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ABSTRACT

The unprecedented Coronavirus Disease (COVID-19) epidemic has created a worldwide public health emergency,
and there is an urgent need to develop an effective antiviral drug to control this severe infectious disease. Here,
we found that the E or M membrane proteins of coronavirus could be targeted by a 28-residue antibody mimetic
by fusing two antibody Fab Complementarity-Determining Regions (V,CDR1 and V,CDR3) through a cognate
Framework Region (V,FR2) of the antibodies which recognize the coronavirus E or M proteins. We constructed a
fusion protein, Pheromonicin-COVID-19 (PMC-COVID-19), by linking colicin Ia, a bactericidal molecule produced
by E. coli which kills target cells by forming a voltage-dependent channel in target lipid bilayers, to that antibody
mimetic. The E or M protein/antibody mimetic interaction initiated the formation of irreversible PMC-COVID-19
channel in the COVID-19 envelope and viral-infected host cell membrane resulting in leakage of cellular contents.
PMC-COVID-19 demonstrates broad-spectrum protective efficacy against tested SARS-CoV-2 variants-induced
severe acute respiratory syndrome (p<0.01-0.0001). PMC-COVID-19 significantly altered outcomes of in vivo fatal
COVID-19 challenge infection without evident toxicity, making it an appropriate candidate for further clinical
evaluation.
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INTRODUCTION

The Coronavirus Disease 2019 (COVID-19) pandemic caused by
Severe Acute Respiratory Syndrome Corona Virus 2 (SARS-CoV-2)
infections has created a worldwide public health emergency with
no satisfactory therapy currently approved [1-7]. In 2019-2022
pandemic, coronavirus has evolved several generations, the most
mutants occurred in the S proteins. Almost 40% of S protein amino
acids have mutated in the Omicron variant [5]. These mutations
slowed the development of vaccine and antibody therapy [6-7].
The virus includes four structural proteins, including a helical
nucleocapsid formed of Nucleocapsid (N), Membrane protein
(M), Envelope protein (E) and club-shaped Spike (S) proteins [8].
Unlike highly mutated S protein, it is thought in recent variants
(e.g. Omicron) that E and M proteins are more conserved with
relative low mutation probability and might retain the original

antigenicity of the prototype SARS-CoV-2. We assumed that the
E or M proteins might be relatively stable targets for developing
a novel treatment for COVID-19 infection caused by coronavirus
variants.

One of channel-forming bacteriocins, colicin Ia, a typical E1 family
colicin, is bactericidal to E. coli and might be able to be developed
as a novel candidate against coronavirus infection, if the native
targeting ability of wild-type colicin Ia could be altered. Colicin
Ia acts on the lipid bilayers; therefore, it could be engineered for
insertion into any life entity with lipid bilayers that are not its
natural targets [9-12].

We have developed a novel fusion protein, pheromonicin, with
targeting/killing domains and highly targeting/cellular-cidal
activity against drugresistant bacteria, fungi, and virus-induced
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tumor cells [10-13]. Based upon our previous studies, we developed
a specific anti-coronavirus pheromonicin against SARS-CoV-2 and
viral-infected host cells with E or M protein targeting domains.

To target the channelforming domain of colicin la to the
membrane of SARS-CoV-2 and viral-infected eukaryotic cells, we
selected certain antibody Complementarity-Determining Regions
(CDRs) and framework region sequences to create a single-chain
antibody mimetic comprising two interacting VH- and VL-derived
CDRs. The mimetic retains the basic antigen-recognition ability
of the whole parent antibody and acts as a smaller, proper-affinity
binder [13]. We previously found that the most promising structure
comprises V,CDR1 and V,CDR3 connected by a corresponding
V,FRZ sequence, forming a 28+residue antibody mimetic [13].
Constructed pheromonicins (with 28-residue antibody mimetic
recognized E or M proteins) demonstrated highly targeting/viral
or cellular-cidal activity against SARS-CoV-2 and viral-infected host
cells in vitro and in vivo.

METHODOLOGY

Construction of pheromonicin-COVID-19

The 28 amino acid sequence of respective antibody mimetic
was constructed to follow position 1626 of colicin Ia by full-
genes synthesis using a pet-11a plasmid containing the colicin Ia
gene to form respective Pheromonicin-COVID-19-E (PMC-E),
Pheromonicin-COVID-19-M (PMC-M), Pheromonicin-COVID-19
M/E (PMCM/E), or Pheromonicin-COVID-19-E/M (PMC-
E/M). Harvested plasmid was transfected into pet B-834 E. coli
cells to produce respective pheromonicin-COVID-19s. B834 cell
harboring pheromonicin plasmids were grown in LB medium
containing 10 pg/ml ampicillin and resuspended in borate buffer
(50 mM borste buffer, pH 9.0, with 2 mM EDTA and 2 mM
dithiothreitol) containing 0.5 mM phenylmethylsulfonyl fluoride.
The cells were fractured and debris removed by centrifugation for
90 min at 75,000g, 40C. Nucleic acids were removed by addition
of 1/5 volume streptomycin sulfate. Dialyzed extracts were applied
for a CM-S cepharose column (Pharmacia Biotech). Proteins
were recovered by elution with 0.3 M NaCl in borate buffer and
collected. The total protein concentration of eluate was about 5-12
mg/ml. As determined from 12% SDS polyacrylamide gel assays,
pheromonicin eluted by 0.3 M NaCl comprised about 95% of total
eluted protein [10-13].

Virus strains

SARS-CoV-2 prototype strain (GD108, GDPCC-nCOV27) and
South Africastrain (Betastrain, GDPCC-nCpV84, CSTR.16698.06.
NPRC 2.06210001) came from Guang Dong CDC, India
strain (Delta strain, CQ79, CSTR.16698.06. NPRC 6. CCPM-
B-V-049-2105-8) came from Chongqging CDC, Omicron variant
(BA.1 CCPM-B-V-049-2112-18 and BA.5 CCPM-B-V-049-2207-28)
came from Medical Biology Institute and Institute of laboratory
animal sciences, Chinese Academy of Medical Sciences, SARS-

CoV-2/human/CHN/CN1/2020 came from Sino Vaccine Ltd.
In vitro activity of PMC against living virus

Viruses either were incubated with PMC-E, or PMCM (40 ng/
ml), or Nelfinavir/Ritonavir (Pfizer) 4.3/1.43 ug/ml, or the same
amount of culture solution were used as control for 2 to 4 hrs.,
then incubated viruses were cultured with Vero cells in 96-well

plate for 24 to 96 hrs., or the PMC-E, or PMC-M (80 ug/ml) were
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added at 3, 24, 48, 72 hrs in the virus/vero cells cultures in 96-well
plate for 96 hrs, the virus titer, or viral load of cultured virus/vero

cell were measured at 24, 48, 72 and 96 hrs [14].
In vivo activity in coronavirus hamster model

Male hamsters (n=90, body weight 100 g, 7-8 weeks old) were
infected with SARS-CoV-2 virus via nasal drip (1 x 105 PFU/per
animal), three separate strain/groups of 30 hamsters each were
inoculated with three respective variants of SARS-CoV-2 (GD108
or GDPCCnCpV84 or IND-79), in addition to controls (n=0),
the treatments groups were PMC-E (n=6), PMC-M (n=6), PMC-
E/M (n=6) and PMC-M/E (n=6) in three separate strain/groups,
or the neutralizing antibody (n=6), PMC treatment (40 pg/gm
intraperitoneal injection (IP), q24h), or neutralizing antibody (0.8
mg/per animal, IP, q24h) lasted 6 days. Animals were euthanized at
day 6 after 5-day treatments to perform gross pathological evaluation
with naked eye, left lung were fixed with 4% paraformaldehyde
for histological section (H.E. staining), right lung were used for
viral load measurement. All animal experiment was performed
in accordance with Biosafety and Ethic regulations with animal
humanity and benefit care. All treatments were performed under
anesthesia. All experiments were certified by institute animal care
and use committee.

Pathologic graded scoring analysis

Pulmonary histological sections examined to create

pathological report by two pathologists with double-blind reading.
Gross evaluation and histological atlas were integrated in the form

were

of pathological score measurement. The pheromonicin protective
efficacy against viralinduced pulmonary lesions was evaluated
based upon the pathological atlas and score measurement [14].

Immunolabeling assay

Above delta strain-infected control and PMC-E-treated animal
lungs were fixed for formalin and paraffin-embedded prior to
sectioning. Sections were sealed with 5% BSA, and then incubated
with anti-SARS-CoV-2 N protein (Mouse, AbMax, Beijing), or anti-
PMCE (Rabbit, AbMax, Beijing) antibodies for 30 min. at 370C,
washed and incubated with FITC-anti-rabbit and rhodamine-anti-
mouse goat antibodies (Bioss, Beijing) for 15 min. at 370C and
washed. The sections were examined under an optical/fluorescent

microscope (Nikon 90i) with DM400, DM505 and DM565 filters.
Statistical analysis

Individual data points were plotted with prism graphed 8.0
software. Comparison of data variation at different time points
were analyzed with paired t tests. Comparison of animal data from
different groups was analyzed with unpaired t tests. General status
and pathological results were described in the report.

RESULTS AND DISCUSSION

Construction of pheromonicin-COVID-19

The 28 amino acid sequence of respective antibody mimetic was
constructed to follow position 1626 of colicin Ia by plasmid synthesis
using a pET-11a plasmid containing the colicin la gene to form
respective Pheromonicin-COVID-19-E (PMC-E) or Pheromonicin-
COVID-19-M (PMCM) or Pheromonicin-COVID-19-M/E (PMC-
M/E) or Pheromonicin-COVID-19-E/M (PMC-E/M) (Figure 1A).
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Harvested plasmid was transfected into pET B-834 E. coli cells
to produce respective PMC-COVID 19s. B834 cell harboring
pheromonicin plasmid were grown in LB medium containing 100
pg/ml ampicillin and resuspended in borate buffer. The cells were
fractured and debris removed by centrifugation. Nucleic acids were
removed by addition of streptomycin sulfate. Dialyzed extracts were
applied to a CM-sepharose column. Proteins were recovered by
elution with 0.3 M NaCl in borate buffer and collected. The total
protein concentration of eluate was about 5-12 mg/ml.

In vitro activity against virus

In vitro neutralization testing was performed to evaluate potential
efficacy of PMC-COVID-19 against SARS-CoV-2 infection. Isolated
SARS-CoV-2 epidemic (SARS-CoV-2/human/ CHN/CN1,/2020),
Omicron (BA.1 CCPM-13V-049-2112-18) and (BA.5 CCPM-
BV-049-2207-28) strains were used for viral load inhibition test.
After 2-4 hours incubation with PMC-E or PMC-M, the epidemic
strain virus titer was reduced 1.5 logl0 CCID50/ml lower than that
of control. With 3-day daily dosing PMC-E or PMC-M in the virus/
Vero cell culture, the Omicron BA.1 virus copies were reduced
about 0.93 logl0 copies/ml compared to that of control (Figure
1B). With 2-day daily dosing PMC-E treatment in the virus/Vero
cell culture, the Omicron BA.1 virus copies were reduced about
0.55 logl0 copies/ml compared to that of control at 48-hours
while the virus copies were reduced about 0.25 loglO copies/ml
with Nelfinavir/Ritonavir (Pfizer) treatment as a positive control.
With 4-day dosing PMC-E/PMCM or Nelfinavir/Ritonavir
treatments in the virus/Vero cell culture, the Omicron BA.1
virus copies were reduced about 0.25 loglO copies/ml compared
to that of control (control=about 10.3 logl0 copies/ml, PMC, or
Nelfinavir/Ritonavir-treated=about 10.05 log10 copies/ml) (Figure
1C). With similar PMC-treatment of BA.5 virus/Vero cell culture,
interestingly, the virus load (TCID50/ml) gradually decreased from
3 hours to 72 hours after treatment while the virus load (TCID50/
ml) increased in the Nelfinavir/Ritonavir (Pfizer) positive control
(Figure 1D).

These results indicated that PMC-E and PMCM were able to
inhibit or kill SARS-CoV-2 in witro and demonstrated broad-
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spectrum inhibition against tested variants. The PMC-COVID-19
inhibition activity gradually increased while the nirmatrelvir/
ritonavir decreased during the incubation period (Figure 1D).
These results suggest that in vivo, the virus/viral-infected eukaryotic
cellkilling activity of PMC-COVID-19 might eventually increase

with viral-induced immunity to resolve infection.
In vivo activity in coronavirus hamster model

Two tests were performed to evaluate protective efficacy of PMC-
COVID-19 against SARS-CoV-2 respiratory infection. The first test
was used to evaluate the PMC-COVID-19 protective efficacy with
q24h intraperitoneal injection (IP, 40 pg per gram body weight,
5-day therapy) in 90 male Syrian hamsters, randomly divided into
three separate strain/groups of 30 hamsters each were inoculated
with three respective variants of SARS-CoV-2, in addition to
controls, the PMC-COVID-19 treatment groups were PMC-E,
PMCM, PMC-E/M and PMCM/E. The second test was used
to compare the PMC-COVID-19 protective efficacy with that of
neutralizing antibodies in animals inoculated with Delta strain
of SARS-CoV-2, the application of PMC-E (n=6) was the same as
first test while the neutralized antibodies were applied with q24h
intraperitoneal injection (IP, 0.8 mg per animal, 5-day therapy).
The Animals were euthanized for lung histopathology and virus
load measurement at day 6 post infection.

Hamsters were inoculated with 1 x 105 SARS-CoV-2 virus through
nasal drip with SARS-CoV-2 prototype strain (GD108), or South
Africa strain (Beta strain, GDPCC-nCpV84), or India strain
(Delta strain, CQ79, CSTR,16698.06) respectively. Each strain
was inoculated into 5 groups of 6 hamsters each, or 4 groups of 6
hamsters each in the second test. As expected, all controls showed
severe interstitial pneumonia with infection. In contrast, all
PMC-treated animals were largely protected against SARS-CoV-2
respiratory infection with relatively mild and focal histopathological
changes in the lung (Figure 1E-1F). The results of immunolabeling
assay demonstrated the distribution of invaded COVID-19 viruses
and PMC-COVID-19 molecules which recognized SARS-CoV-2 E
proteins and killed viruses/infected host lung cells in the lungs of
infected hamsters (Figure 1F).

Note: (m) Colicin la, (w) VH1, (m) V,FR2, (=) VL3.

Figure 1A: Structure of constructed PMC-covid-19 PMC-E and PMC-M structure.

Antibody mimetic
(against E, or M)

H.N

Note: (m) Colicin Ia, (m) Ab mimetic I, (m) Ab mimetic II.

Figure 1B: Structure of constructed PMC-covid-19 PMCM/E and PMC-E/M structure.
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Figure 1C: Virus load (Log10 copies/ml) of Omicron BA.1 virus/Vero cell cultured with PMC-covid-19 (80ug/ml/24hrs), Nelfinavir/Ritonavir

(4.3/1.43ug/ml/24 hrs) for 48, 72 and 96 hrs. I=PMCM, 2=PMC-E, 3=Nelfinavir/Ritonavir, 4=Control.
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Figure 1D: Virus load (TCID50/ml) of Omicron BA.5 virus/Vero cell cultured with PMC-covid-19 (80ug/ml/24hrs), Nelfinavir/Ritonavir
(4.3/1.43ug/ml/24 hrs) for 3, 24, 48, and 72 hrs. I=PMC-E, 2=PMC-M, 3=Nelfinavit/Ritonavir, 4=Control.

q24h treatment, 2 animals.

Figure 1E: The whole lung section of different PMC-E treatments, Delta strain infection, (a) q24h PMC-E treated, 2 animals, (b) control of
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Figure 1F: (a,b)The lung histopathological changes in control, (c,d) g24h PMC-E-treated animals, (¢) The lung immunolabeliing images (200x)
in control, (f,g) q24h pheromonicin-treated animals. Note: Optical: optical view; PMC-E: immunolabeling antibody against PMC-E; N:
immunolableling antibody against SARS-CoV-2 N protein-delta strain infection.
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The differences of pulmonary inflammation, structural lesion
and hemorrhage between the control and PMC-treatment groups
were compared with focal histopathological graded scoring analysis
[14]. The results showed that in the Delta strain infected models,
the PMC-E (p<0.0001), PMCM (p<0.01), PMC-E/M (p<0.001)
and PMC-M/E (p<0.001) treatments demonstrated significant
protective efficacy against viral-induced pulmonary lesions. In the
prototype strain infected models, the PMC-E (p<0.0001), PMC-M
(p<0.01), PMCE/M (p<0.0001) and PMCM/E (p<0.0001)
treatments presented significant protective efficacy against viral-
induced pulmonary lesions. In the Beta strain infected models,
the PMC-E (p<0.01), and PMC-M/E (p<0.05) treatments provided
significant efficacy against viral-induced pulmonary lesions (Figure
2A). The PMCE treatment provided better protective efficacy
than neutralizing antibodies against Delta variant-infected models
(p<0.05-0.01). Presumably such differences were due to Beta viruses-
induced antibodies inability to effectively neutralize the mutated
Delta S proteins for protecting viral-induced pulmonary lesions
(Figure 2B). These results demonstrated that PMC-COVID-19
provided broad-spectrum in vivo inhibition ability and significant
protective efficacy against viral-induced pulmonary lesions.
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Figure 2A: The pathological graded scores of three SARS-CoV-2 variant
infected animals with PMCs treatment. Note: GD108: prototype strain;
SA: Beta strain; IND: delta strain; Con: control.
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Figure 2B: The pathological graded scores of SARS-CoV-2 Delta
strain infected animals with PMC-E, or antibodies treatment. Ab
1=neutralizing antibody induced by SARS-CoV-2 Beta strain, Ab
2=neutralizing antibody induced by SARS-CoV-2 prototype strain.
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SARS-CoV-2 infection induced severe inflammatory cytokine
storm in the control animals. In contrast, as we found in previous
studies [15], inflammatory cytokines and chemokines appeared at
significantly lower levels in pheromonicin-treated animals than
that of controls. Above results indicated that pheromonicin might
alleviate SARS-CoV-2-induced inflammatory cytokine storm. Indeed
it is a vital bioactivity of pheromonicin to save the infected animals

from fatal SARS-CoV-2 infection.

The most insurmountable features of SARS-CoV-2 were extensive
variation and prominent immunologic escape due to the highly
mutated S protein. Interestingly, two other surface proteins, E
and M are relatively conserved in present SARS-CoV-2 variants;
therefore, there should be little potential for development of
resistance. Antigen-antibody neutralization activity could readily
yield high occurrence of epitope mutation, however, the antibody
mimetic might yield lower occurrence of epitope mutation due to
it only recognizing the antigen with lack of subsequent neutralizing
activity. It is for this reason that these two proteins were selected as
the targets of PMC-COVID-19s, not the S protein. Our in vitro/in
vivo results demonstrated that PMC-COVID-19s presented broad-
spectrum protective efficacy against tested SARS-CoV-2 variants
due to selected targets of PMC-COVID-19s. The broad-spectrum
activity against various SARS-CoV-2 variants and the low likelihood
of mutations in the E and M proteins suggest that PMC-COVID-19
will be effective against future SARS-CoV-2 variants. The observed
PMC-COVID-19 protective efficacy suggests that it could be
effective in decreasing fatal SARS-CoV-2 respiratory infections.

The fact that SARS-CoV-2-infected cells are lysed by colicin
la in PMC-COVID-19 raises significant concerns, in terms of
toxicity at higher multiplicity of infections. COVI In-vivo, COVI
occurrence of such toxicity would be determined by two factors,
(a) native levels of host susceptibility and immunity, there were
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always around 5%-10% of infected cases would be involved in
such toxicity with high susceptibility and hypersensitive immunity;
(b) viral, or pheromonicin lysed host cell levels. Previous studies
could be considered as a predictor that intracellular pathogen-
infected cells lysed with PMC-treatment (PMC-NM, with different
28-residue antibody mimetic against TB) might not raise above
significant concerns. Sixteen macaques were infected with high
virulence MDR-TB isolate, pulmonary infection was confirmed by
tuberculin testing/CT scans 3-wks after inoculation, allocated into
three 22-wk treatment groups: untreated controls (n=4), combined
INH/RIF-treated (n=4), and antiTB PMC-treated (n=8, 3 mg/
kg/d). 75% of PMC-treated group survived. All untreated and
INH/RIF-treated controls and 25% of PMC-treated group reached
the humane endpoint within 10-17 weeks postinfection due to
acute tuberculosis pneumonia (Figure 2C). Above results indicated

OPEN aACCESS Freely available online

that comparing with untreated control and conventional drug-
treated, the lyses of intracellular pathogen infected cells did not
present toxicity but prevented further fatal damages from higher
multiplicity of infections. In addition, no toxicity of SARS-CoV-2-
infected cell lyses was observed in our hamster model (n=72) with
6-day PMC treatment. Further investigation should provide more
detailed evidence to alleviate possible toxicity concerns in future
clinical trials with PMC-COVID-19. On the other hand, due to
the time-lag between the instant virus-cell fusion and delayed E/M
protein presentation on infected pulmonary cell membrane, the
lysed cell amount of virus-induced destruction was inevitably larger
than that of PMC-induced cell destruction (Figure 2D), therefore,
"the toxicity at higher multiplicity of infections" should more likely
be determined by the virus-lysed cell destruction level, rather than
by the infected cel-PMC interaction.

| PMC M (n=E)

End af 22wk reatnient

P=0.003
INH/EIF (n=4)

Control (n=4)

- Treatment
%“ 100
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Figure 2C: Cumulative survival of PMC-NM:-treated macaques and controls. The numbers of surviving animals at various time points were determined,
and Kaplan-Meier analysis was used to determine the significance of difference between the PMC-NM and control groups (p=0.003). Note: Cumulative
survival (%): PMC-NM (N=8) (msm); INH/RIF (n=4) (===); Control (n=4) (===) Week after infection: Treatment.

Infected pulmonary cell level (10"/per gm of lung )

Figure 2D: Variation of infected pulmonary cell level, 1. Irreversible damage level 2. Virus-fusion cell level 3. Cell level with PMC-treatment. Note:
() virus-fusion cell level rose up with infection aggravation, () cell level went down with PMC-treatment, (¥) time lag between the instant virus
fusion and the delayed E/M protein presentation on infected pulmonary cell membran
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CONCLUSION

Our results indicate that pheromonicin might be an effective
platform against SARS-CoV-2 variants. In our assumption, two
potential therapeutic roles for PMC-COVID-19 would have
a significant impact against the SARS-CoV-2 pandemic, (a)
preventive application to close contracts of coronavirus infected
cases, (b) early treatments against coronavirus-infected cases with
aerosolized inhalation, throat spray, or nasal-spray therapeutics.
PMC-COVID-19 requires further evaluation in human clinical
trials to define whether it would have a useful role in this setting.
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