aliquot of virus was 
taken from the freezer (-80°C) and thawed to room temperature 
in a biological safety cabinet. The virus was re-suspended and 
diluted into Dulbecco’s Modified Eagle’s Medium (DMEM). Cells 
were sub-cultured twice each week at a split ratio of 1:2 to 1:5 
using standard cell culture techniques. Total cell numbers and 
percent viability determinations were carried out using a Luna 
cell viability analyzer and trypan blue dye exclusion. Cell viability 
was greater than 95% for the cells used in the assays. There were 
4000 cells seeded per well in a 384-well plate [34]. 

CPE Screening Procedure: a cell-based assay was utilized to 
measure the Cytopathic Effect (CPE) of the virus infecting Vero E6 
host cells. The CPE reduction assay is used routinely and widely 
as an assay to screen for antiviral agents because of its ease of use 
in High Throughput Screening (HTS) [35,36]. In this assay, host 
cells infected with virus die because of the viral infection and an 
uncomplicated and robust cell viability assay is the readout. The 
CPE reduction assay indirectly monitors the effect of antiviral 
compounds functioning through various molecular mechanisms 
by measuring the viability of host cells 3 days after inoculation 
with the virus. Antiviral compounds are found as those that 
shielded the host cells from the cytopathic effects of the virus, 

consequently enhancing cell viability. Positive controls were 
Chloroquine, Remdesivir, Hydroxychloroquine and E64d.

Preparation of Assay Ready Plates: IFN-τ stock solution 
supplied at 0.7 mg/ml in PBS was transferred into an Echo® 
Qualified 384-Well Polypropylene Source Microplate (Labcyte 
P-05525). IFN-τ was serially diluted 3-fold in PBS nine times. 
Employing a Labcyte ECHO 550 acoustic liquid handling system, 
a 127.5 nL aliquot of each diluted sample was dispensed into 
wells of a Corning 3764BC assay plate. This yielded a 235-fold 
dilution of each sample in a final assay volume of 30 μL and 
provided the following final concentrations (μg/mL) in the 
assay: 3.0, 1.0, 0.333, 0.111, 0.0370, 0.0123, 0.00412, 0.00137, 
0.00046, 0.00015. IFN-τ was assayed in duplicates. Interferon 
λ was solubilized to 0.25 mg/ml with PBS. It was then diluted 
along with IFN-τ to 18µg/ml with media and serially diluted 
3-fold in media nine times to give a 6x final assay concentration 
for assays. A 5µL aliquot of each diluted sample was transferred 
to assay ready plates to achieve final concentrations in assays 
as described previously. Interferon λ was assayed in duplicates. 
Positive controls were assayed with single sample and were 
assayed multiple times to achieve consistent results.

Method for measuring antiviral effects: The Vero E6 stable 
cell line expressing SARS-CoV2 receptor (ACE2; Angiotensin-
Converting Enzyme 2) was used for the CPE assay [36]. Cells 
were grown in MEM/10% Heat Inactivated (HI) Fetal Bovine 
Serum (FBS) and harvested in MEM/1% PSG supplemented 
2% HI FBS. Cells were batch inoculated with SARS-CoV2 (USA_
WA1/2020) at M.O.I. (multiplicity of infection) ~ 0.002 to achieve 
approximately a 5% cell viability 72 hours post-infection. A 5 μl 
aliquot of assay medium was dispensed into all wells of the assay 
plates, then the plates were transferred into the BSL-3 (Biosafety 
Level-3) facility. In the BSL-3 facility, a 25 μL aliquot of virus was 
employed to inoculate cells (4000 Vero E6 cells/well) in each 
well in 22 columns, among which 2 columns of wells had only 
virus infected cells (no compound treatment). A 25μl aliquot of 
uninfected cells was dispensed to 2 columns of the assay plates 
for the cell only (no virus) controls. After incubating plates at 
37°C/5% CO2 and 90% humidity for 72 hours, 30μL of Cell Titer-
Glo (Promega) was added to each well. Luminescence was read 
by a BMG CLARIOstar plate reader with MARS software following 
incubation at room temperature for 10 min to measure cell 
viability. Raw data from each test well were normalized to the 
average signal of non-infected cells (Avg Cells; 100% inhibition) 
and virus infected cells only (Avg Virus; 0% inhibition) to 
calculate percent inhibition of CPE using the following formula: 
percent inhibition CPE = 100*(Test Compound - Avg Virus)/(Avg 
Cells – Avg Virus). Plates were sealed with a clear cover and the 
surface was decontaminated prior to luminescence reading.

Method for measuring cytotoxic effects of compounds: The 
cytotoxicity of compounds was analyzed using a BSL-2 counter 
screen with host cells in media being added in 25μl aliquots 
(4,000 cells/well) to each well of assay plates prepared with 
test compounds as described in the preceding section. Cells only 
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(100% viability) and cells treated with hyamine at 100 μM final 
concentration (0% viability) were set as the high and low signal 
controls, respectively, for cytotoxic effects in the assay. After 
incubating plates at 37°C/5% CO2 and 90% humidity for 72 h, 
plates were brought to room temperature and 30 μl Cell Titer-Glo 
(Promega) was added to each well. Luminescence was read by a 
BMG PHERAstar plate reader after a 10 min incubation at room 
temperature to measure cell viability.

Data analysis: All raw data from plate readers were imported 
into ActivityBase wherein values were associated with compound 
Identifications (IDs) and test concentrations.

For the antiviral CPE reduction assay, raw signal values were 
converted to percent reduction in CPE using a standard formula 
[Percent CPE reduction = 100 x (test compound value – mean 
value for infected cells controls)/ (mean value uninfected control 
cells – mean value for infected cell controls)]. 

For the cell viability assay to analyze compound cytotoxicity, 
percent cell viability was calculated using a standard formula 
[Percent viability = 100*(test compound value - mean low signal 
control)/ (mean high signal control – mean low signal control)]. 
IC50 and CC50 values were calculated using a four-parameter 
logistic fit of data using the Xlfit module of ActivityBase.

Anti-SARS-CoV-2 Assay Using Calu-3 Cells

Briefly, Calu-3 cells (ATCC, HTB-55) were cultured in Minimal 
Eagles Medium supplemented with 0.1% non-essential amino 
acids, 0.1% penicillin/streptomycin, and 10% FBS. Cells were 
plated in 384 well plates. The next day, 50 nL of IFN-τ suspended 
in PBS was added as an 8-point dose response with three-fold 
dilutions between test concentrations in triplicate, starting at 
1µg/ml concentration. The concentrations (µg/mL) tested were: 
1.0, 0.333, 0.111, 0.0370, 0.0123, 0.00412, 0.00137, and 0.00046. 
The negative control (PBS, n = 32) and positive control (10 µM 
Remdesivir, n = 32) were included on each assay plate. Calu-3 
cells were pretreated with control compounds and IFN-τ (in 
triplicate) for 2 h prior to infection. In a BSL3 lab, SARS-CoV-2 
(isolate USA WA1/2020), diluted in serum free growth medium, 
was dispensed to plates to achieve an MOI = 0.5. Cells were 
incubated continuously with IFN-τ and SARS-CoV2 for 48 h. Cells 
were fixed and then immunostained with anti-dsRNA (J2) and 
nuclei were counterstained with Hoechst 33342 for automated 
microscopy.

Automated image analysis quantified the number of cells 
per well (toxicity) and the percentage of infected cells (dsRNA+ 
cells/cell number) per well. Data were normalized to aggregated 
PBS control well data and plotted versus IFN-τ concentration to 
determine the IC50 (for infection), and CC50 (for toxicity). These 
values are presented for IFN-τ tested along with the positive 
control (Remdesivir).

Anti-hCoV-OC43 CPE Assay

The method for the anti-hCoV-OC43 CPE assay was with 
test samples and reference compounds at eight concentrations 

with 3-fold dilutions starting at 1,000 ng/ml in duplicates. In 96-
well plates, Huh7 cells were seeded at an appropriate density 
and cultured at 37°C and 5% CO2 for 4-6 hours. Test samples 
were dispensed into wells and the plates were incubated at 
37°C and 5% CO2 for 24 h. Then medium in each well was 
replenished with medium containing serially diluted samples/
reference compounds and virus (300 TCID50 hCoV-OC43 vs 
8,000 Huh7 cells). The resulting cultures were kept under the 
same conditions for an additional 7 days until virus infection 
in the virus control induced a significant CPE. Cytotoxicity of 
the compounds was analyzed under the same conditions, but 
without virus infection, in parallel. Test samples and reference 
compounds were evaluated at eight concentrations with 3-fold 
dilutions starting at 27,000 ng/mL in duplicates. Cell viability 
was measured by CellTiter Glo following the manufacturer’s 
instructions. Luminescence was read by a Synergy 2 (BioTek) 
plate reader with GEN5.1.08 software. The IC

50 and CC
50 values 

were calculated using GraphPad Prism software [37].

Anti-hCoV-229E CPE Assay

For the Anti-hCoV-229E CPE assay, MRC5 cells were seeded 
at an appropriate density and cultured at 37°C and 5% CO2 
overnight in 96-well plates. Test samples were added into wells 
and the plates were incubated at 37°C and 5% CO2 for 2 h. Then 
medium in each well was replenished with medium containing 
serially diluted samples and virus (200 TCID50 hCoV-229E vs 
20,000 MRC5 cells). The resulting cultures were kept under 
the same conditions for additional 3 days until virus infection 
in the virus control cells induced a significant CPE. Cytotoxicity 
of the compounds was analyzed in duplicates under the same 
conditions, but without virus infection, in parallel. Cell viability 
was measured by CellTiter Glo following the manufacturer’s 
instructions. Luminescence was read by Synergy 2 (BioTek) 
plate reader with GEN5.1.08 software. The IC

50 and CC
50 values 

were calculated using GraphPad Prism software. Samples were 
assayed in duplicates. The experiment was repeated twice with 
similar results.

Anti-SARS-CoV2 In vivo Efficacy Study

Animals: Thirty-six (36) female BALB/cAnNHsd mice were 
purchased from Envigo. They were of 9-10 weeks old at time 
of delivery and were of 11-12 weeks old at the time of viral 
challenge. Mice were housed in the University of Texas Medical 
Branch Animal Facility. All animal handling and experiments were 
carried out according to the provisions of the Animal Welfare Act, 
PHS Animal Welfare Policy, the principles of the NIH Guide for 
the Care and Use of Laboratory Animals, and the policies and 
procedures of the University of Texas Medical Branch (UTMB). 
This study was conducted in UTMBs AAALAC (Association for 
the Assessment and Accreditation of Laboratory Animal Care)-
accredited facilities and were approved by the Institutional 
Animal Care and Use Committee (IACUC).

Treatment: IFN-τ, provided by Southlake Pharmaceuticals 
at a concentration of 1.5 mg/mL, was prepared fresh daily at 
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concentrations of 8 and 25 µg/kg using an average mouse weight 
of 20g for dose calculations. Beginning 2 hours prior to challenge 
on SD0, mice were anesthetized and treated via oral gavage 
with 50 µL of vehicle (Group 1) or IFN-τ at the appropriate 
concentrations (Groups 2 and 3).

Challenge: This study was performed at UTMB under 
Biosafety Level 3 conditions. The thirty-six (36) experimentally 
naïve mice (11-12 weeks old at time of challenge) were divided 
into three groups: Vehicle (Group 1; n = 12), IFN-τ 8 µg/kg 
(Group 2; n = 12) and IFN-τ 25 µg/kg (Group 3; n = 12). Each 
group was administered 1.0 x 105 TCID50 SARS-CoV-2 (MA10) 
intranasally in a volume of 60 µL (30 µL per nare). The mouse-
adapted SARS-CoV-2 (MA10) virus was supplied by UTMB. 
Mice were monitored daily for alterations in activity, behavior, 
appearance, and body weight. Body weights were normalized 
to each mouse starting body weight collected on SD0 prior to 
treatment. Scheduled euthanasia events occurred on SD2 and 
SD5. The lungs from each mouse were removed, weighed, and 
examined for SARS-CoV-2 viral loads and histopathology. For 
viral load analysis, the left lung lobe was homogenized in 500 µL 
of PBS, centrifuged and the resulting supernatant was analyzed 
for infectious virus via TCID50 assay and for genomic viral RNA 
by qRT-PCR. Virus challenge day was defined as study day (SD) 0. 
Stock virus was removed from frozen storage and allowed to thaw 
under ambient conditions. The thawed suspension was diluted 
in Minimum Essential Medium (MEM) to a target challenge dose 
concentration of 1.7 x 106 TCID50/mL, such that animals received 
a target of 1.0 x 105 TCID50, per 60 μL dose. Virus administration 
was performed intranasally (i.n.) with 30 μL being administered 
into each nare. In each group, 4 mice were sacrificed on Study 
Day 2 (SD2), and 8 mice were sacrificed on SD5.

Viral Load Determination

From each animal scheduled for euthanasia, representative 
samples of lung tissue were collected for viral load analysis. Upon 
collection, tissue was placed into an Eppendorf tube containing 
sterile phosphate buffered saline and 1-2 x 5 mm sterile 
stainless-steel beads. Tissue samples were homogenized using a 
QIAGEN TissueLyser. Following homogenization, samples were 
clarified via centrifugation. Clarified supernatant was stored 
frozen (≤ -65°C) after removal of the aliquot for RNA extraction 
(see below).

qRT-PCR: Clarified lung homogenate (50 µL) was added 
to TRIzol® LS Reagent (250 µL) and allowed to incubate under 
ambient conditions for 10 minutes. Samples were processed 
to RNA using Zymo Direct-zol™ RNA Miniprep kits. (Zymo 
Research, Irvine, CA, USA) per manufacturer instructions. RNA 
samples were analyzed via qRT-PCR targeting the SARS-CoV-2 
E gene to detect genomic RNA. The probe (Integrated DNA 
Technologies, Coralville, IA, USA) was labeled at the 5′-end with 
fluorophore 9-carboxyfluoroescein (6-FAM) and included an 
internal quencher (ZEN) and a 3′-end quencher (IowaBlackFQ, 
IABkFQ). The master mix was prepared by combining forward 
primer (250 nM, 5′-ACA GGT ACG TTA ATA GTT AAT AGC GT-

3′), reverse primer (250 nM, 5′-ATA TTG CAG CAG TAC GCA CAC 
A-3′), and probe (375 nM, 5′-6FAM-ACA CTA GCC/ZEN/ATC CTT 
ACT GCG CTT CG-IABkFQ-3′) with 12.5 μL of 2X QuantiFast Probe 
Mix (QIAGEN, Germantown, MD, USA), 0.25 μL of 2X QuantiFast 
RT Mix (QIAGEN), and PCR-grade water (fill to 20 μL). A test 
sample (5 μL) was added to the master mix, resulting in a final 
volume of 25 μL per reaction. Real-time analysis was performed 
using the Bio-Rad CFX96™ Real-Time PCR Detection System. 
Thermocycling conditions were as follows: step 1, 1 cycle, 50°C 
for 10 min; step 2, 1 cycle, 95°C for 10 min; steps 3-5, 45 cycles, 
95°C for 10 s, 60°C for 30 s, single read. Negative controls included 
reaction mixtures without RNA. For quantification purposes, a 
serial diluted synthetic oligonucleotide was used to generate the 
standard curve. All qRT-PCR results are expressed as GEq/g of 
tissue.

TCID50
: Infectious SARS-CoV-2 was measured by TCID50 

analysis as in a previous publication [37]. Samples were frozen 
immediately after homogenization. Prior to analysis, samples 
were removed from frozen storage and allowed to thaw under 
ambient conditions. Samples were serially diluted and incubated 
on Vero C1008 (E6) cells (BEI Resources, NR-596, Lot 3956593) 
in 96 well plates with negative and positive control. The plates 
were incubated for 96 hours when cytopathic effect (CPE) was 
measured by microscopic observation. All TCID50 results are 
expressed as TCID50/g of tissue.

Two-way ANOVA was used to determine differences among 
groups followed by a Tukey’s multiple comparison test. Student’s 
t-test was used to determine differences between two groups.

Clinical Observation

Animals were monitored visually at least once daily as 
were body weight. Clinical scoring and health assessments 
were performed and documented during each observation 
using the following scoring system: Score 1 is healthy and no 
further observation is required; Score 2 means ruffled fur, being 
lethargic and no further observation is required; Score 3 has 
Score 2’s appearance plus one additional sign such as: hunched 
posture, orbital tightening, labored breathing/dyspnea, reduced 
mobility/movement, and 2nd observation is required; Score 
4 shows reluctance to move when stimulated and immediate 
euthanasia is required. 

Once mice reached a clinical score of 3, they were observed 
twice daily with 6-8 hours between observations. All surviving 
mice were humanely euthanized on Study Day 5.

Mice were weighed daily beginning on SD0 prior to test article 
administration. Mice that reached or exceeded a body weight loss 
of 20% were immediately euthanized. Scheduled euthanasia 
events occurred on SD2, and SD5. During the scheduled necropsy, 
the lungs were removed for viral load analyses using qRT-PCR, 
TCID50, and histopathology (H&E staining). Lungs collected for 
viral load determination were weighed. 

Body weights were normalized to each animals starting 
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body weight collected on SD0 prior to treatment. Scheduled 
euthanasia events occurred on SD2 and SD5. The lungs from each 
mouse were removed, weighed, and examined for SARS-CoV-2 
viral loads and histopathology. For viral load analysis, the left 
lung lobe was homogenized in 500 µL of PBS, centrifuged and 
the resulting supernatant was analyzed for infectious virus via 
TCID50 assay and for genomic viral RNA by qRT-PCR. 

Histopathology

For each animal scheduled for euthanasia, representative 
sections of lung tissue were collected for histopathological 
analysis. Tissues were collected on all euthanized animals. Upon 
collection, tissues were perfused with formalin and placed in 
10% neutral buffered formalin for fixation. Fixed tissues were 
processed to hematoxylin and eosin-stained slides and examined 
by a board-certified pathologist at Experimental Pathology 
Laboratories, Inc. (EPL®) in Sterling, Virginia. Histopathology 
findings include macroscopic findings and microscopic findings. 
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