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ABSTRACT

Emerging viruses with the potential to cause epidemics and pandemics pose a severe
threat to human health. Herein, we introduce a novel fusion protein platform that enables
therapeutic targeting of distinct viral species based on host receptor specificity. Proof-of-concept
studies focused on the human coronavirus NL63, which shares specificity for the ACE2 host
receptor with the pandemic SARS-CoV and SARS-CoV-2 species. This antiviral fusion protein
combines IFN-f with the soluble extracellular domain of ACE2 (IFNB-ACE2). The physical
linkage allows ACE2 to target IFN-f to the surface of NL63. The fusion protein is thereby
designed to decorate virions with a surface array of IFN-B such that robust IFN-f signaling and
upregulation of antiviral innate defenses invariably precede subsequent cellular infection. Both

domains retained the predicted bioactivities in that the IFN-f3 domain exhibited potent anti-



proliferative activity and the ACE2 domain exhibited full binding to the transmembrane SARS-
CoV-2 spike protein. In virus-washed (virus-targeted) and non-washed in vitro infection systems,
we showed that the pool of IFNB-ACE?2 targeted to the virion surface had potent and superior
antiviral activity against NL63 infection compared to soluble ACE2, IFN-f, or the unlinked
combination of ACE2 and IFN-f. The pool of IFNB-ACE2 on the virion surface exhibited robust
antiviral efficacy based on the preemptive targeting of antiviral [IFN-f activity to the proximal
site of viral infection. In conclusion, virus-targeted IFN-f3 places interferon optimally and

antecedent to viral infection to constitute a new antiviral therapeutic strategy.

The COVID-19 pandemic highlighted the need for new antiviral strategies to counter
emerging pathogenic viruses. According to a recent study, there is a 38% probability of
experiencing a similar pandemic in an individual’s lifetime, and this number may double in the
next few decades (1). Our best chance of combating new outbreaks and pandemics is by being
proactive rather than reactive. With continuous antiviral development, we can quickly eliminate
and potentially obviate emerging problematic viruses. This platform can be re-engineered to
target various viral species by altering the receptor domain. Additionally, the IFN-$ domain can
be modified to a different effector protein (e.g. IFN-a) with superior activity against the targeted

virus.
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CHAPTER 1: INTRODUCTION

1.1 CORONAVIRUS DISEASE 2019 PANDEMIC

The first cases of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) were
reported in Wuhan, China in December 2019. The World Health Organization (WHO) received
reports of a cluster of patients with pneumonia-like symptoms of unknown etiology. By January
2020, the genome of SARS-CoV-2 was sequenced and released, the first cases of SARS-CoV-2
infection were detected in at least 25 other countries, including the United States, and the WHO
declared the coronavirus outbreak a Public Health Emergency of International Concern (PHEIC)
(2). As of May 2025, over 777 million coronavirus disease 2019 (COVID-19) cases have been
reported to the WHO, resulting in over 7 million deaths worldwide (3). In the United States
alone, the cumulative case count has surpassed 103 million, with total deaths exceeding 1.2
million (3).

The COVID-19 pandemic highlighted weaknesses in our ability to respond quickly to
emerging viruses. Despite advancements in medical research and technology, healthcare systems
were unprepared for the scale and rapid spread of SARS-CoV-2. Hospital staff saw shortages in
necessary medical equipment such as personal protective equipment (PPE) and ventilators.
Governments were delayed in implementing crucial measures such as contact tracing, routine
testing, and proper quarantining to prevent the rapid spreading of the virus. The lack of early
communication and coordination among countries also added to the difficulty in containing and
properly responding to the virus.

We can learn several lessons from the COVID-19 pandemic. With global travel at an all-

time high, diseases can easily transfer between countries and continents, and the need for global



coordination on disease containment is more important than ever. Early communication and
coordination among countries and international organizations is key to preventing rapid and
widespread disease. Prompt detection and surveillance of the spread of the virus by improving
data-sharing among countries can help identify potential risks sooner and allow for quicker
response times. The pandemic also highlighted the need for clear and consistent communication
to the public to help guide behavior and educate on proper safety measures. Finally, the
pandemic highlighted the need for continuous development of new classes of antiviral drugs that
can be tested and repurposed during viral outbreaks. By ensuring a diverse stock of antiviral
drugs for testing against emerging viruses, we can enhance our ability to efficiently and
effectively contain outbreaks before they escalate into pandemics.

Given the ongoing challenges of containing diseases due to global travel and the rise of
new infectious diseases, the possibility of experiencing a pandemic similar to COVID-19
remains an active concern for researchers and healthcare personnel. According to a recent study,
there is a 38% probability of experiencing a pandemic similar to COVID-19 in an individual’s
lifetime, and this number may double in the next few decades (1). Additionally, on average, the
last four pandemics occurred every 15 years (4). Our best chance of combating new outbreaks
and pandemics is by being proactive rather than reactive. With continuous development of
antiviral drugs, we can more quickly eliminate and potentially obviate emerging problematic

viruses.

1.2 SEVERE ACUTE RESPIRATORY SYNDROME CORONAVIRUS 2
SARS-CoV-2 is the etiological agent responsible for the COVID-19 pandemic. SARS-

CoV-2 belongs to the Coronaviridae family of the order Nidovirales (Figure 1). Coronaviruses



are a family of respiratory and enteric viruses that can infect humans and animals. Additional
coronaviruses that have caused outbreaks are severe acute respiratory syndrome coronavirus

(SARS-CoV) in 2002 and Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012.

Order Family Sub-family Genus - Species
genus
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FIGURE 1.1. Coronavirus Taxonomy

SARS-CoV-2 is a positive-sense, single-stranded enveloped ribonucleic acid (RNA)
virus. The main structural proteins that make up the virus are the nucleocapsid, membrane,
envelope, and spike protein. The spike proteins are glycoproteins that give the virus its
characteristic crown-like appearance under an electron microscope. The spike proteins on the
surface of SARS-CoV-2 allow the virus to bind to and infect host cells that express angiotensin-
converting enzyme 2 (ACE2).

During SARS-CoV-2 synthesis in an infected cell, the spike protein is cleaved by
proprotein convertases such as furin (5). The mature virions released have two non-covalently
associated subunits, S1 and S2. The S1 subunit is responsible for binding to ACE2, while the S2
subunit is responsible for virus-cell anchoring and membrane fusion. ACE2 binding to the S1
subunit induces conformational changes in the spike protein, exposing the S2’ cleavage site

3



within the S2 subunit. Transmembrane protease, serine 2 (TMPRSS2) at the cell surface or
cathepsin L in the endosomal compartment after ACE2-mediated endocytosis cleave the S2
subunit at the S2’ cleavage site, releasing the fusion peptide and initiating fusion pore formation
(5). Once the fusion pore at the virus-cell complex is formed, the virus genome is released into
the host cell’s cytoplasm where the genome is translated into additional viral proteins or
replicated to produce new viral genome. New virions are assembled in the endoplasmic
reticulum-Golgi intermediate compartment (ERGIC) and are transported to the cell membrane in
Golgi vesicles. These vesicles then fuse with the cell membrane and mature virions are released
by exocytosis, also known as cell budding (6, 7).

RNA viruses are notorious for high error rates, or low viral fidelity, in genome
replication. The errors in genome replication allow RNA viruses to mutate at a high rate and
adapt to replication in various environments and under selective stress (8). SARS-CoV-2, along
with other coronaviruses, have some proofreading capabilities. For example, nonstructural
protein 14 (Nsp14) is a highly conserved protein encoded by coronaviruses. Nsp14 contains an
N-terminal exoribonuclease (ExoN) that provides proofreading capabilities and replication
fidelity (8-10). Despite the proofreading machinery, many SARS-CoV-2 variants have emerged
throughout the COVID-19 pandemic.

Since the beginning of the pandemic, the WHO identified many SARS-CoV-2 variants of
concern (VOC) and variants of interest (VOI). These variants have shown different levels of
transmissibility, antigenicity, and immune evasion and drug-resistance tactics. In 2020, the Alpha
(B.1.1.7), Beta (B.1.351), Gamma (P.1), and Delta (B.1.617.2) variants of SARS-CoV-2 were
first identified (11-13). The Alpha variant was characterized with increased transmissibility and

virulence due to mutations in the spike protein in comparison to the original Wuhan strain (14).



The Beta variant showed high immune evasion, raising vaccine efficacy concerns (15-18). The
Gamma variant showed about 2-fold increase in transmissibility and higher viral load than
previous variants (16, 19). The Delta variant also showed higher transmissibility and infection
severity than previous variants and was responsible for the deadly third wave of COVID-19, due
to increased severity of disease (15, 20, 21). The Omicron variant (B.1.1.529) was first identified
in 2021. This variant had 3- to 4-fold more mutations than previous variants. With over 18,000
mutations, this variant showed higher rates of transmissibility and immune evasion, with lower
susceptibility to neutralization by vaccine- and naturally-induced antibodies (11-13). This led to
the development of new COVID-19 vaccine formulations to address breakthrough infection
concerns. The Alpha, Beta, Delta, Gamma, and Omicron variants were identified by the WHO as
VOC:s due to high transmissibility and immune evasion. The WHO also identified eight VOIs:
Epsilon (B.1.427 and B.1.429), Eta (B.1.525), Kappa (B.1.617.1), Mu (B.1.621), Lambda (C.37),

Theta (P.3), Zeta (P.2), and Lota (B.1.526) (11, 12).

1.3 PATHOGENESIS AND DISEASE PROGRESSION

SARS-CoV-2 is predominantly transmitted through respiratory droplets or aerosolized
particles when an infected individual coughs, sneezes, or speaks. After transmission, SARS-CoV-
2 enters host cells through the ACE2 receptor that is present on the surface of many different cell
types. SARS-CoV-2 primarily infects the respiratory system, leading to diseases ranging from
mild flu-like symptoms to severe illnesses such as pneumonia, acute respiratory distress
syndrome (ARDS), and acute lung injury (ALI) (22). Common symptoms associated with
SARS-CoV-2 infection include cough, fever, myalgia, fatigue, dyspnea, loss of taste and smell,

runny nose, and congestion.



ACE?2 is the main host receptor for SARS-CoV-2 and is expressed on many different cell
types throughout the body, allowing SARS-CoV-2 to infect a wide range of tissues. ACE2 is
expressed on cells in the respiratory system, cardiovascular system, gastrointestinal tract, and
other organs and immune cells. Type 2 alveolar cells in the lungs express high levels of ACE2,
making the lower respiratory tract particularly vulnerable to infection by SARS-CoV-2 (23, 24).
SARS-CoV-2 infection of these cells can cause inflammation and pulmonary fibrosis, leading to
potentially permanent lung damage.

Symptoms of COVID-19 can persist in some patients for months, a phenomenon known
as long COVID, or post-acute COVID-19 syndrome (PACS) (25, 26). Long COVID is a
condition that can affect one or multiple systems in the body, such as the gastrointestinal tract,
respiratory system, cardiovascular system, etc. (27-29). Other symptoms may include memory
loss, difficulty concentrating, and fatigue. The cause of long COVID is still under debate, and
multiple mechanisms have been proposed. Among the hypothesized mechanisms are viral
antigen persistence, tissue-specific or systemic inflammation, SARS-CoV-2-specific or
autoreactive immune responses, gut microbiome dysbiosis, and reactivation of herpesviruses
including Epstein-Barr virus (30-35). Therapeutics used for treatment of long COVID are

dependent on the system affected and the potential underlying cause.

1.4 FDA-APPROVED AND AUTHORIZED UNDER EUA THERAPEUTICS FOR
COVID-19

During the early days of the COVID-19 pandemic, researchers and medical professionals
were forced into a race against time to understand the novel SARS-CoV-2 virus and identify

potential therapeutics. With the unprecedented public health crisis claiming the lives of



thousands of patients and straining the healthcare system, the search for and development of
effective treatments and vaccines became a top priority. As developing new therapeutics would
take too long, the urgent need for interventions led to an intense effort to repurpose existing
therapeutics that had already been clinically tested and approved by the U.S. Food and Drug
Administration (FDA) for other diseases. Medications like remdesivir and dexamethasone were
quickly evaluated for effectiveness against COVID-19, as researchers sought to determine
whether these drugs could inhibit SARS-CoV-2’s ability to replicate or reduce the severity of

symptoms.

As the pandemic progressed, the scientific community leaned heavily on knowledge from
previous viral pandemics, including the severe acute respiratory syndrome (SARS) pandemic.
Researchers explored various treatment options, including antiviral drugs, immune modulators,
and corticosteroids, individually and in combination with other treatments. Many drugs were
tested for the ability to inhibit viral infection and replication, modulate the immune response, or

alleviate symptoms.

There are currently two FDA-approved antiviral drugs to reduce the risk of
hospitalization or death in high-risk patients with mild to moderate COVID-19: Paxlovid and
Veklury. Paxlovid is an FDA-approved antiviral drug for adults who are at high risk for
progression to severe COVID-19 and is authorized under Emergency Use Authorization (EUA)
for adolescents. Paxlovid consists of two drugs co-packaged for oral use: a nirmatrelvir tablet
and a ritonavir tablet. Nirmatrelvir inhibits nonstructural protein 5 (Nsp5), SARS-CoV-2’s main
protease that plays a vital role in viral replication and immune evasion. Specifically, Nsp5 is
responsible for cleaving SARS-CoV-2 polyproteins into functional viral proteins to allow for

assembly of new virions (36). Nsp5 also cleaves retinoic acid-inducible gene I (RIG-I), a pattern



recognition receptor (PRR) that detects cytosolic double-stranded RNA (dsRNA) (37). Ritonavir
is a Cytochrome P450, family 3, subfamily A (CYP3A) inhibitor, used to enhance the
bioavailability of nirmatrelvir. Together, nirmatrelvir and ritonavir work synergistically to inhibit
SARS-CoV-2 replication by blocking key steps in the viral life cycle. In a phase 2-3 clinical trial,
patients with symptomatic COVID-19 receiving nirmatrelvir and ritonavir had lower
hospitalization rates (0.7% versus 7.1%, respectively) and deaths (0 versus 7, respectively) in
comparison to patients receiving the placebo (ClinicalTrials.gov ID NCT04960202) (38, 39).
Additionally, the viral titer was lower by day 5 in patients receiving nirmatrelvir and ritonavir

compared to patients receiving the placebo (ClinicalTrials.gov ID NCT04960202) (38).

Veklury (also known as remdesivir) is an FDA-approved antiviral drug for adults and
children who are either hospitalized with COVID-19 or have mild to moderate COVID-19 and
are at high risk for progression to severe COVID-19. Remdesivir is a broad-spectrum antiviral
medication administered via intravenous (IV) injection. Remdesivir is a nucleoside analog that
inhibits RNA-dependent, RNA polymerase (RdRp). By interfering with viral RNA synthesis,
remdesivir prevents viral replication and the progression of infection. In clinical trials, patients
who received remdesivir had a decreased time to recovery compared to those who received the
placebo (10 versus 15 days, respectively) (ClinicalTrials.gov ID NCT04280705) (40). Patients
who received remdesivir were more likely to show clinical improvement at day 15 in comparison
to patients who received the placebo (40). Additionally, remdesivir showed significantly greater
recovery and reduced risk of death in comparison to the standard care of treatment by day 14 in

patients with severe COVID-19 (ClinicalTrials.gov ID NCT04292899) (41).

Lagevrio (also known as molnupiravir) is an antiviral drug authorized under EUA for

treatment of mild to moderate COVID-19 in adults who are at high risk for progression to severe



COVID-19. Molnupiravir is a nucleoside analog which serves as a competitive substrate for
RdRp, resulting in accumulation of mutations in the genome of the virus (42). In a phase 3
clinical trial of at-risk or unvaccinated patients with mild to moderate COVID-19, patients who
received molnupiravir capsules had a reduced risk of hospitalization or death in comparison to

patients who received the placebo (ClinicalTrials.gov ID NCT04575597) (43).

In addition to the two FDA-approved antiviral drugs, there are currently two FDA-
approved immune modulator drugs for COVID-19: Actemra and Olumiant. Actemra (also known
as tocilizumab) is FDA-approved for IV or subcutaneous injection in hospitalized adult patients
with COVID-19 who are receiving systemic corticosteroids and require supplemental oxygen,
mechanical ventilation, or extracorporeal membrane oxygenation. Tocilizumab is a recombinant
interleukin-6 (IL-6) receptor monoclonal antibody that inhibits IL-6 signaling, reducing
inflammation. Due to its anti-inflammatory effect, tocilizumab is indicated for treatment of
rheumatoid arthritis, giant cell arteritis, systemic sclerosis-associated interstitial lung disease,
polyarticular juvenile idiopathic arthritis, systemic juvenile idiopathic arthritis, cytokine release
syndrome, and COVID-19. A clinical trial in hospitalized patients with COVID-19-related
hypoxia or systemic inflammation showed that tocilizumab improved survival and hospital
discharge rates compared to standard care alone (ClinicalTrials.gov ID NCT04381936) (44).
These results were supported by a separate phase 3 clinical trial showing that tocilizumab
reduced the risk of progression to mechanical ventilation or death (ClinicalTrials.gov ID

NCT04372186) (45).

Olumiant (also known as baricitinib) is a Janus kinase (JAK) inhibitor which prevents the
phosphorylation and activation of signal transducers and activators of transcription (STAT)

responsible for the inflammatory response in COVID-19. Baricitinib tablets are indicated for



patients with rheumatoid arthritis and alopecia areata. Olumiant is FDA-approved for adults or
authorized under EUA for pediatric (above 2 years of age) patients hospitalized with COVID-19
and requiring supplemental oxygen, mechanical ventilation, or extracorporeal membrane
oxygenation. A phase 3 clinical trial comparing baricitinib and remdesivir (combination
treatment) to placebo and remdesivir (control treatment) showed that patients receiving the
combination treatment had greater odds of improvement in clinical status (ClinicalTrials.gov ID
NCTO04401579) (46). Additionally, patients receiving the combination treatment had quicker
recovery and lower mortality rates in comparison to the control treatment group

(ClinicalTrials.gov ID NCT04401579) (46).

Kineret (also known as anakinra) is an immune modulator drug authorized under EUA
for treatment of COVID-19 pneumonia in hospitalized adults requiring supplemental oxygen
who are at risk of progressing to severe respiratory failure and likely to have an elevated plasma
soluble urokinase plasminogen activator receptor (suPAR). Kineret is FDA-approved for
rheumatoid arthritis, neonatal-onset multisystem inflammatory disease, and deficiency of IL-1
receptor antagonist. Kineret is an interleukin-1 (IL-1) receptor antagonist that is administered via
subcutaneous injection. A phase 3 trial of anakinra in COVID-19 patients at risk of progressing
to respiratory failure as identified by plasma suPAR showed decreased mortality and hospital

stay in comparison to the placebo (ClinicalTrials.gov ID NCT04680949) (47, 48).

Gohibic (also known as vilobelimab) is an immune modulator drug authorized under
EUA for treatment of COVID-19 in hospitalized adults when initiated within 48 hours of
receiving invasive mechanical ventilation or extracorporeal membrane oxygenation. Vilobelimab
is a recombinant anti-C5a antibody that blocks the interaction of C5a with its receptor. In a phase

3 clinical trial, patients receiving vilobelimab showed a decreased mortality rate and increased
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likelihood of improvement on the WHO COVID-19 ordinal scale in comparison to patients
receiving the placebo (ClinicalTrials.gov ID NCT04333420) (49). Vilobelimab also protected

against renal replacement therapy (ClinicalTrials.gov ID NCT04333420) (49).

1.5 ACE2 IN CLINICAL TRIALS

ACE2 is an enzyme found on the surface of many different cell types in the human body,
including the lungs, heart, and kidneys. ACE2 plays a crucial role in regulating the renin-
angiotensin system (RAS), which controls blood pressure, fluid balance, and other important
cardiovascular functions. ACE2 counterbalances the actions of angiotensin-converting enzyme
(ACE), which increases blood pressure by converting angiotensin I to angiotensin II.
Specifically, ACE2 converts angiotensin II into angiotensin 1-7. Angiotensin 1-7 signaling
through Mas1 exerts vasodilatory, anti-inflammatory, and anti-fibrotic effects (50). Thus, ACE2’s

enzymatic activity helps maintain cardiovascular homeostasis.

Due to its anti-inflammatory effects, recombinant soluble ACE2 (sACE2) has shown
promise as a therapeutic agent in various diseases. For example, sACE2 has been tested in
clinical trials to treat ARDS and pulmonary arterial hypertension (PAH). In a phase 2 clinical
trial, researchers found that SACE2 was well-tolerated in patients diagnosed with ARDS that had
been mechanically ventilated for less than 72 hours (ClinicalTrials.gov ID NCT01597635) (51).
Angiotensin II and IL-6 levels decreased, while angiotensin 1-7 and surfactant protein D levels
increased in patients receiving SACE2 twice daily for 3 days (ClinicalTrials.gov ID
NCTO01597635) (51). In a phase 2a trial, a single IV infusion of SACE2 in patients with PAH led
to significant improvement in cardiac output and pulmonary vascular resistance and a reduction

in inflammation markers (ClinicalTrials.gov ID NCT01884051) (52).
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ACE?2 has gained significant attention due to its role as the primary receptor for SARS-
CoV-2, as well as being the main host receptor for NL63 and SARS-CoV (5, 53-56). Upon
binding of the spike protein of these viruses to ACE2 on the surface of cells, these viruses are
internalized via receptor-mediated endocytosis. Acidification of the endosome allows for the
fusion of the viral membrane with the endosomal membrane and the release of viral genome into
the cytoplasm (5, 57, 58). ACE2 is widely expressed in tissues of the lungs, heart, and kidneys,
contributing to the multi-organ complications observed in COVID-19. While ACE2 plays a
protective role within the RAS, its interaction with SARS-CoV-2 disrupts normal cellular
functions. Namely, SARS-CoV-2 infection leads to ACE2 downregulation by the infected cells,
contributing to an imbalance in the RAS and promoting the harmful effects of angiotensin II on

inflammation and tissue damage.

Researchers have extensively tested SACE2’s ability to blunt infection of NL63, SARS-
CoV, and SARS-CoV-2 by neutralization (54, 56, 59). In vitro assays showed that sSACE2
neutralized pseudovirions expressing SARS-CoV spike and NL63 spike proteins but not 229E
spike protein (54). Additionally, SACE2 inhibited SARS-CoV-2 infection of engineered human
blood vessel organoids and human kidney organoids (59). In vivo preclinical studies showed that
sACE?2 increased survival, improved lung histopathology, and decreased viral titers in a k18-
hACE2 mouse SARS-CoV-2 infection model (60). Therefore, by acting as a decoy receptor,
SACE2 can bind to the spike protein on NL63, SARS-CoV, and SARS-CoV-2, preventing

infection and reducing viral load.

Due to its anti-inflammatory and neutralizing effects, SACE2 has also been explored as a
potential therapeutic intervention for COVID-19 (Table 1.1) (61). A double-blinded, randomized,

placebo-controlled, phase 2 trial for COVID-19 showed that intravenous sACE2 significantly
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improved mechanical ventilator-free days and reduced viral RNA load compared to placebo
(ClinicalTrials.gov ID NCT04335136). Additionally, intravenous sACE2 led to a decrease in
pro-inflammatory angiotensin II and an increase in anti-inflammatory angiotensin 1-7 and
angiotensin 1-5 (ClinicalTrials.gov ID NCT04335136). In a phase I, double-blind, placebo-
controlled, dose-escalation study, aerosolized SACE2 was found to be safe and well-tolerated,
with no dose-limiting toxicities and no detection of anti-ACE2 antibodies (ClinicalTrials.gov ID

NCT05065645) (62).

Overall, sSACE2 has various functions that make SACE2 a promising therapy for multiple
diseases, including ARDS, PAH, and COVID-19. First, sACE2’s anti-inflammatory and anti-
fibrotic effects protect against tissue damage seen in these diseases. Second, SACE2’s
neutralizing activity against NL63, SARS-CoV, and SARS-CoV-2 protects against infection,
reducing damage to tissue and exacerbation of disease. Finally, all emergent pathogenic variants
of NL63, SARS-CoV, and SARS-CoV-2 continue to share specificity for the ACE2 host receptor.

Therefore, sSACE2 may serve as a promising decoy receptor for any variant of these viruses.

TABLE 1.1. Soluble ACE2 in COVID-19 Clinical Trials and Case Studies

Title

Completion or
Publication Date

Intervention

Outcomes

Human recombinant
soluble ACE2 in
severe COVID-19 (61)

September 24,
2020

Hospitalized patient with

severe COVID-19:

Drug: IV rhACE2

IV rhACE2
decreased
angiotensin II;
increased
angiotensin 1-7,
angiotensin 1-9, and
angiotensin 1-5;
decreased IL-6 and
interleukin-8 (IL-8);
and decreased viral
load.
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IV rhACE2

Recombinant Human nﬁ?ﬁ;ﬁiil
Angiotensin- Hospitalized COVID-19 .
: . ventilator-free days,
converting Enzyme 2 patients: 3
reduced viral RNA
(e CI) e December 26 load, decreased pro-
Treatment for Patients 2020 ’ Drug: IV rhACE2 it,l flammato
Ot COVAIDHILS angiotensin Hand
(APNO1-COVID-19) Placebo: IV physiological & 3
. . . . increased anti-
(ClinicalTrials.gov ID saline solution inflammato
NCT04335136) pllammatory
angiotensin 1-7 and
angiotensin 1-5.
Study to Assess the
Safety, Tolerability, Nebulized thACE2
Pharmacokinetics and Healthy volunteers: was safe and well
Pharmacodynamics of tolerated and did not
Inhaled APNO1 May 27, 2022 Drug: nebulized thACE2 trigger an immune
Developed as response. Nebulized
Treatment for COVID- Placebo: nebulized 0.9% rhACE2 increased
19 sodium chloride angiotensin 1-5
(ClinicalTrials.gov ID levels.
NCT05065645)

1.6 TYPE I INTERFERONS

Interferons (IFNs) are a group of cytokines that play a crucial role in the induction of an

antiviral state in cells following viral infection, the enhancement of innate immune responses,

and the facilitation of adaptive immune responses. IFNs inhibit viral replication and help initiate

the adaptive immune response against the infective virus. The antiviral state induced in cells by

interferon signaling is the first line of defense following viral infection. The antiviral state

inhibits viral replication and viral spread to nearby cells by inhibiting viral protein synthesis,

degrading viral RNA, and trapping newly formed virions, preventing viral release from the

infected cell to infect other nearby cells (63).
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SARS-CoV-2, among other viruses, inhibits IFN production and signaling. Multiple
proteins encoded by SARS-CoV-2 have been shown to act as IFN antagonists by inhibiting
different key pathways in the IFN induction and signaling pathways (64-67). For example, Nsp5
is a protease encoded by the SARS-CoV-2 genome. Once expressed in the host cell after
infection, Nsp5 cleaves RIG-I, a PRR that detects cytosolic dsSRNA (37). The cleavage of RIG-I
inhibits its activation of mitochondrial antiviral-signaling protein (MAVS), also known as the
IFN-B promoter stimulator 1 (IPS-1) (37). MAVS activation is one pathway responsible for [FN
production by activating interferon regulatory factors 1 and 3 (IRF1 and IRF3, respectively).
Additionally, Nsp5 promotes the ubiquitination and proteasome-mediated degradation of MAVS
(37). Thus, Nsp5 inhibits antiviral IFN production by at least two different methods.

The inhibition of antiviral IFN production by various SARS-CoV-2 proteins allows the
virus to replicate unchecked, leading to a high viral load and increased tissue damage. The lack
of an adequate IFN response could also contribute to a dysregulated immune response against
SARS-CoV-2, resulting in an exaggerated inflammatory response known as a “cytokine storm.”
The cytokine storm can lead to widespread tissue damage, organ failure, and death (68, 69). A
cytokine storm is characterized by the overproduction of pro-inflammatory cytokines such as
tumor necrosis factor-alpha (TNF-a), IL-1, and IL-6 (70). Typically, these cytokines play a
crucial role in inhibiting viral infection. However, the overproduction of these cytokines may
have a detrimental effect on the human body, including systemic inflammation, damage to blood
vessels, and increased vascular permeability, leading to fluid leakage into tissues, including the
lungs. As a result, patients with unmanaged severe COVID-19 may develop ARDS, ALI, acute

kidney injury (AKI), and cardiovascular disease (CVD) (70).
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Severe COVID-19 has been linked to inborn errors as well as neutralizing autoantibodies
against IFN-IL. Inborn errors of essential [FN-I mediators underlie about 5% of severe COVID-19
cases (71). These inborn errors include mutations to IRF-3 (68), interferon regulatory factor 7
(IRF-7) (72), interferon alpha and beta receptor subunit 1 and 2 (IFNAR1 and IFNAR2,
respectively) (68, 73, 74), toll-like receptor 3 and 7 (TLR3 and TLR7, respectively) (68, 75, 76),
and many others (71). Neutralizing autoantibodies against IFN-a and interferon-omega (IFN-w)
have been detected in 20% of patients with fatal COVID-19 and 20% of patients above the age
of 70 with severe COVID-19 (71, 77-79). The presence of autoantibodies against IFN-I
correlates with the fatality rate of COVID-19 patients.

Given the critical role of IFNs in viral clearance — and the impaired production and
function of IFNs in SARS-CoV-2-infected patients — researchers have evaluated IFNs alone or in
combination with antiviral drugs in COVID-19 clinical trials (Table 1.1). In these clinical trials,
IFNs showed different efficacies depending on the route of administration, the severity of the
disease during administration, and the antiviral drugs used in combination with IFN (80-82).
Early in the pandemic, the WHO tested four repurposed antiviral drugs for COVID-19
independently — remdesivir, hydroxychloroquine, lopinavir, and interferon-beta (IFN-p). In this
trial, IFN- was administered either intravenously (10 pg daily for 6 days) or subcutaneously (44
ug on days 1, 3, and 6), depending on availability (83). No effect in mortality rate, hospital
duration, or initiation of ventilation was seen in patients who received IFN- treatments (83).

Synairgen developed a nebulized formula of IFN-f for treatment of COVID-19. In a
randomized, double-blind, placebo-controlled, phase 2 trial of IFN-f delivered via nebulization
once daily for 14 days, patients who received the treatment had accelerated recovery and a 79%

decrease in progression to severe disease or death compared to patients who received the placebo
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(ClinicalTrials.gov ID NCT04385095) (84). A randomized, double-blind, placebo-controlled,
phase 3 trial showed that nebulized IFN-f trended towards reducing relative risk of progression
to severe disease or death within 35 days compared to patients who received placebo, especially
in high-risk patient subgroups (ClinicalTrials.gov ID NCT04732949) (85). However, this trial
did not meet its primary objective, as patients who received nebulized IFN- were not discharged
any sooner and did not recover more rapidly than patients who received the placebo
(ClinicalTrials.gov ID NCT04732949) (85).

Two key variables to note from the WHO and Synairgen trials were severity of disease at
time of IFN-f administration and route of administration. In both trials, recipients were
hospitalized COVID-19 patients, with those in the Synairgen trial also requiring oxygen via nasal
prongs or a mask. IFN treatment has been shown to be most effective early in disease, while late
administration of IFN can be contraindicated (81, 86). Administration of IFN during early stages
of disease is beneficial, since SARS-CoV-2 typically inhibits production of IFN-I in the early
stages of infection. However, IFN administration during the later stages of SARS-CoV-2
infection and in severe COVID-19 can enhance immunopathology and damage to the lungs.
During severe COVID-19, the cytokine storm causes overstimulation of the immune system,
leading to ALIL. IFN administration during this stage can worsen this condition and lead to
permanent damage to the lungs (81, 86, 87). Therefore, early administration of IFN-f to patients
not yet hospitalized but with comorbidities making them at high risk for severe COVID-19 could
have proven to be more protective than IFN- administration to hospitalized patients.

Route of administration is also critical in targeting IFN-f to the site of infection and
reducing systemic side effects. Administering IFN-f via subcutaneous or intravenous injection

results in systemic distribution of IFN-3 coupled with highly diffuse antiviral function and a

17



primary impact on non-target cell types irrelevant to the viral infection. IFN-f targeted directly to

the lungs via nebulization was a key difference between the WHO trial and Synairgen trials and

potentially a reason why the Synairgen trials were more successful at treating patients with

COVID-19.

TABLE 1.2 IFN-f in COVID-19 Clinical Trials

Title Publication Intervention Outcomes
Date
Triple combination of
interferon beta-1b, Hospitalized patients with mild to
lopinavir-ritonavir, and moderate COVID-19: o
o Combination therapy
ribavirin in the .

: o . significantly reduced
treatment of patients May 8, Combination group: lopinavir, the duration of viral
admitted to hospital 2020 ritonavir, ribavirin and IFN-B1b sheddine and
with COVID-19: an Doanital sta

open-label, Control group: lopinavir and P Y
randomized, phase 2 ritonavir
trial (88)
Hospitalized patients with moderate
to severe COVID-19 pneumonia:
IFN-B1b did not
Interferon group: subcutaneous IFN- significantly
B1b (Betaferon) and antivirals decrease in-hospital
Clinical evaluation of (lopinavir/ritonavir, and/or mortality. The
IFN betalb in COVID- hydroxychloroquine or chloroquine), treatment’s
. May 21, . .
19 pneumonia: a 2020 and/or anti-inflammatory drugs effectiveness was
retrospective study (steroids and/or tocilizumab) difficult to evaluate
(89) since most patients
Control group: antivirals were also receiving
(lopinavir/ritonavir, and/or other forms of
hydroxychloroquine or chloroquine), treatment.
and/or anti-inflammatory drugs
(steroids and/or tocilizumab)
' . Hospitalized patients with severe IFN-pla
A randomized clinical COVID-19: .
. significantly
trial of the efficacy and . .
safety of interferon - August 20, Interferon group: IFN-Bla and increased discharge
2020 ) rate on day 14 and

la in treatment of

severe COVID-19 (90)

hydroxychloroquine plus lopinavir-
ritonavir or atazanavir-ritonavir

reduced 28-day
mortality.
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Control group: hydroxychloroquine
plus lopinavir-ritonavir or
atazanavir-ritonavir

Hospitalized patients with severe
COVID-19:

IFN-B1b
; ] significantly
Interferon f—1b in afferattoid o WINFSillo decreased time to
subcutaneously plus .
treatment of severe L : clinical
) August 24, lopinavir/ritonavir or .
COVID-19: A o . improvement,
. .. 2020 atazanavir/ritonavir plus
randomized clinical hvdroxvehloroquine decreased ICU
trial (91) yAroxy q admission rate, and
Control group: lopinavir/ritonavir or 1nqreased ey
. . discharge rate.
atazanavir/ritonavir plus
hydroxychloroquine
Randomized controlled
open label trial on the Hospitalized patients with moderate
use of favipiravir to severe COVID-19 pneumonia: IFN-B1b did not
combined with inhaled significantly change
. . November . >
interferon beta-1b in 9. 2020 Interferon group: favipiravir with clinical outcomes or
hospitalized patients ’ IFN-B1b by inhalation aerosol inflammatory
with moderate to markers.
severe COVID-19 Control group: hydroxychloroquine
pneumonia (92)
Safety and efficacy of
inhaled nebulized
interferon beta-1a oy .
(SNGOO1) for Hospitalized COVID-19 patients: Siéi?é;ﬁalrlzlly
treatment of SARS- November ) . :
CoV-2 infection: a 12, 2020 Interferon group: nebulized IFN-Bla mcreased odds of
. improvement and
randomized, double- Control eroun: placeb dofr
il s group: placebo speed of recovery.
controlled, phase 2 trial
(84)
Repurposed antiviral Hospitalized COVID-19 patients: IFN-Bla did not
decrease mortality,
drugs for COVID-19 — A
. . December Interferon group: subcutaneous or initiation of
interim WHO . o
S 2,2020 intravenous IFN-f1a ventilation, or
Solidarity trial results oo
(83) hospitalization
Control group: local standard of care duration.
Comltion sy Hospitalized COVID-19 patients:
: IFN-Bla
i LEINEIL vl Dieeilils Interferon group: subcutan IFN ignificantly reduced
lopinavir—ritonavir, 26, 2020 group: subcutancous - | Sieftieanty reduce

Increases

Bla, lopinavir and ritonavir

mortality rate.
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oxygenation, survival
and discharging of
sever COVID-19
infected inpatients (93)

Control group: lopinavir and
ritonavir

Clinical outcomes of
different therapeutic

Symptomatic hospitalized COVID-
19 patients:

IFN-B1b monotherapy

IFN-B1b
monotherapy and
IFN-B1b plus

options for COVID-19 | February o ribavirin improved
in two Chinese case 13,2021 IFN-B1b and ribavirin clinical outcomes
cohorts: a propensity- o ) and decreased
score analysis (94) IFN-B1b and lopinavir-ritonavir hospitalization time.
IFN-B1b and ribavirin and lopinavir-
ritonavir
Hospitalized patients with severe
COVID-19:
Role of interferon prenren group 1 sqbcutageous IFN-Bla
. IFN-B1a + lopinavir/ritonavir and o
therapy in severe hvdroxvehloroquine significantly
COVID-19: The April 13, yAroxy q decreased time to
COVIFERON 2021 clinical improvement
. Interferon group 2: subcutaneous
randomized controlled L . compared to the
trial (95) IFN-B1b + lop1nav1r/r1topav1r and e
hydroxychloroquine ’
Control group: lopinavir/ritonavir
and hydroxychloroquine
An open-label
randomized controlled oy .
trial of the effect of Hospitalized COVID-19 patients: IFN-Bla did not
1(.)p ln?.VII:/I'ltOH?_VII', May 26, Interferon group: subcutaneous INF- mgmﬁcantly impact
lopinavir/ritonavir plus 2001 Bla + lopinavir/ritonavir + SoC clinical status or
IFN-Bla and P SARS-CoV-2
hydroxychloroquine in ) clearance.
hospitalized patients Control group: SoC
with COVID-19 (96)
Efficacy of interferon stospilivaedl COVIUDALS fpmsieniis + IFN-B1a did not
.. presence of radiographic infiltrates . .
beta-1a plus remdesivir on imagine. a peripheral oxveen improve time to
compared with SINE, & periph e recovery. IFN-Bla
.. . saturation on room air of 94% or
remdesivir alone in | October 18, less. o Tequiring supplemental caused worse
hospitalized adults 2021 ’ qUITING SUpp outcomes in patients

with COVID-19: a
double-blind,
randomized, placebo-

oxygen:

Interferon group: subcutaneous IFN-
Bla plus remdesivir

who required high-
flow oxygen at
baseline compared
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controlled, phase 3 trial with those given the
(97) Control group: placebo plus placebo.
remdesivir

1.7 SUMMARY AND RATIONALE FOR THIS STUDY

The COVID-19 pandemic is driven by the repeated emergence of new pathogenic
variants that continually diversify under evolutionary pressure from the global pool of anti-
SARS-CoV-2 immunity (98-106). The evolutionary drive on pathogenic variants is shaped by the
lack of sterilizing immunity in infected and/or vaccinated individuals and particularly in
immunocompromised individuals who harbor replicating virus for prolonged periods. Rapid
evolution of SARS-CoV-2 is compounded by the inherent mutability of the viral genome, which
is driven via the accumulation of point mutations and genetic recombination with other
circulating variants (107-109). Both types of mutations compromise the affinity and
neutralization capacity of pre-existing anti-Spike antibodies in the human population, thereby
generating immune escape variants. Notably, however, all emergent pathogenic variants continue
to share specificity for the ACE2 host receptor, thereby providing a means to target all SARS-

CoV-2 variants and all other viral species sharing the ACE2 host receptor specificity.

To exploit the common ACE2 host receptor specificity, we developed a novel anti-viral
platform comprised of the antiviral effector cytokine IFN-3 fused to sACE2. This IFNB-ACE2
fusion protein is predicted to bind human coronaviruses (HCoV) NL63, SARS-CoV, and SARS-
CoV-2 via the virion surface spike glycoprotein (53, 54, 110-113). The rationale is that the
physical coupling of the IFN-f and sACE2 domains will confer synergistic activities not realized

by either domain acting alone, based on the following postulates. (a) The SACE2 domain is
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predicted to anchor IFN-f to the virion surface and thereby coat the virion with a surface array of
IFN-B. (b) Upon interaction of a partially neutralized virion with a host target cell, the IFN-f
domain anchored to the surface of the virion is predicted to trigger IFNAR signaling before host
cell infection, such that the virion will only infect host cells with previously upregulated IFN-I
antiviral defenses. (c) Induction of IFN-I defenses prior to infection is predicted to abrogate
subsequent viral replication, thereby blocking amplification of viral cytopathic effects and
cytokine-storm immunopathogenesis. Given that HCoV NL63, SARS-CoV, and SARS-CoV-2
robustly block IFN-B production (65, 114-121), delivery of exogenous IFN-f via an IFNB-ACE2
targeting mechanism is predicted to obviate a primary immune evasion tactic of coronaviruses,
thereby blocking viral infection and systemic dissemination. Clinical application of IFNB-ACE2
via nebulized aerosols directly to the pulmonary system would be of potential benefit during
infection with ACE2-targeting viruses in patients who are asymptomatic, pre-symptomatic, or
presenting with mild to severe disease including ARDS or cytokine-release/vascular-leak

immunopathology.

Although engineering a virion surface-targeted IFN-f3 array is an attractive antiviral
strategy, the concept requires experimental validation. Potential pitfalls include: (a) The IFN-
domain arrayed on the virion surface may not have the appropriate molecular orientation to
efficiently engage IFNAR on the host cell to initiate antiviral signaling. (b) The concentration of
IFN-B array at the virion surface may be insufficient to trigger a protective antiviral response. (c)
The virion-surface IFN-B array may not provide an adequate lead-time to establish antiviral
innate immunity before viral infection. (d) The IFN- domain may augment viral infectivity by
bridging virus and host cell membranes. To address these potential concerns, in vifro infection

studies were used to test the conceptual basis of the IFNB-ACE2 modality. These experiments
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revealed that IFNB-ACE2 had enhanced antiviral activity against NL63 compared to sACE2,
IFN-B, and the unlinked combination of ACE2 and IFN-B. Additionally, irn vitro targeting studies
were performed in which NL63 virions were incubated with IFNB-ACE2 and then washed to
remove unbound proteins to test the antiviral activity of IFNB-ACE2 physically linked to the
viral surface. These ‘virus-washed’ experiments revealed that virion surface-bound IFNB-ACE2
had potent antiviral activities that were superior compared to either or both SACE2 and/or IFN-p.
Additionally, there was no evidence that IFN-ACE2 enhanced infection by bridging the virus
and host cell membranes. The main conclusion is that the IFNB-ACE2 array on the virion surface
has potent antiviral activity due to the preemptive targeting of antiviral IFN-f activity to the
exact site and time of imminent viral infection. Thus, virus surface-targeted IFN-f provides a

conceptual basis for a new platform technology and a new category of antiviral therapy.
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CHAPTER 2: MATERIALS AND METHODS

This chapter is modified from Jabbour et al., A novel antiviral therapeutic platform: anchoring
IFN-p to the surface of infectious virions equips interferon-evasive virions with potent antiviral

activity. Viruses 2025, 17, 697. https://doi.org/10.3390/v17050697

2.1. PROTEIN, VIRUS, AND CELLS

Human IFN-f (300-02BC) was purchased from Peprotech and is referenced as ‘IFN-3
(Peprotech)’. Cercopithecus aethiops kidney epithelial cells expressing trans-membrane protease,
serine 2 and human angiotensin-converting enzyme 2 (Vero E6-TMPRSS2-T2A-ACE2 cells)
(NR-54970), Homo sapiens lung carcinoma (A549) cells (NR-52268), human coronavirus NL63
(NR-470), and human coronavirus 229E (NR-52726) were obtained from BEI Resources. LLC-
MK2 cells (CCL-7) were purchased from ATCC. Vero E6-TMPRSS2-T2A-ACE2, A549, and
LLC-MK2 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). Human embryonic kidney 293-F (HEK) cells (R79007,
Gibco) were cultured in FreeStyle 293 Expression Medium (12338018, Gibco). Genes encoding
full-length SARS-CoV-2 spike (D614G) (VG40589-UT, Sino-Biological) and full-length CD25
(122) were cloned into pIRES AcGFP1 expression vector (632435, Clontech), and these vectors
were used to transfect HEK cells to derive stable lines (HEK-Spike and HEK-control,
respectively) that expressed the respective transmembrane proteins. Because stably transfected
cells expressed GFP, flow cytometric analyses focused on HEK cells in the viable GFP+ gate.

Human bone marrow Erythroleukemia (TF-1) cells (CRL-2003, ATCC) were cultured in RPMI



supplemented with 5% FBS and 1 nM granulocyte-macrophage colony-stimulating factor (GM-
CSF). The NL63 and 229E viruses were propagated on LLC-MK2 and A549 cells, respectively,
and were concentrated at 4 °C by either ultracentrifugation at 48,000 g for 5 hours or

ultrafiltration on YM100 membranes. Viruses were then aliquoted and frozen at -80 °C.

2.2. TISSUE CULTURE INFECTION DOSE 50 (TCIDso)

Infectious titers of NL63 and 229E were quantified in 96-well plate plaque assays in Vero
E6-TMPRSS2-T2A-ACE2 cells and MRC-5 cultures, respectively. Cells were seeded at 30,000
cells/well and incubated at 33 °C. After 24 hours, the cells were inoculated with a half-log serial
dilution of the virus stock (8 replicates per dilution) and incubated at 33 °C. At 5 days post-
infection, the supernatant was discarded, and the cell monolayer was washed with PBS and
stained with crystal violet. After 15 minutes of staining, the crystal violet was discarded, the
number of wells with plaques was counted for each dilution, and the TCIDso was calculated

according to the Reed-Miinch method (123).

2.3. GENERATION AND PURIFICATION OF RECOMBINANT PROTEINS

We used stable mammalian expression systems for recombinant proteins. In addition to
IFN-B (Peprotech), we expressed a recombinant [FN-f§ control protein (referenced as
recombinant IFN-B) that was comprised of the human IFN-f sequence (P01574), except that a
non-native alanine residue was added as the second N-terminal amino acid to encode an optimal

Kozak translation-initiation site (GCCGCCACC-ATG-GCC-). To control for the enterokinase
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linker and poly-histidine sequence in IFNB-ACE2, the C-terminus of recombinant IFN-f3
included an enterokinase linker cleavage site (GDDDDKG) and a C-terminal histidine
purification tag (TRTSTHHHHHHHH). Thus, IFNB-ACE2 and recombinant IFN- represented
a controlled comparison because both shared similar linker sequences. The IFNB-ACE2 (P01574
and QIBYF1, respectively) included an N-terminal Rat Albumin Signal Sequence
(MAKWVTFLLLLFISGSAFS), the secreted human N-terminal IFN-3 sequence
(MSYN....GYLRN), an enterokinase cleavage site (GDDDDKG), a 9-histidine purification tag,
and the human C-terminal sACE2 metallopeptidase domain (18-611) (GSTIE....STDWS). The
sACE2(18-611) and sACE2(18-740) control proteins were comprised of the human ACE2
sequence (Q9BYF1). These sequences included an N-terminal Rat Albumin Signal Sequence
(MAKWVTFLLLLFISGSAFS), a 9-histidine purification tag, the respective SACE2 18-611 or
18-740 sequence, a linker (AKGGGSEGGGSEGGGSG), and a C-terminal GFP sequence
(P42212). These constructs were cloned into pIRES AcGFP1 expression vector (632435,
Clontech). HEK cells were stably transfected with these vectors and grown in FreeStyle 293
Expression Medium (Gibco). Expression supernatants were collected every 2-3 days and cells
were reseeded under selection pressure by G418 (Biovision, Waltham, MA). Expression
supernatants were concentrated and buffer exchanged into 50 mM NaH2PO4 (pH 8.0) on YM10
ultrafiltration membranes. The concentrated protein was then directly applied to Ni-NTA
Agarose columns (Qiagen, Chatsworth, CA), and the resin was extensively washed with
increasing amounts of imidazole (50 mM NaH2PO4 with 0-, 20-, 40-, or 60-mM imidazole, pH
8.0). IFN-B, sACE2(18-611), sACE2(18-740) and IFNB-ACE2 were eluted with 50 mM
NaH>PO4 with 250 mM imidazole (pH 8.0), concentrated in Amicon Ultra-15 centrifugal filter

devices (EMD Millipore, Billerica, MA), and dialyzed in Slide-A-Lyzer dialysis cassettes G2
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(87735, ThermoFisher Scientific). The protein was quantified by absorbance at 280 nm, and the
purity was assessed by Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-

PAGE).

2.4. VALIDATION OF IFN-f DOMAIN OF IFNB-ACE2: IFN-p ANTI-

PROLIFERATION ASSAY

The IFN-B bioactivities of recombinant proteins were measured in vitro by inhibition of
GM-CSF-dependent proliferation of TF-1 cells. TF-1 cells were incubated with 1 nM GM-CSF
and IFNB-ACE2, IFN-f (Peprotech), recombinant IFN-§3, or sSACE2(18-611) in complete RPMI
for 3 days at 37 °C. The culture was pulsed with 1 pCi [*H]thymidine after 48 hours of the 72-
hour culture. Cells were harvested onto filters by use of a Tomtec Mach III harvester (Hamden,
CT, United States). Proliferation was measured via [*H]thymidine incorporation into DNA using

a Perkin Elmer MicroBeta2 liquid scintillation counter.

2.5. VALIDATION OF sACE2 DOMAIN OF IFNB-ACE2: sACE2 BINDING TO HEK-

SPIKE

The sACE2 domain was assessed by binding to HEK-Spike cells. HEK-Spike or HEK-
control cells (100,000 cells/tube) were incubated with either SACE2(18-611) or IFNB-ACE?2 at 4
°C. After a 1-hour incubation, cells were washed twice with PBS with 2% FBS and blocked with
Fc Receptor Binding Inhibitor Polyclonal Antibody (14-9161-73, Invitrogen) for 1 hour at 4 °C.

Following the blocking step, cells were washed twice with PBS with 2% FBS and stained with
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Alexa Fluor 647 (AF647)-conjugated rat anti-human ACE2 (375803, Biolegend) for 1 hour at 4
°C. Cells were then washed with PBS with 2% FBS and analyzed for surface-bound anti-ACE2
monoclonal antibodies (mAbs) on a Cytek Aurora Spectral Cytometer (Fremont, CA) with
unmixing via unstained and single-stained control samples followed by analysis with De Novo
Software FCS Express 7 (Glendale, CA). The percentage of ACE2 positive cells were gated as
the number of viable, single, live, GFP" (stably transfected), and ACE2" cells divided by the total
number of cells in the GFP" gate. The mean fluorescence intensity (MFI) of anti-ACE2

fluorescence was gated on all cells in the viable, single, live, GFP" gate.

2.6. INHIBITION ASSAYS OF HCOV NL63 AND 229E INFECTION IN VITRO

The antiviral activity of IFNB-ACE2 was tested using HCoV NL63 and 229E infection
assays on Vero E6-TMPRSS2-T2A-ACE2 and A549 cells, respectively. Cells were seeded into a
96-well plate at 30,000 cells/well and grown for 24 hours at 33 °C. NL63 and 229E were used at
a multiplicity of infection (MOI) of 0.1. NL63 and 229E were incubated with either IFNB-ACE2,
sACE2(18-611), sACE2(18-740), IFN-B (Peprotech), recombinant IFN-f, or the unlinked
combination of IFN- and SACE2(18-611) for 1 hour at 4 °C. For the ‘no wash’ system, the virus
and protein were then added directly to the cells in that both virus-bound and non-bound protein
were carried into the infection culture. For the ‘virus-washed’ system, the virus and protein
mixtures were subjected to five ultrafiltration washing steps (300 kDa MWCO Nanosep
centrifugal filters, OD300C34, Cytiva) in PBS with 0.5% poloxamer (sheer protectant) (pH 7.5).
This virus-washing protocol retained virus and virus-bound protein in the retentate but

eliminated unbound protein in the filtrate. Five washes eliminated unbound protein while

28



maintaining viral infectivity, based on calculations as well as flow cytometry analyses of
infectivity. The ‘washed’ virus preparations in the retentate were then added to the cells. For
both non-washed and virus-washed protocols, virus and host cells were cultured for 2 days at 33
°C. After 2 days, cells were detached using TrypLE Express Enzyme (12563029, Gibco),
transferred to a V-bottom 96-well plate, and blocked with Fc Receptor Binding Inhibitor
Polyclonal Antibody (14-9161-73, Invitrogen) for 1 hour at 4 °C. Control (non-infected) cells
and virally infected cells were stained with a 1:1000 dilution of LIVE/DEAD Fixable Blue Dead
Cell Stain Kit (L23105, Invitrogen) for 1 hour at 4 °C. After washing with PBS with 5% FBS,
Vero E6-TMPRSS2-T2A-ACE2 cells were surface-stained with 1:1600 dilution of PE-
conjugated mouse anti-human TMPRSS2 (378403, Biolegend) and 1:100 dilution of FITC-
conjugated mouse anti-human ACE2 (10108-MM36-F, Sino Biological) for 1 hour at 4 °C and
then were washed twice with PBS with 5% FBS. For intracellular staining, Vero E6-TMPRSS2-
T2A-ACE2 and A549 cells were fixed and permeabilized using eBioscience Foxp3/Transcription
Factor Staining Buffer Set (00-5523-00, Invitrogen) by incubating cells in the
Fixation/Permeabilization buffer for 30 minutes at room temperature. Cells were then washed
twice with the Permeabilization buffer and blocked with 10% rabbit serum (16120-099, Gibco)
for 1 hour at 4 °C. Antibodies for intracellular staining of nucleocapsid protein were previously
prepared by conjugating rabbit anti-NL63 nucleocapsid antibody (40641-T62, Sino Biological)
or rabbit anti-229E nucleocapsid antibody (40640-T62, Sino Biological) with AF647 by use of
the AF647 Conjugation Kit (Fast) - Lightning-Link (ab269823, Abcam). Intracellular staining of
cells infected with HCoV NL63 and 229E was performed by incubating cells with 1:1600
dilution of AF647-conjugated rabbit anti-NL63 nucleocapsid antibody or 1:1600 dilution of

AF647-conjugated rabbit anti-229E nucleocapsid antibody, respectively, for 1 hour at 4 °C. After
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washing once with permeabilization buffer and once with PBS with 2% FBS, cells were
resuspended in PBS with 2% FBS and analyzed on a Cytek Aurora Spectral Cytometer
(Fremont, CA) with unmixing via unstained and single-stained control samples followed by
analysis with De Novo Software FCS Express 7 (Glendale, CA). Cells were gated on viable,
single, and live cells before gating on FITC, PE", and AF647" gates. MFI of PE and FITC was

gated on all viable, single, and live cells.

2.7. STATISTICAL ANALYSES, DATA PRESENTATION, AND EXPERIMENTAL

REPRODUCIBILITY

Comparisons with one independent variable were assessed via one-way analysis of
variance (ANOVA) with the Dunnett multiple comparisons test. Comparisons with two
independent variables were assessed via two-way ANOVA with Tukey’s multiple comparisons
test. A p-value < 0.05 was considered significant. Significance was indicated as follows: (* or ° p
<0.05, ** or °° p <0.01, *** or °°° p <0.001, and **** or °°°° p <0.0001). Each data point
represents the mean value, and error bars represent the standard deviation (SD). Experiments

shown in the figures are representative of three independent experiments.
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CHAPTER 3: ACE2(18-611) AND IFN-f DOMAINS OF THE THERAPEUTIC FUSION

PROTEIN MAINTAIN INDIVIDUAL ACTIVITIES

This chapter is modified from Jabbour et al., A novel antiviral therapeutic platform: anchoring
IFN-p to the surface of infectious virions equips interferon-evasive virions with potent antiviral

activity. Viruses 2025, 17, 697. https://doi.org/10.3390/v17050697

3.1 ABSTRACT

The COVID-19 pandemic highlighted the need for continuous development of new
antiviral drug classes that can be modified or repurposed to target emerging problematic viruses
in the early stages of viral outbreak. The quicker we can respond to emerging pathogenic viruses,
the better we can prevent widespread viral transmission and mitigate potential public health
crises. We have developed a new platform of antiviral therapeutics that consists of an immune
modulator domain covalently linked to a viral host receptor. By covalently linking an immune
modulator to a viral host receptor, we can localize the antiviral activity of the immune modulator
to the surface of the infectious virus, targeting its antiviral activity to the exact site and time of
viral infection.

IFN-p targeting to the surface of an infectious virion has inherent advantages over simply
introducing IFN-f to the body via subcutaneous/intravenous injection or even nebulization.
Targeting nebulized IFN-f directly to the surface of the virus can reduce or eliminate off-target
binding of IFN-B. Additionally, lower doses of IFN- may be administered to accomplish similar
antiviral effects in vivo due to the precise targeting of IFN-f3 where needed within the body. This

reduces potential negative side effects of IFN-f3 and enhances the antiviral activity where needed.



Additionally, this therapeutic is modular in nature as the ACE2 domain could be swapped
for a different viral host receptor that targets IFN-f to the surface of emerging viruses of concern.
By doing so, we have created a fusion protein therapeutic that can be easily repurposed during
new outbreaks as long as we can identify the receptor of the new virus. Similarly, the [FN-f3
could be swapped for a different immune modulator or antiviral peptide that more efficiently
blocks infection and replication.

The first step of testing a novel fusion protein is to validate whether the domains maintain
individual, unhindered activities. We tested the SACE2 domain of the fusion protein in a flow-
based binding assay and found that the fusion protein exhibited binding to the transmembrane
SARS-CoV-2 spike protein similar to the SACE2(18-611) control protein. We tested the IFN-f3
domain of the fusion protein in an anti-proliferative assay using GM-CSF-dependent TF-1 cells.
The IFN-B domain of the fusion protein had similar anti-proliferative activity on TF-1 cells as

the control IFN-f proteins.

3.2 RESULTS

Mode of action and design of IFNB-ACE2 (Figures 3.1, 3.2, 3.3).

Based on the standard mode of administration, IFN-f3 alone does not bind to the surface
of virions, which leads to diffuse and non-targeted antiviral action (Figure 3.1, top). In contrast,
IFNB-ACE?2 is designed to decorate infectious virions with a surface array of IFN-f to
preemptively target and upregulate antiviral activity in host cells prior to viral infection (Figure
3.1, bottom). The fusion protein prototype consists of the antiviral cytokine IFN-f covalently
linked to SACE2, the main host receptor for SARS-CoV, SARS-CoV-2, and NL63 (Figure

3.2A). We expressed [IFNB-ACE2, recombinant IFN-, sSACE2(18-611), and sACE2(18-740) in
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stably transfected HEK cell lines (Figure 3.2A-D). Protein purification yielded 1.5 - 2 mg of
protein per 500 mL of culture supernatant. Figures 3.3A-D show purity of each protein on SDS-
Page gels. Lastly, we created an HEK cell line that expresses the full-length SARS-CoV-2
protein (D614G) (HEK-Spike) and a control HEK cell line that expresses the full-length CD25

(HEK-control) (Figure 3.2E,F).

The binding of soluble IFNB-ACE2 to the virion-surface spike protein is dependent on
affinity, the relative ligand concentrations, and the cooperative induction/ availability of the
spike protein in the ‘open’ conformation. At low IFNB-ACE2 concentrations, a hypothetical plot
showing the distribution of virions based on the ranked percentage of spike occupancy per virion
would predictably show a strong right/ positively-skewed distribution, where most virions
exhibit low IFNB-ACE2 occupancy of spike on a per virion basis. At intermediate IFNB-ACE2
concentrations, this plot would show a symmetric bell-shaped distribution, where most virions
exhibited approximately 50% occupancy of spike on a per virion basis. At high IFNB-ACE2
concentrations, this plot would show a strong left/ negatively-skewed distribution, where most

virions exhibited a high occupancy of spike on a per virion basis.

The low IFNB-ACE2 concentration range represents the most feasible pharmacologic
delivery scenario, wherein non-saturating IFNB-ACE2 concentrations in the picomolar/ low
nanomolar range can be achieved with high feasibility via standard delivery modalities including
nebulized delivery of aerosols. These concentrations should provide effective therapeutic action
based on the postulate that IFN-f directly anchored to the virion surface mediates the dominant
anti-viral action of this platform independently of neutralization. Thus, in the most realistic
scenarios, virions will be partly coated with IFNB-ACE2, such that these virions may trigger

IFN-f antiviral pathways concurrently with virus-host cell fusion and initial viral invasion. In
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this scenario, the major question is whether the kinetics of the IFN-f antiviral response can
outpace a concomitant infective process to afford aborted infection and protective innate

immunity.

The IFN-p domain of IFNB-ACE2 had anti-proliferative activity comparable to that of the

IFN-B control proteins (Figure 3.4).

A central question was whether the individual domains of IFNB-ACE2 exhibited
predicted domain-specific activities. To assess the IFN-B domain, we used an anti-proliferative
assay to compare IFNB-ACE?2 to control proteins including (a) human IFN-§ (Peprotech), (b)
human recombinant IFN-f protein, and (¢) human recombinant SACE2(18-611) (Figure 3.4). The
IFNB-ACE2 and the control proteins were cultured at designated concentrations with GM-CSF-
stimulated TF-1 cells for 3 days at 37 °C, and [°’H]thymidine incorporation was measured on the
third day. As shown in Figure 3.4, IFNB-ACE2 exhibited potent anti-proliferative activity that
closely approximated the inhibitory activities of the two IFN-f3 control proteins. Conversely,
sACE?2 lacked anti-proliferative activity. These data showed that IFN-f domain of IFNB-ACE2

retains potent interferon activity capable of inhibiting proliferative responses.

The sACE2 domain of IFNB-ACE2 specifically bound the transmembrane SARS-CoV-2

spike protein (Figure 3.5).

To assess the SACE2 domain, ACE2 binding to HEK-Spike was compared to HEK-

control cells. HEK-Spike or HEK-control cells (100,000 cells/tube) were incubated with
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designated concentrations of either SACE2(18-611) or IFNB-ACE2 for 1 hour at 4 °C. After
washing, cells were stained with AF647-conjugated anti-human ACE2 antibody and were
analyzed for ACE2 binding by flow cytometry. Figure 3.5A shows the gating scheme. Cells were
gated on viable, single, live, and GFP" cells before gating on ACE2-bound cells. Figure 3.5B
shows representative dot plots of ACE2-binding of 2 uM sACE2(18-611) or IFNB-ACE2 to
HEK-Spike and HEK-control cells. IFNB-ACE2 had similar binding to HEK-Spike as
sACE2(18-611), as indicated by percentages of cells in the ACE2" gate (Figure 3.5C) and by the
MEFTI of anti-ACE2 (Figure 3.5D). As shown in Figure 3.5E, IFNB-ACE2 and sACE2(18-611)
exhibited robust binding to HEK-Spike cells but did not exhibit detectable binding to HEK-
control cells. These data provide evidence that the SACE2 domain of IFNB-ACE2 maintains

robust binding to transmembrane SARS-CoV-2 spike protein.

3.3 DISCUSSION

As mentioned previously, IFN-f has been tested extensively in clinical trials. A
comparison of the antiviral and anti-inflammatory benefits seen with different modes of IFN-f3
administration shows that the administration route plays a crucial role in targeting the effects of
IFN-B to where needed. The antiviral and anti-inflammatory effects seen with subcutaneous and
intravenous administration of IFN-§ had lower efficacy in comparison to inhaled nebulized IFN-
B. This result is likely due to off-target IFNAR on irrelevant cell types and the limited IFN-f3
biodistribution to the lungs during subcutaneous and intravenous administration. Off-target
effects of IFN-P, as seen in subcutaneous administration, may also lead to negative side effects,
as seen in multiple sclerosis patients receiving therapeutic IFN-f, including nausea, fatigue, and

other flu-like symptoms. Nebulization of IFN-f is a more targeted approach of administering
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IFN-B in comparison to subcutaneous and intravenous IFN-f§ because pulmonary administration

directly delivers the therapeutic to the site of viral infection in COVID-19.

Although more targeted, inhaled IFN-f failed to show efficacy in a phase 3 clinical trial
for COVID-19 (85). This clinical trial compared nebulized IFN-f to placebo and found that
hospital discharge rates and time to recovery were similar between the two groups. However,
their data showed that IFN-3 may have prevented progression to severe disease, especially in
high-risk patient subgroups. They attributed the difference in results between their phase 2 and
phase 3 clinical trials to improvement in standard of care. Although nebulization is a more
targeted approach than subcutaneous and intravenous administration, this administrative route
confers considerable off-target binding of IFN-f to cell types irrelevant to the infection, leading

to diffuse antiviral responses (Figure 3.1, top).

To minimize the off-target binding of IFN-, we created an IFNB-ACE2 fusion protein
that is designed to target IFN-f to the surface of NL63, SARS-CoV, and SARS-CoV-2 through
host receptor specificity. The ACE2 domain binds to the spike protein on the surface of the
virions, coating them with a surface array of IFN-f. This places IFN-f at the exact site of
imminent viral infection. By administering this fusion protein therapeutic via nebulization, the
fusion protein is targeted to the site of infection (lungs) and further targeted to the surface of the

virions through the ACE2 domain (Figure 3.1, bottom).

In addition to our therapeutic fusion protein (Figure 3.2A), we expressed monomeric
sACE2(18-611) and dimeric sACE2(18-740) control proteins (Figure 3.2B and C, respectively)
as well as an IFN-B control protein (Figure 3.2D) that we used in addition to the IFN-f control
protein purchased from Peprotech. We also created HEK cells lines that express full-length

SARS-CoV-2 spike protein or full-length CD25 (Figure 3.2E and F, respectively). These cell
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lines were used in the binding assay shown in Figure 3.5. Following the expression and
purification of IFNB-ACE2, sACE2(18-740), sACE2(18-611), and IFN-B, we ran SDS-Page gels

to test for purity of proteins (Figure 3.3A,B,C,D, respectively).

When designing a fusion protein, using a linker that provides the flexibility required to
allow each domain to act independently is crucial. We tested the linker used in our fusion protein
in previous fusion proteins designed and purified in our lab (124). The linker consists of an
enterokinase cleavage site (GDDDDKG) and a 9-histidine purification tag (Figure 3.2A). After
purifying IFNB-ACE2, we compared the anti-proliferative activity of the IFN-f3 domain to
recombinant IFN-B and IFN-B (Peprotech) in a [*’H]thymidine incorporation assay with TF-1
cells (Figure 3.4). We also compared the ACE2 domain to sACE2(18-611) in a spike-binding
flow-based assay (Figure 3.5). Both domains of IFNB-ACE2 exhibited predicted domain-specific
activities, indicating that the linker used provided the flexibility required to allow the domains to

function independently.
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FIGURE 3.1. Postulated mechanism underlying the IFNB-ACE?2 fusion protein. A SARS-
CoV-2 or NL63-infected individual is given IFNB-ACE2 via nebulization to the lungs. The
sACE2 domain is postulated to bind the spike protein and coat the virion with a surface array of
IFN-B. Based on this strategy, the IFN-f domain will drive IFN-f signaling pathways and
antiviral activity in the target cell before viral entry. IFNB-ACE?2 is postulated to provide a more
concentrated and targeted approach to delivering IFN- to the exact site and time of imminent

viral infection (125).
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(A) Rat Serum Albumin GDDDDKGHHHHHHHHH
Signal Sequence 1-19 (Linker)

IFNB-ACE2 ACE2(18-611)

(B) SACE2{18-611) Control Protein Rat Serum Albumin AKGGGSEGGGESEGGESE moxGEP

Signal Sequence 1-19 SEEILEATL (Linker)

Rat Serum Albumin AKGGGSEGGGSEGGGESG

(C) SACE2(18-740) Control Protein G ot ACE2(18-740) T

moxGFP

. Rat Serum Albumin GDDDDKGTRTSTHHHHHHHH
(D) IFN- Control Protein Signal Sequence 1-19 (Linker)
(E) HEK-Spike SPIKE (D614G)
(F) HEK-CD25 control i

FIGURE 3.2. Schematic diagrams of expressed constructs and cell lines. (A) Schematic
diagram of the soluble fusion protein constructs consisting of an IFN-B domain and a SACE2(18-
611) domain. (B) Schematic diagram of the soluble control protein construct, SACE2(18-611).
(C) Schematic diagram of the soluble control protein construct, SACE2(18-740). (D) Schematic
diagram of the soluble control protein construct, IFN-B. (E) Schematic diagram of the
transmembrane spike protein expressed in HEK cells for the ACE2-binding assay. (F) Schematic
diagram of the transmembrane control CD25 protein expressed in HEK cells for the ACE2-

binding assay.
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FIGURE 3.3. SDS-PAGE gels of purified proteins. (A) 8% SDS-Page gel showing purity of
IFNB-ACE2. (B) 8% SDS-Page gel showing purity of SACE2(18-740). (C) 8% SDS-Page gel

showing purity of sSACE2(18-611). (D) 12% SDS-Page gel showing purity of IFN-p.
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FIGURE 3.4. The IFN-B domain of IFNB-ACE?2 exhibited predicted bioactivity. To assay
the IFN- domain, TF-1 cells were incubated with GM-CSF and either IFN-f, sACE2(18-611),
or IFNB-ACE?2 then pulsed with [*H]thymidine during the last 24 hours of a 3-day culture. The
y-axis represents counts per minute (CPM), and error bars represent the SD. Statistical
significance was analyzed by use of two-way ANOVA with Tukey’s multiple comparisons test
comparing the three control groups to the IFNB-ACE?2 treatment group at each concentration (ns
nonsignificant, * p < 0.05, **** p <0.0001). Each data point represents the mean value (n=2),

and error bars represent SD. These data are representative of three independent experiments.
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FIGURE 3.5. The sACE2 domain of IFN-ACE2 exhibited predicted bioactivity. To assay
the ACE2 domain, HEK-Spike or HEK-control cells were incubated with designated
concentrations of either SACE2(18-611) or IFNB-ACE?2 for 1 hour at 4 °C. After washing, cells
were stained with AF647-conjugated anti-human ACE2 antibody for 1 hour at 4 °C. Cells were
analyzed for ACE2 binding by flow cytometry. (A) Viable, single, live, and GFP" stably
transfected cells (parental gate representing all cells in plot) were subgated to show the ACE2"
subset. (B) Representative dot plots show binding of either SACE2(18-611) or IFNB-ACE2 (2
uM each) to HEK-Spike or HEK-control cells. (C) Shown are percentages of ACE2" HEK-Spike

cells (ACE2" gate/ parental gate). (D) The MFIs of anti-ACE2 fluorescence are shown for the
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parental gate. (E) Bar graphs show mean percentages of HEK-Spike or HEK-control cells bound
to ACE2 (ACE2" gate/ parental gate). Each data point represents the mean value (n=2), and error

bars represent SD. These data are representative of three independent experiments.
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CHAPTER 4: ACE2(18-611) DOMAIN OF THERAPEUTIC FUSION PROTEIN

TARGETS IFN-B SPECIFICALLY TO THE SURFACE OF NL63 BUT NOT 229E

This chapter is modified from Jabbour et al., A novel antiviral therapeutic platform: anchoring
IFN-p to the surface of infectious virions equips interferon-evasive virions with potent antiviral

activity. Viruses 2025, 17, 697. https://doi.org/10.3390/v17050697

4.1 ABSTRACT

IFN-B is a potent antiviral modulator and an important first line of defense during viral
infection. For this reason, IFN-f has been extensively tested in clinical trials as an antiviral
therapeutic agent. However, as seen in IFN-f clinical trials for COVID-19, the antiviral and anti-
inflammatory activity of IFN-f is equivocal, and IFN therapeutics have not generally advanced
to phase 3 clinical trials. We believe that the mild activity of IFN-f in COVID-19 patients is due
to the diffuse and off-target IFN-f3 signaling within the body. When given subcutaneously or
intravenously, the majority of the IFN-f administered binds to cell types irrelevant to the
infection, leading to adverse systemic side effects. Although inhalation is a more targeted
approach to administering IFN-f to COVID-19 patients, this route of administration still fails to
pinpoint IFN-f signaling to the exact cells of interest. We have designed a modular antiviral
platform that targets IFN-P to the surface of a virion through host receptor specificity. Via this
strategy, IFN-f signaling is directly targeted to the exact cells of interest and upregulates an
antiviral state in target cells to preclude viral infection. For proof of concept, we have tested the

ability of SACE2 to target IFN-f to the surface of NL63 through fusion protein technology.



Herein, we show that NL63-targeted IFN-f3 has potent antiviral activity against NL63 infection
and that the covalent linkage of SACE2 to IFN-f is required for this targeting. We also show that
this targeting is specific to NL63 and not the 229E control virus that does not bind ACE2. This
platform is modular as the SACE2 domain of the fusion protein can be swapped with a different

viral host receptor to target a different virus of interest.

4.2 RESULTS

The sACE2 domain of IFNB-ACE2 targeted IFN- to the surface of NL63 (Figure 4.1).

The primary question addressed by this study was whether the SACE2 domain of IFNp-
ACE2 targets IFN-f to the surface of NL63 to mediate preemptive antiviral activity. To assess
this question, we ran flow cytometric assays to measure intracellular nucleocapsid expression as
a measure of viral infection. NL63 (MOI of 0.1) was incubated for 1 hour with either IFN[3-
ACE2, sACE2(18-611), IFN-B (Peprotech), or recombinant IFN-B. The virus plus protein
preparations were then subjected to repeated centrifugal ultrafiltration through a 300 kDa
MWCO filter to filter unbound protein into the filtrate, whereas stable virus-protein complexes
were retained in the retentate. ‘Virus-washed’ NL63 and/or NL63-protein complexes in the
retentate were subsequently seeded onto Vero E6-TMPRSS2-T2A-ACE2 cells. After a 48-hour
incubation, cells were harvested, stained, and analyzed by flow cytometry to measure viral
infection. Flow cytometric analysis showed that infected versus uninfected cells presented as
qualitatively distinct populations, with virally infected cells presenting as a distinct
nucleocapsid” phenotype whereas uninfected cells were distinctly nucleocapsid™ (Figure 4.1A).
IFNB-ACE2 at an initial concentration range of 100 pM — 1 uM bound to NL63 and was retained

as virion-bound IFNB-ACE?2 to cause inhibition of NL63 nucleocapsid production (Figure
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4.1B,C). The mechanism of inhibition was attributed largely to the antiviral activity of the IFN-f3
domain rather than to ACE2-mediated neutralization, because sSACE2(18-611) alone only
exhibited inhibition at the highest concentration tested (1 pM) (Figure 4.1B). Rather, the SACE2
domain of IFNB-ACE2 was needed to anchor IFN-f to the virion surface because neither IFN-f3
preparation alone had antiviral activity, presumably because IFN-B did not independently bind
the virus and therefore was lost in the filtrate (Figure 4.1C). Distinction of nucleocapsid” versus
nucleocapsid™ subsets as infected versus uninfected subsets was validated in that nucleocapsid”
subset corresponded to an ACE2'°” and TMPRSS2!°Y phenotype, and vice versa, which
corresponds with the downregulation of the ACE2 host receptor and the TMPRSS2 coreceptor
upon infection (Figure 4.1D-M). Based on ACE2 and TMPRSS2 expression, IFN-ACE2
robustly inhibited infection across a concentration range of 100 pM to 1 uM, whereas SACE2(18-
611) alone inhibited infection only at the highest concentration tested (1 uM) (Figure 4.1E-F, J-
K), and both IFN-B preparations alone lacked detectable antiviral activity (Figure 4.1G-H, L-M).
Overall, these data reveal that IFNB-ACE2 binds to virions to mediate robust antiviral interferon
activity as evidenced by parallel concentration-response curves for the three infected
nucleocapsid®, ACE2"°¥, and TMPRSS2!°" phenotypes. These data support the hypothesis that
IFNB-ACE2 provides specific targeting of interferon activity to the virion surface, which is the

most proximal site of viral infectivity.

A remaining question was whether the covalent linkage between IFN- and sACE2 in
IFNB-ACE2 was required for the enhanced antiviral efficacy. These experiments thereby
addressed the formal possibility that unlinked SACE2 and IFN-3 could act synergistically as
independent molecules directly on the virus to inhibit viral infectivity, via unanticipated

mechanisms. To address this question (Figure 4.2), we used the ‘virus-washed’ in vitro assay to
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compare IFNB-ACE2 to the unlinked combination of equimolar sSACE2(18-611) and IFN-f, with
nucleocapsid expression (Figure 4.2B,C) coupled with ACE2 and TMPRSS2 downregulation
(Figure 4.2D-F and 4.2G-1, respectively) as measures of infection. Figure 4.2A shows the gating
scheme. Cells were gated on viable, single, and live cells prior to gating on nucleocapsid®,
ACE2", and TMPRSS2" cells (Figure 4.2A). As predicted, these data showed that the covalent
linkage between IFN-B and sACE2 was critical for targeting. These data support the hypothesis
that SACE2 binds the spike protein to anchor IFN-f on the virion surface to ‘flip’ the virus to a

positive interferon-signaling entity.

ACE2 and TMPRSS2 expression negatively correlated with nucleocapsid expression

(Figure 4.3).

To test whether ACE2 receptor and TMPRSS2 receptor expression could serve as
markers for viral infection, we compared receptor expression to nucleocapsid expression under
different treatment types and concentrations (various degrees of infection). Linear regression
analyses revealed a significantly negative correlation between infection (MFI of anti-
nucleocapsid) and receptor expression (MFI of anti-ACE2 and MFI of anti-TMPRSS2) (Figure
4.3A and Figure 4.3B, respectively). This indicates that higher infection levels are associated

with increased receptor downregulation.

Additionally, we tested whether the downregulation of ACE2 expression was correlated
with the downregulation of TMPRSS2 expression under various degrees of infection. Linear
regression analysis revealed a significantly positive correlation between ACE2 expression and

TMPRSS2 expression in infected cells (Figure 4.3C). This indicates that viral infection is
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associated with coordinated downregulation of ACE2 (the main host receptor) and TMPRSS2 (a

coreceptor).

The sACE2 domain of IFNB-ACE2 did not target IFN-p to the surface of 229E (Figure 4.4

and 4.5).

A central question focused on the virus-targeting specificity of IFNBS-ACE2. An
important question was whether the SACE2 domain of IFNB-ACE?2 also targeted IFN-f to the
surface of HCoV 229E which binds human aminopeptidase N (APN) rather than ACE2 as the
host receptor. To address this question, we performed ‘virus-wash’ experiments with HCoVs
NL63 (MOI of 0.1) and 229E (MOI of 0.1) by incubating 1 nM IFNB-ACE2 or the unlinked
combination of 1 nM sACE2(18-611) and 1 nM IFN-B with NL63 or 229E. After 1 hour, the
viruses were repeatedly washed via the 300 kDa MWCO Nanosep centrifugal filters.
Ultrafiltration retentates containing NL63-protein complexes or 229E-protein complexes were
then seeded onto Vero E6-TMPRSS2-T2A-ACE2 or A549 cells, respectively, with or without re-
addition of protein (IFNB-ACE2 or recombinant protein controls). After a 48-hour incubation,
the cells were harvested, stained, and analyzed by flow cytometry. Figures 4.4A and 4.5A show
the gating scheme. Cells were gated on viable, single, and live cells before gating on
nucleocapsid® cells (Figure 4.4A and 4.5A). Figure 4.5B shows representative dot plots of
nucleocapsid gating under various treatment conditions. The central finding was that [IFNj3-
ACE2 exhibited antiviral activity against NL63 but had no antiviral effect against 229E (Figure
4.4B). The unlinked combination of SACE2(18-611) and IFN-B had no effect on either virus

(Figure 4.4B) because SACE2(18-611) is sub-neutralizing at this concentration (1 nM) and the

48



IFN-B was presumably lost in the filtrate during the virus-wash procedure. The antiviral activity
of IFN-f on 229E was confirmed in control groups wherein IFNB-ACE2 or the IFN-§3 +
sACE2(18-611) proteins were re-added to control host cell cultures after the virus-wash
procedure (Figure 4.5C). These control groups validated the IFN-B-mediated antiviral
susceptibility of 229E. These data show that the sSACE2 domain specifically binds to NL63 but
not 229E in accordance with spike host receptor specificity. Thus, sSACE2 domain is a specific

virus-targeting modality that reflects the host receptor specificity of the viral spike protein.

4.3 DISCUSSION

Two central questions are addressed in this chapter. First, can we target IFN-f to the
surface of a virion by covalently linking IFN-f to the main host receptor of this virion? To
address this, we performed “virus-washed” assays. In these assays, we incubated NL63 with
either IFNB-ACE2, sACE2(18-611), IFN-p, or the unlinked combination of SACE2(18-611) and
IFN-B to allow for binding. After a 1-hour incubation, we repeatedly washed the virus using a
300 kDa centrifugal filter to eliminate any unbound protein. IFNB-ACE2 and sACE2(18-611)
inhibited viral infection despite the washing steps, whereas IFN-f§ was eliminated and did not
have any effect on viral infection (Figures 4.1-4.3). This indicates that sSACE2 successfully binds
to and targets IFN-f to the surface of NL63. On the other hand, when 229E was incubated with
IFNB-ACE2, sACE2(18-611), IFN-B, or the linked combination of SACE2 and IFN-f for 1 hour
then washed to eliminate any unbound protein, there was no inhibition of 229E infection
(Figures 4.4 and 4.5). As a control, we re-added protein after the washing step to 229E to show
that IFN-B does inhibit 229E infection (Figure 4.5). This indicates that the targeting of IFN-f3

through sACE2 is specific to NL63, due to host receptor specificity.
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The second central question addressed in this chapter is: Does virion-targeted IFN-f3
maintain antiviral activity? In other words, do the two domains of the fusion protein maintain
individual properties uninhibited by steric hindrance or other inhibitory factors? This question
can also be answered with the viral wash assays. IFNB-ACE2 bound to the surface of NL63
potently inhibited infection (Figures 4.1-4.3). This indicates that the ACE2 domain of the fusion
protein maintained its ability to bind to spike protein on the surface of NL63, and virion-bound

IFN-B maintains robust antiviral activity.

Soluble ACE2, rather than anti-Spike antibody, was chosen as the targeting domain in this
fusion protein for various reasons. Soluble ACE2 plays dual roles in both dampening
inflammation and combating NL63 or SARS-CoV-2 infection by viral neutralization. Within the
renin-angiotensin system, ACE2 serves as a critical modulator by breaking down the pro-
inflammatory molecule angiotensin II into angiotensin 1-7, promoting physiological balance.
This anti-inflammatory function of ACE2 has been implicated in reducing the severity of
conditions such as ARDS, ALI, and SARS. Infection with NL63 or SARS-CoV-2 leads to
reduced expression of membrane-bound ACE2, a change that may worsen disease outcomes. For
this reason, re-introduction of ACE2 in the form of SACE2 may reverse the inflammatory effects
of the reduction of membrane-bound ACE2. In addition to these immunomodulatory effects,
sACE?2 also exhibits antiviral activity by directly binding to the spike proteins of HCoV-NL63,

SARS-CoV, and SARS-CoV-2, thereby preventing these viruses from infecting host cells.

Additionally, unlike anti-spike antibodies, SACE2 binds all known variants of NL63,
SARS-CoV, and SARS-CoV-2. Thus, although anti-Spike antibodies might bind more efficiently

to the spike protein on certain virus strains in comparison to sACE2, sACE2 is impervious to
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immune evasion by these viruses, thus providing a method to target IFN-f to the site of infection

with any current or future pathogenic strain.

NL63 nucleocapsid expression in infected cells was negatively correlated with ACE2 and
TMPRSS2 expression (Figures 4.3A,B). Additionally, ACE2 and TMPRSS2 downregulation in
infected cells were positively correlated (Figure 4.3C). The coordinated downregulation of ACE2
and TMPRSS2 in infected cells could reflect multiple mechanisms potentially occurring at a per
cell basis. (1) The decrease of ACE2 and TMPRSS2 on the surface of infected cells could be a
result of receptor internalization after viral binding and internalization. (2) Host cell release of
transmembrane ACE2 and TMPRSS2 or downregulation of ACE2 and TMPRSS2 could be a
protective mechanism to limit further viral infection. (3) Viral proteins may cause the release of
transmembrane ACE2 and TMPRSS?2 or induce suppression of receptor expression as a
mechanism to prevent superinfection. Altogether, these data indicate that ACE2 and TMPRSS2

downregulation may serve as a marker for viral infection.

This fusion protein serves as a proof-of-concept for our novel antiviral platform. We
believe that, by switching out the host receptor domain to a different receptor, we can
successfully target IFN-f to the surface of a specific virus of interest. This will allow us to

quickly respond to future pathogens viruses.
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FIGURE 4.1. The sSACE2 domain of IFNB-ACE2 targeted IFN-f to the surface of NL63.
NL63 was incubated at 4 °C with designated concentrations of IFNB-ACE2, sACE2(18-611),
recombinant IFN-B, or IFN-B (Peprotech). After a 1-hour incubation, NL63 was washed of any
un-bound protein using 300 kDa centrifugal filters. NL63-protein complexes were then added to
Vero E6-TMPRSS2-T2A-ACE2 cultures (100 pl) in a 96-well plate. The cells were harvested
after a 2-day incubation at 33 °C, stained with LIVE/DEAD Fixable Blue Dead Cell Stain, and
then surface labeled with FITC-conjugated anti-human ACE2 and PE-conjugated anti-human
TMPRSS2. After fixation and permeabilization, cells were stained with AF647-conjugated rabbit
anti-NL63 nucleocapsid antibody. Cells were then analyzed for viral infection by flow
cytometry. Cells were gated on viable, single, and live cells (parental gate) before subgating on
nucleocapsid”, ACE2"e" or TMPRSS2"e" cells. Shown are representative dot plots (A, D, and I,
x-axis = FSC-A as in A) when NL63 was incubated with 1 nM IFNB-ACE2 or controls. The
IFNB-ACE2 versus sSACE2(18-611) groups were compared based on percentages of
nucleocapsid” cells (B), percentages of ACE2"" cells (E), MFI of anti-ACE2 staining (F),
percentages of TMPRSS2"€" cells (J), and MFI of anti-TMRSS2 staining (K). The IFNB-ACE2
versus IFN-B groups were compared based on percentages of nucleocapsid cells (C), percentages
of ACE2"" cells (G), MFI of anti-ACE2 staining (H), percentages of TMPRSS2"eh cells (L),
and MFTI of anti-TMPRSS2 staining (M). Cell percentages were calculated by dividing events in
the positive subgate by the parental gate, and MFI values represent all events in the parental gate.
Each data point represents the mean value (n=2), and error bars represent SD. Statistical
significance comparing IFN-B and ACE2 treatment groups to IFNB-ACE2 treatment group at
each concentration was analyzed by use of two-way ANOVA with Tukey’s multiple

comparisons test (* p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001). Statistical
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significance comparing each protein group at each concentration to blank was analyzed by use of
two-way ANOVA with Tukey’s multiple comparisons test (° p < 0.05, °° p <0.01, °°° p <0.001,

0000

p <0.0001). These data are representative of three independent experiments.
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FIGURE 4.2. The covalent linkage of IFN- and ACE2 was required for IFN-f targeting to

NL63. NL63 was incubated at 4 °C with either IFNB-ACE2 or the unlinked combination of

SACE2(18-611) and IFN-B. After a 1-hour incubation, NL63 was repeatedly washed with 300

kDa centrifugal filters to remove proteins that lacked binding to virions. The retentates, which

included virions and virion-bound proteins, were added to Vero E6-TMPRSS2-T2A-ACE2 cells

in a 96-well plate. Cells were harvested after a 2-day incubation at 33 °C and stained with

LIVE/DEAD Fixable Blue Dead Cell Stain. Cells were surface stained with PE-conjugated
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mouse anti-human TMPRSS2 and FITC-conjugated mouse anti-human ACE2. After fixation and
permeabilization, cells were stained with AF647-conjugated rabbit anti-NL63 nucleocapsid
antibody. Cells were analyzed for viral infection by flow cytometry. Viable, single, live cells in
the parental gate (A) were subgated as the nucleocapsid” subset (B), the ACE2"#" subset (D), and
the TMPRSS2"&" subset (G) as shown for the 1 nM concentration value. Shown are the
percentages of nucleocapsid’, ACE2"#" and TMPRSS2"e" subsets together with the respective
MFI values (C, E-F, and H-I, respectively). Cell percentages were calculated by dividing the
events in the subset-positive/high subgate by those in the parental gate. MFI values were gated
on all viable, single, and live cells (i.e., cells in the parental gate). Each data point represents the
mean value (n=2), and error bars represent SD. Statistical significance of IFN-ACE2 versus
‘IFN-B + sACE2’ treatment group at each concentration was analyzed by use of two-way
ANOVA with Tukey’s multiple comparisons test (* p < 0.05, ** p <0.01, *** p <0.001, **** p
< 0.0001). Statistical significance was also assessed for treatments groups at each concentration
compared to the ‘Blank’ control via two-way ANOVA with Tukey’s multiple comparisons test (°
p <0.05, °°p <0.01, °°° p <0.001, °°°° p < 0.0001). These data are representative of three

independent experiments.
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FIGURE 4.3. NL63 receptor expression negatively correlated with nucleocapsid expression.
(A) Simple linear regression of MFI of ACE2 and nucleocapsid expression, along with
corresponding (x,y) MFI coordinates for each treatment group and concentration (B). (C) Simple
linear regression of MFI of TMPRSS2 and nucleocapsid expression, along with corresponding
(x,y) MFI coordinates for each treatment group and concentration (D). (E) Simple linear

regression of MFI of ACE2 and TMPRSS2 expression (E), along with corresponding (x,y) MFI
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coordinates for each treatment group and concentration (F). MFI values were gated on all viable,
single, and live cells (i.e., cells in the parental gate). Each data point represents a distinct
treatment group and concentration. Statistical significance was analyzed by use of a two-tailed t-

test.
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FIGURE 4.4. IFNB-ACE2 exhibited virus-specific targeting in accordance with viral host
receptor specificity. The NL63 or 229E viruses were incubated at 4 °C with either IFN-ACE2
or the unlinked combination of IFN- and sACE2(18-611). After a 1-hour incubation, the virus +
protein mixtures were washed, and the retentate containing virion-protein complexes were used
for infection of Vero E6-TMPRSS2-T2A-ACE2 or A549 cells, respectively, in a 96-well plate.
The cells were harvested after a 2-day incubation and stained with LIVE/DEAD Fixable Blue
Dead Cell Stain. After fixation and permeabilization, Vero E6-TMPRSS2-T2A-ACE2 cells were
stained with AF647-conjugated rabbit anti-NL63 nucleocapsid antibody, and A549 cells were
stained with AF647-conjugated rabbit anti-229E nucleocapsid antibody. Cells were then
analyzed for viral infection by flow cytometry. (A) Cells were gated on viable, single, and live
cells before subgating on nucleocapsid” cells. Shown (B) are the percentages of nucleocapsid”
cells for each treatment group normalized to the ‘no protein’ control group (1 nM
concentrations). Each data point represents the mean value (n=2), and error bars represent SD.
Statistical significance was analyzed by use of two-way ANOVA with Tukey’s multiple
comparisons test (ns nonsignificant, **** p < (0.0001). Experiments shown are representative of

three independent experiments.
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FIGURE 4.5. The sACE2 domain of IFNB-ACE2 did not target IFN-p to the surface of
229E. 229E viruses was incubated at 4 °C with either IFNB-ACE2 or the unlinked combination
of IFN-f and sACE2(18-611). After a 1-hour incubation, the 229E + protein mixtures were
washed, and IFNB-ACE2 or the unlinked combination IFN-B and sACE2(18-611) were directly
added to designated groups. The retentate containing virion-protein complexes were used for
infection of A549 cells in a 96-well plate. The cells were harvested after a 2-day incubation and
stained with LIVE/DEAD Fixable Blue Dead Cell Stain. After fixation and permeabilization,
cells were stained with AF647-conjugated rabbit anti-229E nucleocapsid antibody. Cells were
then analyzed for viral infection by flow cytometry. Cells were gated on viable, single, and live
cells (A) before subgating on nucleocapsid” cells (B). Shown (B) are representative dot plots
including percentages of nucleocapsid” 229E-infected cells (1 nM concentrations). (C) Bar graph
shows mean percentages of nucleocapsid” 229E-infected cells when proteins were or were not
added after the washing step (1 nM concentrations). Each data point represents the mean value
(n=2), and error bars represent SD. Statistical significance was analyzed by use of two-way
ANOVA with Tukey’s multiple comparisons test (ns nonsignificant, **** p <0.0001).

Experiments shown are representative of three independent experiments.
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CHAPTER 5: IFNB-ACE2 SHOWED ENHANCED ANTIVIRAL ACTIVITY
COMPARED TO THE INDIVIDUAL CONTROL PROTEINS AND THE UNLINKED

COMBINATION OF THE CONTROL PROTEINS AGAINST NL63 BUT NOT 229E

This chapter is modified from Jabbour et al., A novel antiviral therapeutic platform: anchoring
IFN-p to the surface of infectious virions equips interferon-evasive virions with potent antiviral

activity. Viruses 2025, 17, 697. https://doi.org/10.3390/v17050697

5.1 ABSTRACT

IFN-B is a key modulator of antiviral defense during viral infection. However, a common
viral immune evasion technique is the inhibition of IFN-3 production and/or signaling. Viruses,
including NL63, SARS-CoV, and SARS-CoV-2, encode multiple proteins that may inhibit IFN-I
production. To reinstate the antiviral effects of [FN-I, researchers have tested I[FN-I in clinical
trials against different viruses, including SARS-CoV-2. However, as of May 2025, IFN-I are only
approved for treatment of Hepatitis B and C infections. We hypothesize that targeting IFN-I to
the exact site of infection will imitate the endogenous and local production of IFN-I and thereby
will yield enhanced antiviral activity compared to the untargeted administration of IFN-I. To test
this hypothesis, we compared the antiviral activity of IFNB-ACE2 to sACE2(18-611), IFN-f, or
the unlinked combination of SACE2(18-611) and IFN-f. IFNB-ACE2 had enhanced antiviral
activity against NL63, but not 229E, in comparison to the control proteins. These findings
indicate that targeting IFN-f to the surface of virions using our fusion protein technology enables

localized signaling at the precise site of impending infection, enhancing antiviral activity



compared to non-targeted IFN-f. This enhancement was not seen during 229E infection since

ACE2 does not bind to 229E. Thus, IFN-f is not targeted to the surface of 229E in this system.

5.2 RESULTS

IFNB-ACE2 had potentiated antiviral activity compared to IFN-p and/or SACE2 in a non-

washed in vitro infection system against NL63 (Figure 5.1 and 5.2).

The rationale for a ‘virus-washed’ system (Figures 4.1 and 4.2) was to assess the antiviral
action of virion surface-bound IFNB-ACE2 and sACE2. However, this system did not assess
soluble IFN-f action because soluble IFN-f3 did not independently bind the virus and therefore
was not retained in the retentate. Thus, comparison of ‘virus-washed’ systems to ‘non-washed’ in
vitro infection systems was needed to compare virus-targeted and virus-nontargeted IFN-f/
IFNAR interactions. That is, the ‘virus-washed’ system solely reveals the action of virion surface
IFN-B whereas the non-washed system combines the activities of virus-targeted IFN-f3 and virus
non-targeted IFN-f. The prediction is that virus-mediated targeting of IFN-f§ will be less

apparent when all reagents are present within the confines of the 96-well 100 ul volume.

In non-washed infection systems, virus and reagents were incubated together for 1 hour
then added directly to the well without a virus-washing step. That is, NL63 (MOI of 0.1) was
incubated with IFNB-ACE2, sACE2(18-611), sACE2(18-740), recombinant [FN-f3, IFN-f3
(Peprotech) (Figure 5.1), or the unlinked combination of SACE2(18-611) and IFN-f (Figure 5.2).
After a 1-hour incubation at 4 °C, the NL63 and protein mixtures were seeded (without washing
virus) onto Vero E6-TMPRSS2-T2A-ACE2 cells. After a 48-hour incubation, cells were

harvested, stained, and analyzed for infection by flow cytometry. Figures 5.1A and 5.2A show
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the gating scheme. Cells were gated on viable, single, and live cells (Figures 5.1A and 5.2A)
before gating on nucleocapsid” and ACE2" cells (Figures 5.1B and 5.2B,C). Figures 5.1B and
5.2B show representative dot plots of the percentage of nucleocapsid” cells (infected cells) (1
nM). Figure 5.2C shows representative dot plots of the percentage of ACE2" cells (non-infected
cells) (1 nM). Several results were noted. (a) IFNB-ACE2 exhibited biphasic mechanism of
antiviral activity as shown by intracellular staining of nucleocapsid (Figure 5B,F) and surface
staining of ACE2 (Figure 5G). The first phase of IFNB-ACE?2 inhibition was evident in the 100
fM — 100 pM concentration range. This highly potent antiviral mechanism represented the
antiviral activity of the IFN-f domain, which coincided with the antiviral activity of the two free
IFN-B preparations (Figure 5.1C,D). (b) The second phase of IFNB-ACE2 antiviral inhibition
was evident in the 10 nM — 1 uM concentration range. This inhibitory mechanism represented
sACE2-mediated viral neutralization, which coincided with the antiviral sensitivity of SACE2
(Figure 5.1C). Thus, IFN-B-mediated antiviral activity was more potent by several orders of
magnitude compared to the neutralizing activity of the monomeric SACE2(18-611) and the
dimeric sSACE2(18-740) (Figure 5.1C). (c¢) IFNB-ACE2 exhibited antiviral activity that was 10-
fold more potent than IFN-f alone (Figure 5.1C) or the unlinked combination of IFN-f and
sACE2 (Figures 5.2C,D). This finding supported the possibility that targeting of IFNB-ACE2 to
the viral surface potentiated antiviral activity in non-washed in vitro infection systems. (d) IFNf-
ACE2 appeared to have neutralization activity that was more potent than the control sACE2(18-
611) protein. This finding shows that physical coupling of SACE2 to IFN-8 does not impair
sACE2 neutralizing activity. (¢) Dimeric SACE2(18-740) had potentiated neutralization activity
compared to monomeric SACE2(18-611) by approximately 2-orders of magnitude (Figure 5.1C).

These data provide evidence that multimeric SACE2 proteins exhibit more stable binding
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interactions with NL63, which probably reflects increased binding avidity to spike trimers. (f)
These data complement the “virus-washed’ experiments (Figures 4.1-4.2), which showed IFNj-
ACE?2 had antiviral activity with 100 pM sensitivity which is four orders of magnitude lower
than the 1 uM sensitivity of SACE2(18-611)-mediated neutralization. These data reveal the
predominant mechanism wherein the sSACE2 domain provides an anchoring function that
decorates spike with protruding IFN-3 molecules. Conversely, direct sSACE2-mediated
neutralization appears to be an inhibitory mechanism that was evident only at high

concentrations.

IFNB-ACE2 had similar antiviral activity against 229E compared to the unlinked

combination of IFN-B and sACE2 in a non-washed in vitro infection system.

In a non-washed in vitro infection system, 1 uM sACE2(18-611) or IFNB-ACE2 were
incubated with NL63 (MOI of 0.1) or 229E (MOI of 0.1) and then added (without virus wash) to
Vero E6-TMPRSS2-T2A-ACE2 or A549 cells, respectively. Figure 5.3A shows the gating
scheme. Cells were gated on viable, single, live cells prior to gating on nucleocapsid” cells
(Figure 5.3A). The main finding was that SACE2(18-611) robustly inhibited NL63 infectivity but
was without effect on 229E infectivity, which confirms thatsACE2 specifically binds NL63 but
not 299E (Figure 5.3B). Also, IFNB-ACE2 fully inhibited NL63 infectivity, which represented
the covalently linked action of SACE2-mediated neutralization, IFN-B-anchoring, and IFN-f-
mediated antiviral activity (Figure 5.3B). In contrast, IFNB-ACE2 only partially inhibited 229E
infectivity (Figure 5.3B), which reflected a unilateral IFN-B-mediated antiviral activity that

plateaued at a nadir of approximately 40% infection in the 1-100 nM concentration range (Figure
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5.4). Figure 5.4A shows the gating scheme. Cells were gated on viable, single, live cells (Figure
5.4A) prior to gating on nucleocapsid” cells (Figure 5.4B). Figure 5.4B shows representative
plots of the percentages of nucleocapsid” cells. In Figure 5.4C, the overlapping infection curves
indicate that IFNB-ACE2 did not inherently have more antiviral activity compared to the ‘IFN-f3
+ sACE2’ control proteins, such that the IFNB-ACE2 covalent linkage was not important for
229E inhibition. Overall, these findings support the concept that highly specific interactions of
the SACE2 domain with an ACE2-specific viral spike glycoprotein appears critical for the
anchoring of IFNB-ACE?2 antiviral activity directly to the surfaces of pathogenic viruses in

ACE2-viral tropism.

5.3 DISCUSSION

Demonstrating specific targeting in a 100 puL in vitro system presents significant
challenges due to the inherently homogenous nature of small-volume cell culture environments.
In such constrained settings, diffusion rapidly distributes both targeted and non-targeted IFN-f3
throughout the entire volume, effectively minimizing concentration gradients and spatial
specificity due to targeting. As a result, distinguishing truly targeted from non-targeted IFN-3
signaling becomes difficult. Moreover, the small volume limits the ability to mimic complex
tissue architecture or localized delivery scenarios observed in vivo, further complicating the
assessment of targeting precision and efficacy. Nonetheless, we conducted in vitro “no wash”
experiments to assess whether an enhancement in IFN-f antiviral activity could be observed

under these simplified conditions.

As seen in Figure 5.1, SACE2 inhibits infection only at high concentrations (1 nM — 1

uM). Specifically, SACE2(18-611) inhibits NL63 infection at 100 nM — 1 uM. On the other
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hand, IFN-f control proteins inhibit NL63 infection more potently, showing antiviral activity at
concentrations as low as 10 pM. Thus, the antiviral activity of IFN-B is about 10* — 10° times
more potent than the neutralization activity of SACE2(18-611). Although sACE2(18-611) has no
neutralization activity at 1 pM — 10 pM, IFNB-ACE2 showed enhanced antiviral activity against
NL63 in comparison to the IFN-f controls. This indicates that SACE2(18-611) neutralization is
not necessary to enhance the antiviral activity of IFN-f. Instead, SACE2(18-611) serves as a

targeting agent for IFN- at low concentrations, regardless of neutralization.

The increase in antiviral activity of IFN-f in this system is due to the targeting effect of
the sSACE2 domain. However, unlike the “virus wash” system, the targeted and non-targeted
proteins both produce an antiviral effect in this system, minimizing the effects seen with
targeting. Nonetheless, we see a 10-fold increase in antiviral activity of IFNB-ACE2 compared to

the control IFN-f proteins.

Experiments comparing IFNB-ACE2 to the unlinked combination of IFN- and sACE2
confirmed our findings. To test whether the covalent linkage of IFN-f3 to SACE2 is necessary for
the enhanced activity of IFN- by targeting IFN-f to the surface of NL63, we repeated the above
experiment with the unlinked combination of these proteins. These experiments showed that the
covalent linkage between sACE2 and IFN-f is necessary for targeting IFN-f to the surface of
NL63 and thus enhancing the antiviral activity of IFN-f (Figure 5.2). These experiments also
confirmed that IFNB-ACE2’s antiviral activity was 10-fold more potent compared to IFN-f,

despite the limited concentration gradients and spatial specificity of an in vitro system.

To confirm that IFNB-ACE2 did not inherently have more antiviral activity in comparison
to IFN-B and sACE2, we repeated the above experiment with HCoV 229E. These control

experiments showed that SACE2(18-611) does not neutralize 229E and that the antiviral activity
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of IFNB-ACE2 on 229E is solely due to the IFN-f3 domain (Figure 5.3). Additionally, IFNB-
ACE2 had similar antiviral activity against 229E in comparison to the unlinked combination of
IFN-B and sACE2 (Figure 5.4). Overall, these control experiments confirmed that SACE2(18-
611) specifically targets IFN-f to the surface of NL63 through host receptor specificity and that
this targeting enhances the antiviral activity of IFN-f by introducing IFN-f to the exact site of

imminent viral infection.

Finally, as mentioned earlier, these “no wash” in vitro experiments do not mimic in vivo
targeting conditions due to the small volumes and rapid distribution of the proteins within the
confined system. Targeting IFN- to the surface of a virion in vivo would require that the protein
reach the lungs in sufficient concentrations before being cleared by the body through
mechanisms such as mucus production and mucociliary clearance. Thus, future animal studies
will provide us with a better understanding of the feasibility and benefit of targeting IFN-f to the

surface of a virion in vivo.
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FIGURE 5.1. In a non-washed in vitro infection system, IFNp-ACE?2 exhibited enhanced
antiviral activity compared to IFN-$, sACE2(18-611), and sACE2(18-740) control proteins.
NL63 was incubated for 1 hour at 4 °C with either IFNB-ACE2, sACE2(18-611), sACE2(18-
740), recombinant IFN-B, or IFN-B (Peprotech). The NL63 + protein mixtures were then added
directly to Vero E6-TMPRSS2-T2A-ACE2 cells in a 96-well plate. The cells were harvested
after a 2-day incubation at 33°C and stained with LIVE/DEAD Fixable Blue Dead Cell Stain.

Cells were fixed and permeabilized and then intracellularly stained with AF647-conjugated
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rabbit anti-NL63 nucleocapsid antibody. Cells were then analyzed for viral infection by flow
cytometry. Cells gated as viable, single, and live cells (parent gate) (A) were subgated to define
the nucleocapsid” subset (B). Shown (B) are representative dot plots showing percentages of the
nucleocapsid” subset at the 1 pM concentration. Shown (C) are the percentages of the
nucleocapsid” subset for each group over concentrations ranging from 100 fM to 1 uM. Bar
graph (D) shows mean percentage values of nucleocapsid” cells at the 1 pM concentration. Each
data point represents the mean value (n=2), and error bars represent SD. Statistical significance
was analyzed by one-way ANOVA with the Dunnett multiple comparisons test comparing the
control IFN-f and sACE2 treatment groups to the IFNB-ACE2 treatment group at each
concentration (* p < 0.05, ** p <0.01, *** p <0.001). These data are representative of three

independent experiments.
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FIGURE 5.2. In a non-washed in vitro infection system, IFNB-ACE2 exhibited enhanced
antiviral activity compared to the unlinked combination of IFN-B and sACE2. NL63 was

incubated for 1 hr at 4 °C with either IFNB-ACE2 or the unlinked combination of SACE2(18-611) and

IFN-B. The NL63 + protein mixtures were then added directly to Vero E6-TMPRSS2-T2A-ACE2 cells in
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a 96-well plate. The cells were harvested after a 2-day incubation at 33 °C and stained with LIVE/DEAD
Fixable Blue Dead Cell Stain. Cells were surface stained with FITC-conjugated mouse anti-human ACE2,
were fixed and permeabilized, and then were intracellularly stained with AF647-conjugated rabbit anti-
NL63 nucleocapsid antibody. Cells were then analyzed for viral infection by flow cytometry. Cells gated
as viable, single, and live cells (parent gate) (A) were subgated to define nucleocapsid® (B) and ACE2"e"
(C) subsets. Shown (B) are representative dot plots showing percentages of the nucleocapsid” subset at
the 1 pM concentration. Shown (C) are representative dot plots showing percentages of the ACE2"e"
subset at the 1 pM concentration. Shown (D) are the percentages of the nucleocapsid” subset for each
group over concentrations ranging from 100 fM to 1 puM. Shown (E) are the percentages of ACE2"e"
subset for each group over concentrations ranging from 100 fM to 1 uM. Each data point represents the
mean value (n=2), and error bars represent SD. Statistical significance was analyzed by two-way ANOVA
with Tukey’s multiple comparisons test comparing the unlinked combination of IFN- and sACE2
treatment groups to IFNB-ACE2 treatment group at each concentration (* p < 0.05, ** p <0.01, *** p <

0.001, **** p < 0.0001). These data are representative of three independent experiments.
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FIGURE 5.3. sACE2(18-611) inhibited NL63 but not 229E infection. The NL63 or 229E
viruses were incubated at 4 °C with either IFNB-ACE2 or sACE2(18-611). After a 1-hour
incubation, the virus + protein mixtures were added directly to Vero E6-TMPRSS2-T2A-ACE2
(NL63) or A549 (229E) cells in a 96-well plate. The cells were harvested after a 2-day incubation
and stained with LIVE/DEAD Fixable Blue Dead Cell Stain. After fixation and permeabilization,
Vero E6-TMPRSS2-T2A-ACE?2 cells were stained with AF647-conjugated rabbit anti-NL63
nucleocapsid antibody, and A549 cells were stained with AF647-conjugated rabbit anti-229E
nucleocapsid antibody. Cells were then analyzed for viral infection by flow cytometry. (A) Cells
were gated on viable, single, and live cells before subgating on nucleocapsid® cells. Shown (B)
are the percentages of nucleocapsid” cells for each treatment group normalized to the ‘no protein’
group for each virus (1 uM concentrations). Each data point represents the mean value (n=2),
and error bars represent SD. Statistical significance was analyzed by use of two-way ANOVA
with Tukey’s multiple comparisons test (ns nonsignificant, **** p <0.0001). The experiments

shown are representative of three independent experiments.
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FIGURE 5.4. IFNB-ACE2 had similar antiviral activity against 229E compared to the
unlinked combination of IFN-B and SACE2(18-611). The 229E virus was incubated at 4 °C
with either IFNB-ACE?2 or the unlinked combination of IFN-f3 and sACE2(18-611). After a 1-
hour incubation, the virus + protein mixtures were directly added to A549 cells in a 96-well
plate. The cells were harvested after a 2-day incubation and stained with LIVE/DEAD Fixable
Blue Dead Cell Stain. After fixation and permeabilization, A549 cells were stained with AF647-
conjugated rabbit anti-229E nucleocapsid antibody. Cells were then analyzed for viral infection
by flow cytometry. Cells were gated on viable, single, and live cells (A) before subgating on
nucleocapsid® cells (B). Shown (B) are representative dot plots including percentages of
nucleocapsid” 229E-infected cells (1 nM concentrations). Shown (C) are the percentages of
nucleocapsid” 229E-infected cells for each treatment group at designated concentrations (100 fM
to 100 nM). Each data point represents the mean value (n=2), and error bars represent SD. The

experiments shown are representative of three independent experiments.
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CHAPTER 6: GENERAL DISCUSSION AND FUTURE DIRECTIONS

This chapter is modified from Jabbour et al., A novel antiviral therapeutic platform: anchoring
IFN-p to the surface of infectious virions equips interferon-evasive virions with potent antiviral

activity. Viruses 2025, 17, 697. https://doi.org/10.3390/v17050697

6.1. IFNB-ACE2 is a prototype for a new modular class of antiviral therapeutics

The SARS-CoV-2 pandemic highlighted the need for modular antiviral platforms that can
be repurposed to target emerging viral pathogens. The main advantage of the IFNB-ACE2 fusion
protein is that the physical linkage of SACE2 and IFN-f3 provides synergistic benefits because the
virus/ IFNB-ACE2 complex creates an IFN-f array at the viral surface such that robust IFN-f3
signaling and upregulation of antiviral innate defenses invariably precede cellular infection
(Figure 3.1). This innovative concept has no parallel in the contemporary landscape of antiviral
therapeutics. Based on the trimeric structure of the spike protein, each spike protein at the virion
surface can ‘present’ as many as three [IFN-f proteins to provide an outer shell of IFN-f that
activate IFNAR signaling upon contact of the virus with a host cell. This targeted presentation of
IFN-B at the viral surface is qualitatively different from subcutaneous or intravenous IFN-3
administration, which leads to systemic distribution of IFN-f coupled with highly diffuse
antiviral action, low IFN-3 concentrations at the site of infection, and a primary impact on non-
target cell types irrelevant to the viral infection. Importantly, this modular antiviral platform can
be modified by replacement of the SACE2 domain with other viral host receptors to target

alternative spectrums of viral pathogens. Likewise, the IFN- effector domain can be replaced



with alternative effector domains to engage other antiviral defenses that may be more applicable

to selected viral pathogens.

6.2. Rationale for use of SACE2 as an anti-inflammatory and antiviral mediator

The sACE2 domain has both anti-inflammatory and antiviral activity. The SACE2 domain
is a major anti-inflammatory regulatory node of the renin-angiotensin system, in that ACE2
hydrolyzes the inflammatory angiotensin II hormone to the homeostatic angiotensin 1-7
modulator (113). ACE2-mediated anti-inflammatory activities may ameliorate diseases such as
ARDS, ALI and SARS (51, 55, 61, 126). Conversely, downregulation of transmembrane ACE2
in SARS-CoV- and SARS-CoV-2-infected cells is thought to exacerbate disease (55, 127-132).
In addition to anti-inflammatory activity, the SACE2 domain also has antiviral applications,
because sACE2 neutralizes the spike protein of HCoV NL63, SARS-CoV, and SARS-CoV-2 and

thereby inhibits infection in vitro (54, 56, 59, 61).

Viruses may exhibit the evolutionary adaptation of reprogramming infected cells to shed
host receptor and/or coreceptors to preclude superinfection. Virus-induced host receptor shedding
causes release of the respective ectodomains into extracellular fluids and the circulation such that
infection severity may correlate with circulating levels of receptor/ coreceptor ectodomains. This
paradigm may apply to ACE2-tropic coronaviruses because the severity of infection appears to
correlate with circulating levels of SACE2, which is used as a biomarker of infection. However,
circulating sACE2 retains enzymatic activity and continues to produce anti-inflammatory
angiotensin derivatives that may counteract virally-induced immunopathogenesis. Circulating

sACE2 may also mediate viral neutralization. Although circulating levels of SACE2 may
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correlate with COVID-19 pathogenesis, circulating SACE2 may be compensatory and serve to
alleviate immunopathogenesis and facilitate disease remission. Thus, the transmembrane ACE2
host receptor which is required for pathogenesis may diametrically differ from the shed SACE2
ectodomain, which may act to reverse pathogenesis. In support, a double-blinded, randomized,
placebo-controlled, phase 2 trial for COVID-19 showed that intravenous sACE2 significantly
improved mechanical ventilator-free days and reduced viral RNA load compared to placebo
(ClinicalTrials.gov ID NCT04335136). Additionally, intravenous sACE2 led to a decrease in
pro-inflammatory angiotensin II and an increase in anti-inflammatory angiotensin 1-7 and
angiotensin 1-5 (ClinicalTrials.gov ID NCT04335136). In a phase I, double-blind, placebo-
controlled, dose-escalation study, aerosolized SACE2 was found to be safe and well-tolerated,
with no dose-limiting toxicities and no detection of anti-ACE2 antibodies (ClinicalTrials.gov ID
NCT05065645) (62). Thus, in addition to the SACE2-mediated targeting of IFNB-ACE?2 to the
virion surface, the SACE2 domain may provide anti-inflammatory activity to improve overall

therapeutic efficacy.

6.3 Rationale for use of SACE2 rather than an anti-Spike antibody as a targeting moiety

As an alternative to the IFNB-ACE2 platform, fusion proteins that couple IFN- to high
affinity anti-spike antibodies/ nanobodies may more efficiently target IFN-f to surfaces of
selected pathogenic viruses, simply because anti-spike modalities may have higher affinity than
sACE2 for spike glycoproteins. Nonetheless, the choice of ACE2 as the targeting vehicle has
several major advantages over anti-spike antibodies. Namely, the IFNB-ACE2 platform targets
diverse viral species, including NL63, SARS-CoV, and SARS-CoV-2 and all variants of these

viral species. Thus, the IFNB-ACE2 platform is impervious to immune evasion via immune-
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selected variant evolution. The IFNB-ACE2 platform may also target future pandemic viral
pathogens that use ACE2 as the primary host receptor by a cross-reactive mechanism that would
preclude continual emergence of new pathogenic variants. Conversely, an IFNB-anti-spike
platform would likely target a limited number of variants of one viral species and would have to
be reinvented and gain new regulatory approvals seasonally for each new emergent viral variant.
Given that the IFNB-ACE2 affinity for spike is adequate to achieve robust antiviral activity
(Figures 4.1 and 4.2), the IFNB-ACE2 platform appears to have compelling advantages over an

IFN-anti-spike platform.

6.3 Rationale for use of type I interferons as the effector moiety

Over the past several decades, IFN-Is have proven to be safe and effective as FDA-
approved biologics for a broad spectrum of disease classes, including cancer, infectious diseases
(e.g. Hepatitis B and C), and autoimmune diseases (e.g. Multiple Sclerosis) (133-136). IFN-Is
were extensively tested in COVID-19 and were uniformly found to be safe without adverse
consequences, and multiple studies provided suggestive evidence of clinical efficacy (83-85, 88,
90, 137-139). For example, a randomized, double-blind, placebo-controlled, phase 2 trial showed
that inhaled pulmonary administration of IFN-f was efficacious in treating SARS-CoV-2-
infected patients, as shown by accelerated recovery and a 79% decrease in progression to severe
disease or death (ClinicalTrials.gov ID NCT04385095) (84). A randomized, double-blind,
placebo-controlled, phase 3 trial showed that nebulized IFN-f trended towards reducing relative
risk of progression to severe disease or death within 35 days compared to patients who received
placebo, especially in high-risk patient subgroups. However there was no significant difference

in the time to recovery and time to hospital discharge (primary endpoints) (isrctn.com ID
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ISRCTN85436698) (85). Additionally, subcutaneous administration of IFN-f3 in the World
Health Organization Solidarity Trial did not show clinical efficacy (83), which raised the
question of whether subcutaneous IFN-I is an optimal administration route. From a safety
standpoint, these clinical studies showed that administration of IFN-Is was well-tolerated, lacked
pro-inflammatory action, and did not exacerbate disease. Given that [FN-I administration via
parenteral or mucosal routes is associated with inconsistent or modest efficacy, new strategies are
needed for dose-sparing, targeted delivery of interferon-based drugs to improve efficacy. It is
informative to compare clinical application of IFN-Is to the endogenous innate production of
IFN-Is in that the innate immune system locally produces IFN-Is at sites of viral infection. Thus,
an important clinical goal is to administer IFN-Is via strategies in line with the specificity and
locality of the innate immune response. As SARS-CoV-2 inhibits IFN-I production, the IFN-
ACE?2 targeting strategy may fulfill these criteria by introducing IFN-f directly to the site of
infection by binding to ACE2-tropic viruses, including emergent coronaviruses that represent a

clear global threat for future pandemics.

6.4 Interpretation of the ‘virus-washing’ methodology

The main question of this study is whether anchoring IFN-f to the virion surface enables
strong antiviral activity. Although the ‘virus-wash’ experiments are unconventional, the ‘virus-
washing’ approach represented a direct means to test our hypothesis. Importantly, the ‘virus-
washing’ methodology provided the key experimental data for the conclusion that IFNB-ACE2
mechanistically targeted IFN-f to confer high anti-viral efficacy to the exact physical interface of
infection. The comparison of ‘virus-washed’ (Figures 4.1 and 4.2) and ‘non-washed’ (Figures 5.1

and 5.2) systems also enabled comparison of virus-anchored IFN- (targeted) versus virus-
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anchored IFN-f mixed with free IFN-f (non-targeted) systems, respectively. In comparison to
IFN-B, IFNB-ACE2 had superlative antiviral activity in targeted systems and had advantageous
antiviral activity in non-targeted systems. That is, in a non-targeted system, IFNB-ACE2 had a
10-fold enhanced potency compared to the unlinked combination of IFN-$ and SACE2 (Figures
5.1 and 5.2). The ECso of IFNB-ACE2 was ~1 pM, whereas the ECso of IFN-f or the unlinked
combination of IFN- and sACE2(18-611) was ~10 pM. In conclusion, IFNB-ACE2 had major
advantages over IFN-f in targeted systems but also had significant advantages compared to IFN-

B in non-targeted systems.

6.5 The physiological significance represented by the ‘virus-washing’ methodology

In this study, we compared two environments based via the ‘virus-washed’ versus ‘non-
washed’ virus systems. The ‘virus-washed’ system uses centrifugal fluid flow to remove free
unbound proteins while retaining proteins that are directly bound to the virion surface. In non-
washed conditions, all protein reagents, virions, and cells were confined to a 100 pl volume
without any directional fluid flow. A central question pivots on which system best reflects the in
vivo environment, given that all physiological environments are subject to constant dynamic
fluid flow. Fluid flow in the lung parenchyma is driven by rhythmic ciliary beating that
constantly moves fluid and mucus from the lung. Major fluidic drivers in all tissues include
circulatory and/or lymphatic flow, together with many complementary drivers (osmotic,
hydrostatic, oncotic, etc.). The virus-washed system was devised to address a technical question:
does virion-anchored IFN-f exhibit antiviral efficacy? We also maintain that virus-washed
systems have physiological significance, because the system features fluid flow dynamics which

are central to all physiological environments. That is, IFNB-ACE2/ virus complexes will retain
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targeted antiviral activity regardless of in vivo fluid flow dynamics that would otherwise separate
an antiviral reagent from infectious virions. Unlike IFNB-ACE2, for example, free [FN-f3 will
readily diffuse from infectious virus by any differential/ diffusional flow kinetics. In a
physiological context, fluid-flow tissue transit of virions versus soluble IFN-f differs
fundamentally. Virions are more massive, are precipitable rather than soluble, are readily trapped
in a web of extracellular matrix, and form extracellular long-lived infectious reservoirs upon
binding cell appendages or tissue matrix components. IFN-f, in contrast, is freely diffusible and
swiftly achieves broad systemic biodistribution coupled with rapid degradation. Thus, the
principle of this platform is defined by the anchoring of IFNB-ACE?2 to virion surfaces coupled
with pinpoint targeting of antiviral activity to the site of infection by a mechanism impervious to
differential fluid flow. The tight physical association of IFNB-ACE2 and virions and the lack of
differential diffusion (Figures 4.1 and 4.2) are unique features of this platform with important

physiological significance.

6.6 Is antiviral efficacy of IFNB-ACE2 contingent upon ACE2-mediated targeting or ACE2-

mediated neutralization?

This study shows that the SACE2 domain of IFNB-ACE2 effectively targets I[FN-f to the
surface of NL63 at sub-neutralizing concentrations. Indeed, IFNB-ACE2 exhibited biphasic
inhibition curves (Figures 5.1 and 5.2) in that IFN-B-mediated antiviral activity was several
orders of magnitude more potent than the neutralizing activity of SACE2. These findings support
the concept that the low-zone picomolar concentration range mediates the dominant antiviral
activity of IFNB-ACE2 without the need for viral neutralization, which is only observed at much

higher concentrations (Figure 4.1B). Based on this vantage point, the dominant mechanism of
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antiviral efficacy may be ACE2-mediated targeting of IFN-f to the viral surface rather than
ACE2-mediated viral neutralization. Future experimentation in preclinical infection models will
reveal the dose-dependent antiviral activity of IFNB-ACE2 versus control proteins, and these
experiments will reveal whether ACE2-mediated targeting alone or in combination with ACE2-

mediated neutralization represents the dominant therapeutic mechanism in vivo.

6.7 NL63 viral infection causes transmembrane ACE2 and TMPRSS2 downregulation

together with intracellular nucleocapsid production

Transmembrane TMPRSS2 plays an important role in NL63, SARS-CoV, and SARS-
CoV-2 spike protein priming and viral entry by cleaving spike protein at the S1/S2 and the S2’
sites (53, 57, 58, 115, 140-142). Figure 4.3 shows the negative correlation between nucleocapsid
expression and ACE2/TMPRSS2 expression. As shown in Figures 4.1, 4.2, 4.3, and 5.2, NL63
infection of Vero E6-TMPRSS2-T2A-ACE2 cells caused downregulation of ACE2 and
TMPRSS2. Because IFNB-ACE2 blocks NL63 infection, IFNB-ACE2 also preserved normal
surface levels of ACE2 and TMPRSS2. As SARS-CoV and SARS-CoV-2 infection is postulated
to cause pulmonary inflammation in part by causing ACE2 downregulation, [IFN-ACE2 may
prevent inflammatory lung diseases in infected patients by blocking ACE2 downregulation and
augmenting anti-inflammatory sACE2 concentrations (51, 126, 128, 129, 143). A previous
report, however, noted that NL63 infection did not decrease ACE2 expression on VeroE6 cells
despite the increase of viral RNA and protein levels (129) in contrast to our study showing that
NL63 infection drives decreased ACE2 expression on Vero E6-TMPRSS2-T2A-ACE2 cells. This
inconsistency could be due to multiple reasons. First, we compared NL63 infection in VeroE6

and Vero E6-TMPRSS2-T2A-ACE2 cells and found that Vero E6-TMPRSS2-T2A-ACE2 cells

85



are more susceptible to NL63 infection. As the decrease of ACE2 expression is dependent on the
efficiency of NL63 infection and replication (144), this increase in infection may lead to the
downregulation and/or shedding of ACE2. Second, flow cytometry is an inherently more
sensitive technique than Western blots. Overall, transmembrane ACE2 and TMPRSS2
downregulation closely correlated with nucleocapsid production in infected cells and thus served

as a valid marker for viral infection.

6.8 The potency of virion-targeted IFN-f

The virological potency of virus-absorbed IFNB-ACE?2 is difficult to measure, but
nonetheless one can estimate upper bounds of these values based on theoretical considerations.
As shown in Figures 4.1 and 4.2, NL63 exhibited stable capture of IFN-ACE2 when incubated
with 100 pM — 1 nM IFNB-ACE2. Binding appeared stable in that virion/ IFNB-ACE2
complexes did not dissociate during extensive washing of the virus. Because one does not know
the actual number of IFNB-ACE2 molecules bound per virion, we instead calculated upper limits
based on the assumption of 100% binding efficiencies, which provided an upper limit of the
IFNB-ACE2 concentration that was stably absorbed by the virus and carried into the host cell
infection assay. We estimate upper limits of 3 IFNB-ACE2 molecules per spike glycoprotein x
300 spike glycoproteins per virion x 3000 infectious virions per 100 pl culture (MOI of 0.1 in a
30,000-cell culture), which equals an upper limit of 2.7 x 10° IFNB-ACE2 molecules per 100 pl
culture or an equivalent molarity of 45 femtomolar. IFNB-ACE2 exhibited half-maximal
inhibitory values in the 10 pM — 1 nM concentration range in a 229E infection system,
representing IFNB-ACE?2 anti-virological potency of the IFN-B domain when IFNB-ACE2 lacks

binding to the virion (Figure 5.4). Based on these considerations, virus absorbed IFNB-ACE2
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was several orders of magnitude more potent than soluble (i.e., virus non-absorbed) IFNB-ACE2
for antiviral activity. The caveat is that virion-arrayed IFN-f is surface-bound and not in solution
per se, but nonetheless this consideration points to a limited array of IFN-f having unexpectedly
high bioactivity. It is currently unknown whether immobilized IFN- may have activities that
supersede soluble IFN-f on a per molecule basis, perhaps reflecting fixed surface immobilization
and increased avidity for [FNAR, thereby providing superior IFNAR crosslinking. In addition,
an immobilized IFN-f array may affect IFNAR trafficking to enhance receptor signaling (145-

150).

6.10 Future Directions

Animal studies are crucial to properly assess the feasibility and therapeutic benefit of
targeting IFN-P to the surface of virions within a host. /n vivo experiments would allow for a
more comprehensive evaluation of our platform’s effectiveness in the context of a complex
immune environment, viral dissemination, protein diffusion, and tissue-specific responses. These
studies can also help identify any unforeseen side effects or off-target effects that may not be
apparent in vitro.

Multiple animal models exist for testing therapies for COVID-19. A commonly used
animal model is the K18-hACE2 mice. These transgenic mice express human ACE2 (hACE2)
under the control of the human keratin 18 (K18) promoter. The expression of hACE2 in K18-
hACE2 mice is observed in epithelial cells, including epithelial cells of the airway where SARS-
CoV and SARS-CoV-2 infection typically begin. K18-hACE2 mice have been used extensively

to study NL63 and SARS-CoV-2 pathogenesis as well as therapeutic options.
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Syrian hamsters are commonly used to study NL63 and SARS-CoV-2 in vivo, particularly
to test the effects of IFN on infection. As observed in humans, SARS-CoV-2 causes
dysregulation of IFN-I in both respiratory and non-respiratory tissues in the Syrian hamster
model (151). This disease model offers insights into the pathogenesis of COVID-19 and allows
us to evaluate potential therapeutic strategies to counter IFN dysregulation.

To test our therapeutic in vivo, we first need to generate a mouse IFNB-ACE2 construct.
This construct would consist of a mouse IFN-3 covalently linked to a human ACE2 domain. The
development of such construct would enable us to study the targeted delivery of IFN-B in a
physiologically relevant setting.

Before transitioning to animal studies, the newly developed construct must then be
validated in vitro. This step ensures that the construct behaves as expected — demonstrating
proper virion binding and biological activity of IFN-P. These in vitro assays serve as a crucial
quality control measure for the fusion protein before committing to more complex and resource-
intensive animal experiments.

Once the in vitro results are validated, the final step involves testing the construct in an
appropriate animal model of viral infection. These studies would evaluate key outcomes such as
viral clearance, immune activation, and overall disease progression. The results will be
instrumental in determining whether targeting IFN-f to the surface of virions in vivo is feasible
and can provide a meaningful therapeutic advantage.

Figure 6.1 offers a schematic overview of the testing strategy in a K18-hACE2 mouse
model. Briefly, nebulized IFNB-ACE2 or the unlinked combination of IFN-f and ACE2 will be
administered either 1 hour pre-infection, at time of infection, or 24 hours post-infection with

SARS-CoV-2. Mice will be weighed daily to monitor progression of disease. Lung tissue will be
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harvested either 4 days post-infection or at humane endpoint to measure viral titer via
quantitative reverse transcription polymerase chain reaction (QRT-PCR) and immune cell
infiltration and activation markers via flow cytometry. In comparison to mice receiving the
unlinked combination of IFN-B3 and ACE2, we expect to find decreased viral titers in groups
receiving the therapeutic as well as an improved disease score as measured by weight loss. We
also expect to find an increased virus-specific immune response indicated by increased levels of
virus-specific T cells and B cells as well as an increased state of activation in these cells. These
results will help us highlight the potential therapeutic and vaccination role of this platform and

give more insight into the ability of the fusion protein to function in a complex, immune-replete

environment.
(e
| ﬁ:ﬁ_ )
NGy
N
Intranasal Group A
inoculation Tissue harvest
Group B
Day 0 Day 4 Humane
// // endpoint
- &N o«
a o (=N
3 3 -]
gl g2 g
(LR L] (L]
Nebulized Nebulized i
protein pratein Group 1: Treatment 1 hour pre-infection Group A: Tissue harvest at day 4.
Group 2: Treatment at time of infection.
Group 3: Treatment 1 day post-infection. .
Group B: Tissue harvest at humane endpoint.
.ﬁc_- HCoV NL63 IFNB-ACE2
\ K18-hACE2 mice 2.3 or or
2 3@2 HCoV SARS-CoV-2 Recombinant IFN-B + sACE2(18-611)

Figure 6.1. Schematic overview of in vivo testing strategy (152).

6.10 Conclusion
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The likelihood of future viral epidemics and pandemics requires advancement of new
antiviral therapies. This study provides a new antiviral platform that synergistically combines the
virus-anchoring activity of a specific soluble host receptor (SACE2) and an immune modulator
(IFN-P) by targeting the immune modulator to the surface of infectious virions, thereby
engendering highly-specific antiviral activity. Overall, this study advanced the concept of an
antiviral fusion protein that assembles an IFN-f shield at the virion surface to constitute a potent

antiviral therapy.
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