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ARTICLE INFO ABSTRACT

Key words: Therapeutic options against pathogenic human coronaviruses remain limited. In a recent clinical trial, we
SARS-CoV-2 demonstrated the therapeutic efficacy of pegylated-IFN-)A in COVID-19 outpatients. However, the emergence of
MERS-CoV variants that have the potential to evade IFN-mediated antiviral responses raises concerns regarding the
fr‘g::;;r:;ilimbda continued efficacy of this approach. In this work, we compared the sensitivity of SARS-CoV-2 variants and MERS-

CoV to IFN-\A treatment in vitro and explored the potential of combination therapy with other FDA-authorized or
approved antiviral agents. We observed that in contrast to the ancestral strain, all other SARS-CoV-2 lineages
showed varying, but increased resistance to IFN-)A treatment, from a 5.7-fold increase in ECsg value for the P.1
strain to a 32.7-fold increase for the B.1.1.7 variant. We further show that combination treatment with
remdesivir or nirmatrelvir enhanced the antiviral effect of IFN-) against both SARS-CoV-2 and MERS-CoV. These
findings justify the initiation of further in vivo testing that ultimately can help inform the development of more

Variants of concern

effective therapeutic guidelines against pathogenic coronaviruses.

1. Introduction

The emergence of Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) in December 2019 imposed a significant impact on global
public health with substantial socioeconomic consequences. Despite the
rapid development of effective vaccines that significantly reduced the
number of severe COVID-19 patients and brought the pandemic under
control, there is an unmet need for potent antiviral therapeutics as
immune-evading variants of SARS-CoV-2 continue to emerge. In spite of
enormous efforts directed towards the discovery and evaluation of
antiviral drugs, including over 2000 clinical trials completed, remdesivir
(RDV) and Paxlovid (a combination of nirmatrelvir and ritonavir) are
the only direct-acting antivirals approved by the Food and Drug
Administration (FDA) for COVID-19 treatment (FDA, 2022, Gottlieb
et al., 2022, Murakami et al., 2023). While the pandemic has evolved
and SARS-CoV-2 appears to now be endemic, possibly with seasonal
peaks, this is still uncertain. Moreover, virus evolution continues, with
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new mutations within the Omicron lineage continuing to appear, and as
such we do not know what will occur in the future. Whilst vaccines are
expected to be regularly updated, and people will likely need booster
vaccinations, SARS-CoV-2 elimination is not expected and there will be
persons who remain at risk of severe disease. Therefore, the develop-
ment of prophylactic and therapeutic interventions, remains a priority
(Sachs et al., 2022, Telenti et al., 2021 Aug). Furthermore, other viruses
of pandemic potential are likely to emerge, for which having broadly
active agents would be particularly useful.

Over the past two decades, interferon (IFN)-based therapies have
been utilized in the clinical management of various emerging viral in-
fections, including SARS and Middle East respiratory syndrome coro-
naviruses (MERS-CoV), as well as being used to treat chronic viral
hepatitis infections (Buti & Esteban, 2011, Davis et al., 1989, Cinatl
et al., 2003, Arabi et al., 2020, NIH, 2002, Ghany et al., 2009). This
family of cytokines is comprised of three main types (I, II, and III) and
regulates the expression of antiviral genes providing a broad-spectrum
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defense against viral pathogens (Kotenko et al., 2003). To date, several
clinical trials have evaluated the therapeutic efficacy of type I and II
interferons as treatment options for COVID-19 (Nakhlband et al., 2021,
Ryoo et al., 2023). However, these trials have failed to demonstrate
consistent clinical benefits for patients and have been associated with
various side effects (Jhuti et al., 2022, Myasnikov et al., 2021). Type III
IFNs (IFN-A1-4) were discovered in 2003 and were shown to have a
unique regulation of antiviral immunity (Davidson et al., 2014, David-
son et al., 2016) compared to other IFNs with notably lower inflam-
matory potential (Davidson et al., 2016, Sheppard et al., 2003, Galani
et al., 2017). IFN-A preferentially acts on epithelial cells at mucosal
barriers (e.g. lung and gut), as well as specific immune cell types, due to
restricted receptor expression compared to type I IFNs, which act on all
nucleated cells (Sommereyns et al., 2008, Mordstein et al., 2010, Lazear
etal., 2015, Santer et al., 2020). The lack of the lambda receptor on most
immune cell populations reduces the risk of exacerbated cytokine re-
sponses, which can lead to systemic cytokine release syndrome, making
IFN-A a promising and broad-spectrum countermeasure against
emerging viral diseases (Prokunina-Olsson et al., 2020). The pegylated
form of IFN-A (peg-IFN-)) results in a long-lasting effect, only requiring
once weekly dosing. Clinical trials for chronic hepatitis B and C virus
infections used weekly injections of peg-IFN-A for up to 48 weeks with
comparable antiviral activity to peginterferon alpha, a type I IFN, but
with far fewer side effects observed (Chan et al., 2016, Sulkowski et al.,
2011). Peg-IFN-A was also evaluated for the treatment of hepatitis D
infection, but trials were halted due to observed hepatotoxicity in pa-
tients with advanced liver disease (Asselah et al., 2024).

Based on extensive data from viral hepatitis infections along with the
reduced risk of triggering an inflammatory response compared to type I
IFNs, peg-IFN-A was evaluated for the treatment of COVID-19 in out-
patients. A randomized placebo-controlled phase II clinical trial
(ClinicalTrials.gov, NCT04354259), demonstrated that a single subcu-
taneous injection of peg-IFN-)A accelerated viral clearance compared to
placebo when given within 7 days of symptom onset (Feld et al., 2021,
Reis et al., 2023). The treatment was well tolerated with a similar
adverse event profile to placebo, except for mild reversible transaminase
elevations, which were more frequent in patients receiving active
treatment. We further characterized the mechanism of protection and
demonstrated that IFN-) treatment stimulates a subset of antiviral genes
in human peripheral blood immune cells without negatively affecting
humoral or cell-mediated responses to SARS-CoV-2 compared to the
placebo group (Santer et al., 2022) as well as overcoming genetic pre-
dispositions to severe COVID-19 due to impaired endogenous IFN re-
sponses (Zhang et al., 2020). This was followed by an international
Phase III trial that showed that peg-IFN-A led to a 51 % reduction in the
risk of hospitalization or death and accelerated viral clearance compared
to placebo in a largely (80 %) vaccinated population. Notably, the
antiviral effect was similar across different SARS-CoV-2 variants, with
the most potent effects seen against Omicron (relative risk 0.17
(0.04-0.50)) (Reis et al., 2023). However, SARS-CoV-2 variants have
evolved with some evidence showing emergence of mutations in various
locations in the genome that are associated with impaired responses to
type I IFN treatment in vitro (Schroeder et al., 2021, Zhang et al., 2022),
raising concerns about the efficacy of IFN-\ against current circulating
strains.

In this work, we performed a direct comparison of the sensitivity of
variants of concern (VOC) to IFN-)A treatment in vitro and explored the
potential of combination therapy with other FDA-authorized or
-approved, anti-SARS-CoV-2 drugs. Furthermore, in an effort to broaden
the scope of this work, we included MERS-CoV in our testing panels. As a
closely related betacoronavirus, MERS-CoV remains a priority pathogen
that continues to pose a threat to global health security — with a 36 %
case-fatality rate— and currently no approved preventative or thera-
peutic countermeasures (Memish et al., 2020). The inclusion of
MERS-CoV in this study provides valuable insights as it allows for a
comparative analysis of the sensitivity of SARS-CoV-2 and MERS-CoV to
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IFN-\ treatment and expands the relevance of this study for under-
standing the potential therapeutic options for both viruses. Having a
broad-acting antiviral combination therapy that could be used in a wider
population in future epidemics/pandemics, ideally against novel vi-
ruses, would be extremely beneficial.

2. Materials and methods
2.1. Cells and virus isolates

African green monkey kidney (Vero 76, CRL-1587, ATCC) cell line
was maintained in Dulbecco’s Modified Eagle’s medium (DMEM; Sigma,
MO, USA) with 10 % fetal bovine serum (FBS) and 1 % penicillin and
streptomycin. Isolation and preparation of SARS-CoV-2 variants and
MERS-CoV (EMC/2012) stocks were described previously (Li et al.,
2020, Banerjee et al., 2022, Falzarano et al., 2014). All experiments
were performed in containment level 3 laboratories at the Vaccine and
Infectious Disease Organization. Sample inactivation and transport from
containment were performed according to the Canadian biosafety
guidelines (https://www.canada.ca/en/public-health/services/canadi
an-biosafety-standards-guidelines/third-edition.html#a2.4).

2.2. Antiviral assays, drug combination, and cytotoxicity testing

To determine the median effective concentration (ECsg), we chose to
work with Vero 76 cells as they are known to respond to IFN-\ similarly
to human cell lines (Felgenhauer et al., 2020). Prior to infection, Vero 76
cells were pre-treated with IFN-A (PeproTech, NJ, USA) at the indicated
concentrations for 24 hrs in 24-well plates. Infection was then performed
at an MOI of 0.01. After adsorption for 1 hr at 37 °C with 5 % CO,, the
virus was removed, and fresh DMEM containing IFN-A supplemented
with 2 % FBS was added to the cells and incubated for 48 hrs. For the
quantification of viral titers, a TCIDs( assay was performed according to
standard procedures using 10-fold dilutions of the samples in Vero 76
cells as previously described (Banerjee et al., 2022). At least three rep-
licates were conducted for each experiment. CompuSyn software was
used (https://www.combosyn.com) to determine ECsg and ECgyg values.

For each drug combination, serial dilutions of remdesivir (Bio-
Techne, MN, US), molnupiravir (Bio-Techne, MN, US), and nirmatrelvir
(also known as PF-07321332) (Sigma, MO, USA) were prepared at two
times concentrations in a 96-well plate and mixed with an equal volume
of media containing IFN-A to achieve the indicated concentrations of the
drug combination matrix. Infection was performed as explained above
in a 96-well plate. At least two independent replicates were performed
for each combination. Synergy Plots were generated using Synergy-
Finder (https://synergyfinder.fimm.fi/) with the Zero Interaction Po-
tency (ZIP) model. A synergy score (8-score) of less than —10 is
considered antagonistic. The score range of —10 to 10 suggests an ad-
ditive interaction and a score greater than 10 indicates a synergistic
effect (Yadav et al., 2015). The cytotoxicity of the compounds, indi-
vidually or in combination, was assessed using the CellTiter-Glo cell
viability assay (Promega, WI, USA), following the manufacturer’s
instructions.

2.3. Quantitative real time-polymerase chain reaction (qPCR)

RNA was extracted from the supernatant or lysates of cells infected
with SARS-CoV-2 or MERS-CoV using the QiaAMP VIral RNA extraction
kit (Qiagen, Hilden, Germany), according to the manufacturer’s in-
structions. The RT-qPCR assay was performed using primers and probes
for SARS-CoV-2 described previously (Li et al., 2020). For MERS-CoV, E
gene specific forward-genomic and reverse primers and probe were as
previously descrived (Corman et al., 2012, Francis et al., 2023); while
the forward-subgenomic primer was used where indicated
(5’-GCTTGGCTATCTCACTTCCC-3’). The NEB Luna Universal Probe
One-Step RT-qPCR kit (New England Biolabs, MA, USA) was used with
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the following conditions: 55 °C for 10 min, 95 °C, for 1 min, and 95 °C
for 10s, and 60 °C for 1 min for a total of 40 cycles using a StepOne Plus
Real-time PCR instrument (Applied Biosystems, CA, USA). Plasmids
with similar amplification regions were used as the standard for RNA
copy number calculations.

2.4. Statistical analysis

All analyses were performed using Prism version 9 (GraphPad Soft-
ware Inc., CA, USA). Statistical tests are mentioned in the respective
figure legends.

3. Results
3.1. IFN-2 dose response

To determine the effective concentrations (EC) of IFN-A, we treated
Vero 76 cells with a range of concentrations within the cell viability
threshold (Fig. S1) and subsequently infected with the ancestral strain of
SARS-CoV-2 and six other prominent VOCs using a low multiplicity of
infection (MOI). At 48 h post-infection, we quantified both viral titers
and used quantitative real-time PCR to assess viral replication and
transcription levels (Fig. S2) and subsequently, ECsy and ECqq values
were determined (Fig. 1). We observed that an ancestral isolate (desig-
nated as VIDO-01), which was isolated prior to the emergence and
global dominance of the Spike protein-D614G mutation (Francis et al.,
2021, Korber et al., 2020), exhibited a high level of sensitivity to IFN-\A
treatment, with viral titers and genome copies negatively correlating
with increasing concentrations of IFN-A (Fig. 1 and 2). In contrast, all
other lineages showed varying degrees of resistance to IFN-)A treatment,
from a 5.7-fold increase in ECsg value for the P.1 strain (Gamma lineage)
to a 32.7-fold increase for the B.1.1.7 variant (Alpha lineage) relative to
the ancestral strain (Fig. 1). It is worth noting that we observed a plateau
effect for B.1.617.2 (Delta lineage) and, to a lesser extent, BA.2 (Omi-
cron lineage), as well as with MERS-CoV, when treated with increasing
concentrations of IFN-A. These viruses showed 1-2 log( reductions in
viral titers at the highest concentration of IFN-)A treatment (200 ng/ml),
whereas the ancestral strain showed more than 5 log;( reduction. It is
important to note that this plateau effect does not appear to be due to the
initial viral inputs or the baseline of virus replication capacity, as all the
isolates reached comparable titers between 10° and 107 TCIDs¢/ml in
the absence of IFN-A (Fig. S2). Understanding the factors that contribute
to this effect requires further investigations. With the exception of
B.1.1.7 genomic RNA levels, we observed a strong correlation between
virus replication and transcription with IFN-A concentrations (Fig. 2).
However, specific infectivity (the ratio of infectious virions to the
genome copy number), when treated with increasing concentrations of
IFN-), was similar across all concentrations for all the variants (Fig. S4).
This suggests that IFN-A-mediated inhibition occurs at multiple stages of
the virus life cycle.

3.2. Combination therapy

Combination therapy is a long-standing and well-established strat-
egy to overcome the limitations of singular drug treatments (Maenza &
Flexner, 1998, Jahrling et al., 1984). With this in mind, we investigated
the therapeutic potential of IFN-) in combination with RDV, molnupir-
avir (MOV), and nirmatrelvir (NIR) as a means of enhancing drug effi-
cacy. These antiviral agents are currently being used for the treatment of
COVID-19 patients and have also been demonstrated to be effective
against MERS-CoV in preclinical studies (Gottlieb et al., 2022, Jayk
Bernal et al., 2022, Hammond et al., 2022, de Wit et al., 2020, Sheahan
et al., 2020). In order to evaluate the combinational efficacies and
identify the most potent drug combinations, we tested a 6 x 6 matrix of
serially diluted drug combinations and determined synergy scores as
described in the Materials and Methods section. The combination of
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IFN-A with RDV, MOV, or NIR resulted in varying degrees of additive to
synergistic effects for both SARS-CoV-2 and MERS-CoV (Fig. 3A and S3).
To determine the degree of effect, the overall zero interaction potency or
ZIP score was calculated for each combination. ZIP scores less than -10
indicate antagonism, while ZIP scores between -10-10 suggest additive
interactions, and ZIP score greater than 10 are predictive of a synergistic
effect. ZIP was used because IFN- is not expected to have any drug-drug
interactions with the oral antivirals evaluated, a requirement for this
model. The combination of IFN-A and RDV resulted in a ZIP score of 7.7
for BA.2, and 17.1 for MERS-CoV — making IFN-) over 2.5 and 1.2 log
more potent respectively, when used with RDV at their most effective
combination (Fig. 3 and S3), suggesting at least an additive but more
likely synergistic effect. In contrast, the ZIP score was observed to be
lower for MOV (-0.98 for BA.2 and 2.3 for MERS-CoV). Although it
remained within the additive range, the combination of I[FN-A and MOV
had a predictable effect based on the individual potencies of each.
However, it is noteworthy that at a specific concentration (1.6 ng/ml of
IFN-A and 5 uM of MOV), the combination of IFN-A and MOV signifi-
cantly enhanced the antiviral effect of IFN-A against BA.2 resulting in
more than a 4 log reduction in viral titers as compared to IFN-) alone. A
similar effect, but not as prominent, was also observed for MERS-CoV,
with a 0.8 log reduction in viral titers when treated with the combina-
tion of both (1.6 ng/ml of IFN-A and 2.5 uM of MOV) (Fig. 3 and S3). The
discrepancy observed between the overall synergy score and combina-
tion effect at specific concentrations can be attributed to the fact that ZIP
algorithms reflect an average of drug interaction scores for a combina-
tion of drugs. Therefore, the large effect at a single point should be
interpreted with caution (Zheng et al., 2022) and may not translate to
clinical efficacy due to the complex pharmacokinetics and pharmaco-
dynamics of the drugs.

In addition, we found that with NIR, an orally administered inhibitor
of the coronavirus main protease (a critical viral enzyme that processes
polyproteins), the antiviral effect of IFN-A was significantly enhanced
against both BA.2 (ZIP score = 8.5, more than 10-fold reduction in viral
titers compared to IFN-) alone) and MERS-CoV (ZIP score = 8.6, more
than 16-fold reduction in viral titers compared to IFN-A alone), com-
parable to the RDV effect. Similarly, the most potent combinations for
NIR led to 1 or 1.3 log reduction in viral titers for BA.2 and MERS-CoV
(Fig. 3 and S3).

4. Discussion

These data indicate that emerging variants of SARS-CoV-2 have
evolved to become more resistant to the antiviral effects of IFN-A mon-
otherapy, consistent with a recent report (Guo et al., 2022). It appears
that resistance to IFN-A begins with the Alpha variant, which is in
agreement with the observation that Alpha variants have enhanced
innate immune evasion capability compared to the ancestral virus. This
enhanced capability is likely the result of mutations leading to both
increased expression of innate immune antagonists, such as N, Orfob,
and Orf6 proteins, as well as the enhanced functionality of the structural
and non-structural proteins that contribute to host immune escape.
Notably, this characteristic has remained conserved in SARS-CoV-2
Beta, Delta, Gamma, and Omicron variants via multiple distinct
host-virus interaction pathways with varying degrees of effectiveness
(Thorne et al., 2022, Kim & Shin, 2021, Lee et al., 2022, Low et al., 2022,
Gu et al., 2022).

Given the advantage of IFN-A-based therapy in inducing an array of
innate immune responses, it is less likely that a variant capable of
resisting a broad range of antiviral host factors would emerge. Besides
that, the maximum achievable plasma concentration (Cpax) for a single
subcutaneous administration (180 pg) of IFN-A is estimated to be in the
range of 1.06 to 2.41ng/ml (Jagannathan et al., 2021), resulting in
Cmax/ECs¢ ratios above 1, indicating an effective dose sufficient to
inhibit 50 % of viral replication can be achieved for all the variants.
Therefore, the level of resistance observed in this study is not anticipated
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Fig. 1. Differential sensitivities of SARS-CoV-2 variants and MERS-CoV to IFN-A. (A) Schematic representation of experiment outline for IFN-A sensitivity testing.
Vero 76 cells were pre-treated with two-fold serial dilutions of IFN-A1 ranging between 1.56 ng/ml to 200 ng/ml. The following day, stocks of (left panel) ancestral
SARS-CoV-2 and six other VOCs including B.1.1.7, B.1.351, B.1.617.2, P.1, BA.1, BA.2, as well as MERS-CoV were diluted in DMEM containing 2 % FBS and used to
infect at an MOI of 0.01. At 48 h post-infection, supernatants were collected for the quantification of viral titers using TCIDs, assay. Data were normalized to the
mean of untreated controls (no IFN-A) and used for effective concentration (ECso and ECq) calculations. Absolute values are provided in Figure S2. Fold-increase in
resistance relative to the ancestral strain is shown (right panel). (B) Percentage inhibition of virus replication at indicated concentrations of IFN-A. Error bars
indicate +SD.
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Fig. 2. Correlation analysis of IFN-A treatment with viral titers and RNA load. Nonlinear regression analysis of viral titers and RNA loads against log-
transformed IFN-A concentrations was performed using GraphPad Prism. Each dot corresponds to the mean values of biological replicates. The dotted lines indi-

cate 95 % confidence intervals.

to have significant clinical implications, in line with the results seen in
the Phase III trial, with similar efficacy across VOCs over time (Reis
et al., 2023).

However, to address concerns that resistance could eventually
become clinically relevant, we evaluated combinations of IFN-A with
other approved/authorized therapies. Both RDV and MOV are nucleo-
side analogues with distinct mechanisms of action against SARS-CoV-2.
RDV primarily acts as a chain terminator, disrupting RNA-dependent
RNA polymerase during virus replication (Kokic et al., 2021). MOV,
on the other hand, causes lethal mutagenesis in the viral genome
(Kabinger et al., 2021). While intravenous administration of RDV has
shown efficacy in improving clinical outcomes for both hospitalized and
non-hospitalized patients, the results of MOV clinical trials have been
inconclusive, highlighting the need for an alternative approach to the
standalone use of MOV (Jayk Bernal et al., 2022, Arribas et al., 2022).
Importantly, ease of oral administration of MOV offers a promising
approach to be considered for further evaluation in combination with
IFN-) as a sustainable strategy for the early treatment (first 7 days) of
COVID-19, MERS-CoV and potentially emerging coronavirus infections.
However, it is worth highlighting that in contrast to MOV, RDV showed
a more consistent and dose-dependable synergy interaction across
different concentrations when combined with IFN-A. This suggests RDV
as a more promising candidate for clinical use where optimizing clinical
dose ratio and a precise control over biological availability of the drugs
are not feasible (Gottlieb et al., 2022, Butler et al., 2022). Unfortunately,
RDV is delivered exclusively by the intravenous route, which is not
convenient for outpatients. While NIR is a potent anti-SARS-CoV-2
agent, infection rebounds reported in patients treated with NIR
(Charness et al., 2022, Anderson et al., 2022), as well as the recent

reports of drug resistant virus isolation (Zhou et al., 2022, Tketani et al.,
2022), raise concerns over its long-term clinical use. The at least additive
and potentially synergistic effect of IFN-A with NIR is worth exploring, as
the long-lasting activity of peg-IFN-A may prevent rebound after NIR
treatment.

The main limitation of this study is the in vitro nature of the work.
Although all the work was done in Vero 76 cells, multiple VOCs were
evaluated with consistent findings. It would be beneficial to follow up
these studies with additional clinical trials to evaluate combination
therapy. The specific mechanisms for the observed resistance to IFN-)A
with emergence of new VOCs are currently being evaluated.

In summary, our data clearly show the efficacy of IFN-)A as an in-
hibitor of both SARS-CoV-2 and MERS-CoV, however we also demon-
strate with the continual evolution of SARS-CoV-2, sensitivity to IFN-A
monotherapy decreased. Our results do not predict clinical failure of
IFN-A and importantly, we show synergistic/additive results with
approved/authorized antivirals, highlighting the need for further in vivo
studies. With pandemic coronaviruses anticipated to circulate for years
to come and future outbreaks likely, we need to increase our knowledge
of broadly acting antivirals, like IFN-A, and consider combinations that
will be effective against emerging variants.
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Fig. 3. Combination inhibitory effect of IFN-A with remdesivir, molnupiravir or nirmatrelvir. (A) Schematic of experiment outline (left panel). Vero 76 cells
were pre-treated with IFN-A1 alone or in combination with nirmatrelvir for 24 h. Cells were then infected with SARS-CoV-2 or MERS-CoV (MOI=0.01) and sub-
sequently treated with a 6 x 6 drug combination matrix of IFN-A + remdesivir, IFN-A + molnupiravir or IFN-A + nirmatrelvir . Data were analyzed with Syn-
ergyFinder and highest synergy scores (z-scores) are plotted (right panel). Less than -10 is likely to be antagonistic, -10 to 10 suggests an additive drug interaction,
and higher than 10 indicates a synergistic effect. (B) Viral titers at the most effective drug combinations are presented. Error bars indicate +SD. Synergy heat map

data is provided in Figure S3.
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