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Abstract

Background New anti-coronavirus drugs are continuously being developed to address the serious long-term
challenge posed by numerous SARS-CoV-2 variants. The clinical immunosuppressants mycophenolate mofetil
(MMF) and mycophenolic acid (MPA) have been reported to have anti-coronavirus activities. However, system-
atic studies have not been conducted to evaluate their activities and mechanisms against pan-coronaviruses,
including SARS-CoV-2.

Methods The antiviral effect of MMF and MPA was determined by gqRT-PCR assay, Western blotting, and immuno-
fluorescence assay. The IMPDH inhibition effect of MMF was determined by cellular thermal shift assay and Western
blotting.

Results We showed that MMF and MPA had broad-spectrum inhibitory effect against coronavirus, including HCoV-
229E, HCoV-0C43, and SARS-CoV-2 ancestral strain and its variants. In terms of characteristics, MMF acted in the early
stages of viral infection and inhibited viral replication by blocking purine nucleotide synthesis through interaction
with inosine-5"-monophosphate dehydrogenase (IMPDH). Therefore, the antiviral effect of MMF can be reversed

by exogenous guanosine. Additionally, MMF in combination with molnupiravir, GC376 or E64d showed synergistic
antiviral effects.

Conclusion MMF and MPA exerted broad-spectrum anti-coronavirus effects by inhibiting IMPDH activity. MMF had
a synergistic antiviral effect when combined with other drugs, showing its potential clinical antiviral applications.
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Background

Coronaviruses (CoVs) are enveloped, single-stranded,
positive-sense RNA viruses belonging to the Coronaviri-
dae family. They are classified into four genera, namely,
Alpha (), Beta (B), Delta (6), and Gamma (y) [1]. CoVs
have a wide host spectrum and are prone to interspe-
cies transmission [2]. Currently, seven CoVs are known
to infect humans, the common cold CoVs HCoV-229E,
HCoV-OC43, HCoV-NL63, and HCoV-HKU]1, as well
as the highly pathogenic SARS-CoV, MERS-CoV, and
SARS-CoV-2 [3]. Since COVID-19 outbreak at the end
of 2019, a worldwide health crisis ensued, with 7 mil-
lion deaths among more than 776.8 million confirmed
cases as of November 2024 (WHO, 2024). Several spe-
cific antiviral drugs including Paxlovid (nirmatrelvir/rito-
navir), Lagevrio (molnupiravir), Veklury (remdesivir) and
Azvudine, which targeted the main protease or the RNA-
dependent RNA polymerase (RdRp), have been approved
by the FDA, EMA, or NMPA [4-6]. However, the contin-
uous emergence of SARS-CoV-2 variants not only causes
immune escape, rendering vaccines and antibodies
ineffective, but also leads to severe illness, especially in
elderly or comorbid patients [7, 8]. And it can also cause
resistance to small molecule antiviral drugs [9]. So, it will
be important to develop novel strategies to inhibit virus
infection and thus combat the disease.

Mycophenolic acid (MPA) is a secondary metabolite
synthesized by the filamentous fungus Penicillium roque-
forti, which belongs to genus Penicilllium. Mycophe-
nolate mofetil (MMF) is the 2-morpholinoethyl ester of
MPA, which is chemically engineered and has enhanced
bioavailability and absorption [10]. MMF and MPA are
generally served as immunosuppressants in clinical prac-
tice to prevent the immune system from attacking and
rejecting transplanted organs [11]. Additionally, MMF
and MPA are also used in the daily treatment of auto-
immune diseases, skin diseases, rheumatoid arthritis,
systemic lupus erythematosus, and nephrotic syndrome
[12, 13]. As reversible non-competitive inosine-5’-
monophosphate  dehydrogenase (IMPDH) inhibi-
tors, MMF and MPA inhibit the synthesis of guanosine
triphosphate in the de novo purine synthesis pathway,
thereby specifically inhibiting the proliferation and acti-
vation of rapidly proliferating lymphocytes to inhibit
immune system [14, 15].

MMF and MPA reportedly have antiviral activities,
toward MERS-CoV, influenza A virus, dengue virus, Zika
virus, coxsackie B3 virus, and Mpox virus [16—21]. Their
potential mechanisms are related to inhibiting IMPDH
activity [22], stimulating the expression of interferon-
stimulated genes (ISGs) [23], and suppressing autophagy
[24, 25]. Recent studies have also shown that MMF and
MPA have potential anti-SARS-CoV-2 activities [26, 27],
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but systematic studies on related efficacy and mecha-
nisms are still lacking. Therefore, the anti-CoVs activity of
MMEF is worthy of further research.

In the present study, we systematically studied the anti-
CoVs activities and characteristics of MMF and MPA and
subsequently explored the combined antiviral effects of
MMF and other drugs. Our results can provide strong
theoretical support for the clinical applications of MMF
and MPA in the treatment of CoVs infection.

Methods

Cells and viruses

Human hepatocellular carcinoma cell lines Huh7 and
Huh7.5 were provided by Dr. Zonggen Peng [28]. Human
lung cancer cell line H460 was provided by Dr. Zhen
Wang [29]. They are both from the Institute of Medicinal
Biotechnology, Chinese Academy of Medical Sciences.
Human hepatoblastoma cell line C3A was purchased
from American Type Culture Collection (ATCC, Manas-
sas, VA, USA). African green monkey kidney cell line
Vero E6 was provided by the Institute of Medical Biology,
Chinese Academy of Medical Sciences (Yunnan, China)
[30]. Human lung adenocarcinoma cell line Calu-3 was
purchased from the Institute of Basic Medical Sciences,
Chinese Academy of Medical Sciences (Beijing, China).
Human nasal septal squamous carcinoma cell RPMI-
2650 was purchased from GuangZhou Jennio Biotech
Co.,Ltd (Guangzhou, China). All cells cultured with sup-
plementation of 10% fetal bovine serum and antibiot-
ics (100 U/mL penicillin and 100 mg/mL streptomycin)
at 37 °C in a 5% CO, incubator. All cells were detected
mycoplasma regularly to confirm the cells were free of
mycoplasma contamination. Huh7, Huh7.5, H460, and
Vero E6 cells were cultured in Dulbecco’s modified eagle
medium (DMEM, Invitrogen, Carlsbad, CA, USA), C3A
and RPMI-2650 cells were cultured in minimum essen-
tial medium (MEM, Invitrogen), Calu-3 cells were cul-
tured in Roswell Park Memorial Institute-1640 medium
(RPMI-1640, Invitrogen).

HCoV-229E (strain VR740) was purchased from
ATCC. HCoV-OC43 (strain VR1558) was provided by
Dr. Xuesen Zhao at Beijing Ditan Hospital, Capital Medi-
cal University (Beijing, China) [31]. The SARS-CoV-2
ancestral strain (wild type, WT), alpha variant (B.1.1.7),
beta variant (B.1.351), and omicron variants (BA.5, EG.5,
and XBB.1.16) were provided by the Institute of Medical
Biology, Chinese Academy of Medical Sciences (Yunnan,
China).

Compounds

MMF was purchased from Hiboled century (Shenz-
hen, China). MPA was purchased from Macklin (Shang-
hai, China). Remdesivir (RDV) and molnupiravir were
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purchased from Med Chem Express (Monmouth Junc-
tion, NJ, USA). Ribavirin (RBV) and guanosine were pur-
chased from Sigma Aldrich (St. Louis, MO, USA). GC376
and E64d were purchased from TOP SCIENCE (Shang-
hai, China).

Cytotoxicity assay

Cytotoxic effects of MMF and MPA on different cell lines
were assayed with a cell-counting kit (CCK; TransGen
Biotech, Beijing, China). In a typical procedure, cells
(2.5x10% cells/well) were seeded onto 96-well culture
plates and incubated overnight. Cells were then treated
with different concentrations of MMF and MPA for
24 h. Subsequently, 10 pL of CCK solution was added
and incubated for 60 min. The optical density was meas-
ured at 450 nm in a Victor X5 Plate Reader (PerkinElmer,
Waltham, MA, USA). The half-maximal toxic concentra-
tion (TC,,) was calculated by GraphPad Prism 7.0 soft-
ware (GraphPad Software Inc.).

Quantitative reverse-transcription (qRT) polymerase chain

reaction (PCR) assay

Cells (2.5%10° cells/well) were seeded onto 12-well cul-
ture plates and incubated overnight. Infection was per-
formed at multiplicity of infection (MOI) of 0.35 for
HCoV-229E and HCoV-OC43, and MOI of 0.05 or 0.09
for SARS-CoV-2 for 24 h. The total RNA of the infected
cells was extracted using the RNeasy Mini Kit (QIA-
GEN, Hilden, Germany) according to the manufacturer’s
instructions. qRT-PCR was performed with a One-Step
qRT-PCR Kit (TransGen Biotech) using the ABI 7500
Fast Real-Time PCR system (Applied Biosystems). The
comparative threshold method was performed for rela-
tive quantification. Firstly, the CT values of target gene
were subtracted from that of housekeeping gene GAPDH
to obtain the /AACT, and then the /AACT of each experi-
mental group was subtracted from that of the con-
trol group to obtain the A/\CT. Finally, the values of
2-AACT) was used as the final result. The applied primer
sequences are shown in Table 1. IC,, (half maximal
inhibitory concentration) was calculated using GraphPad
Prism 7.0 software (GraphPad Software Inc.), according
to qRT-PCR assay. The selectivity index was the quotient
of TC;, and ICy,.

Western blotting

Cells (2.5%x10° cells/well) were seeded onto 12-well cul-
ture plates and incubated overnight. Infection was per-
formed at MOI of 0.35 for HCoV-229E and HCoV-OC43
for 24 h. Cells were collected and cellular proteins were
extracted using Mammalian Protein Extraction Reagent
(Thermo Fisher, Waltham Mass, USA) with halt protease
inhibitor for 30 min. Centrifugation was conducted at
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Table 1 Primers used in gRT-PCR assay

Primer Sequence(5’ —3’)
HCoV-229E NP Sense CGCAAGAATTCAGAACCAGAG
HCoV-229E NP Antisense  GGCAGTCAGGTTCTTCAACAA

CTCTGGAAAGCTGTGGCGTGATG
ATGCCAGTGAGCTTCCCGTTCAG
CGATGAGGCTATTCCGACTAGGT
CCTTCCTGAGCCTTCAATATAGTAACC
TAMRA-TCCGCCTGGCACGGTACTCCCT-BHQ2
CGGAGTCAACGGATTTGGTCGTAT
AGCCTTCTCCATGGTGGTGAAGAC

TAMRA- CCGTCAAGGCTGAGAACGG -BHQ2
CTGTCCTCCATGAGATGATCC
CTCATGATTTCTGCTCTGACAACC
GCTGGAATGAGACTATTGTTGAGA
CAGTTTCGGAGGTAACCTGTAAG

GAPDH (human) Sense
GAPDH (human) Antisense
HCoV-OC43 NP Sence
HCoV-OC43 NP Antisense
HCoV-OC43 NP Probe
GAPDH (human) Sense
GAPDH (human) Antisense
GAPDH (human) Probe
IFN-a Sense

IFN-a Antisense

IFN-B Sense

IFN-B Antisense

12,000 rpm at 4 °C for 20 min, and the supernatant was
mixed with loading buffer. The supernatant was boiled
in a metal bath at 100 °C for 10 min and then subjected
to sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE). The electrophoresis products
were transferred onto a 0.22 pM polyvinylidene fluoride
(PVDF) film, and PVDF membranes were incubated with
specific primary antibody and horse radish peroxidase
(HRP)-labeled secondary antibody of different species.
The primary antibodies used were antibodies against
glyceraldehyde-3-phosphate dehydrogenase (Cell Signal-
ing Technology, Boston, MA, USA, 1:1000), HCoV-229E
NP (Sino Biological, Beijing, China, 1:8000), HCoV-OC43
nucleocapsid protein (NP; Millipore, Billerica, MA,
USA,1:1000), and IMPDH2 (Abcam, Cambridge, UK,
1:1000). The secondary antibody included anti-rabbit
and anti-mouse HRP-labeled antibodies (Cell Signaling
Technology, 1:5000). The expression levels of each target
protein and internal reference GAPDH were defined with
Image ] software based on grayscale values.

Virus titer assay

RPMI-2650 cells (2.5x10° cells/well) were seeded onto
12-well culture plates and incubated overnight. Infec-
tion was performed at MOI of 0.35 for HCoV-229E and
HCoV-OC43. Cells were harvested 24 h.p.i., following
a single freeze—thaw cycle to release intracellular virus
particles. The cells were centrifuged at 3000 rpm at 4 °C
for 30 min to remove cellular debris, and the supernatant
was collected for determine viral titers based on cyto-
pathic effect (CPE) reduction assays. Huh7.5 cells were
used for HCoV-229E observed 72 h.p.i and H460 cells
were used for HCoV-OC43 observed 96 h.p.i. Viral titers
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were calculated using the 50% tissue culture infectious
dose (TCIDy,) assay, according to the Reed and Muench
method [32].

Immunofluorescence (IF) assay

Cells (2.5x10* cells/well) were seeded onto 96-well cul-
ture plates and incubated overnight. Cells were then
infected at MOI of 0.35 for HCoV-229E and HCoV-
OC43. IF-staining experiments were performed 24 h after
infection. We added 4% paraformaldehyde and incubated
the plates at room temperature for 15 min to fix them.
Enhanced immunostaining permeabilization buffer (Bey-
otime Institute of Biotechnology, Shanghai, China) was
added and incubated at room temperature for 20 min.
Rapid block buffer (Beyotime Institute of Biotechnol-
ogy) was added and incubated at room temperature for
1 h. A primary antibody recognizing viral double-strand
RNA (dsRNA; SCICONS, Szirdk, Hungary, 1:200),
HCoV-OC43 NP (Millipore, 1:200), or HCoV-229E NP
(Sino Biological, 1:200) was added and incubated at room
temperature for 1 h or at 4 °C overnight. AF488 conju-
gate goat anti-rabbit or anti-mouse secondary antibody
(TransGen Biotech, 1:200) was added, incubated for 1 h
at room temperature, and sheltered from light. Hoechst
33,342 (Beyotime Institute of Biotechnology, 1:100) was
added and incubated at room temperature for 30 min.
The treated cells were washed with PBS for three times
between the above operations. The 96-well plates were
photographed using a fluorescence microscope (ZEISS
Zen).

Cellular thermal shift assay (CETSA)

Cells (3 x 10° cells/flask) were seeded onto T-75 flasks and
incubated overnight. Cells were first collected using cell
scrapers in PBS containing protease inhibitors and then
lysed by three freezing—thawing cycles. The supernatants
were collected after centrifugation at 12,000 rpm and
4 °C and then incubated with MMF or DMSO for 30 min
at room temperature, followed by a metal bath at 47, 52,
57,62, 67,72,77, and 82 °C for 3 min to degrade the tar-
get proteins. Finally, the supernatants were centrifuged
at 12,000 rpm at 4 °C, and the loading buffer was added.
The protein samples were prepared by boiling at 100 °C
for 10 min. The expression of IMPDH in the two groups
incubated with MMF or DMSO was then detected by
western blotting. The expression levels of IMPDH were
defined with Image J software based on grayscale values.

Time-of-addition assay

A time-of-addition study was performed to dissect the
stage of the viral replication that is affected by MMEFE.
Cells (2.5x10* cells/well) were seeded onto 96-well cul-
ture plates and incubated overnight. Then cells were
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infected at MOI of 3.5 for HCoV-229E and HCoV-OC43
for 1 h onice, and 5 uM MMF was added simultaneously
for the co-treatment assay (0 h). Cells were washed with
PBS and replaced with medium, and the plate was trans-
ferred to the 35 °C with 5% CO, incubator. For the post-
treatment assay, MMF was added at 1, 2, 3, 4, 5,6,7,8 or
9 h after infection, as described in Fig. 5a. Cells were har-
vested at 9 h and the viral N protein was detected by IF
assay.

Statistics analysis

Statistical analyses were performed using GraphPad
Prism 7.0 software (GraphPad Software Inc.). Image ]
software (Rawak Software Inc.) was used for quantitative
study on Western blotting data. Results are expressed as
the mean + standard deviation (SD). Data were analyzed
by one-way ANOVA, which was divided into “*’, “**”, and
“x*” representing “ P<0.05” “ P<0.01’; and “ P<0.001
respectively.

Results

MMF and MPA inhibited replication of HCoV-229E

and HCoV-0C43

To ensure that the antiviral effect of MMF or MPA
(Fig. 1a) was not caused by cytotoxicity to cells, we first
determined the cytotoxicity by CCK assay. As shown in
Fig. 1b,c, MMF and MPA showed low toxicity to several
cell lines, with TC;, values above 100 pM.

To systematically study the antiviral effects of MMF
and MPA against CoVs, we selected genus a (HCoV-229E)
and S (HCoV-OC43), which were the genera of CoVs that
infected humans, as representatives of common cold
CoVs for antiviral efficacy testing. NP is the most abun-
dant and conserved protein in CoVs [33], so we targeted
NP and detected its transcription and translation lev-
els. The cells were harvested at 24 h post-infection, and
mRNA levels of NP was tested by qRT-PCR assay. As
shown in Fig. 2a—f, MMF and MPA inhibited the RNA
levels of HCoV-229E and HCoV-OC43 in a dose-depend-
ent manner in various cell lines. Next, we stained dsRNA,
a pivotal intermediate during viral replication, as a com-
plementary indicator of the antiviral properties at the
RNA level. We also found that MMF and MPA reduced
dsRNA production in cytoplasm (Fig. 2g—j). As shown
in Table 2, through further quantitative analysis, it was
found that the IC;s of MPA and MMF were both below
0.6 uM in different cells, indicating that their antiviral
effects were not cell-specific. In addition, in RPMI-2650
cells sensitive to both HCoV-229E and HCoV-OC43, the
IC,;s of MPA and MMEF against HCoV-OC43 were lower
than that of HCoV-229E, suggesting that the anti-CoVs
activity of MPA and MMF was certain strain specific.
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Fig. 1 The chemical structure of compounds and CCK assay. a The chemical structures of MPA and MMF. b The cytotoxicity of MPA was determined
by CCK assay (n=3). ¢ The cytotoxicity of MMF was determined by CCK assay (n=3)

To further investigate whether MMF and MPA had
similar antiviral effects at the protein level, Western blot-
ting and IF were used to detect the effects of MMF and
MPA on NP protein levels. Unsurprisingly, the West-
ern blotting and IF results were consistent, showing
that MMF and MPA inhibited the NP protein levels of
HCoV-229E and HCoV-OC43 in a dose-dependent man-
ner in different cells (Fig. 3a—f). The inhibitory effect was
more visually demonstrated by IF staining, as shown in
Fig. 3g—j. Moreover, MMF and MPA also reduced the
levels of progeny HCoV-229E and HCoV-OC43 produc-
tion (Fig. 3k, 1). These results indicated that MMF and
MPA exerted promising inhibitory effects on common
CoVs.

MMF inhibited various SARS-CoV-2 variants

We further explored the antiviral effects of MMF against
SARS-CoV-2, including WT and various variants. Vero
E6 cells were infected with SARS-CoV-2 WT, variants
B.1.1.7, or B.1.351 (MOI=0.05), respectively, and treated
with MMEF for 24 h. As shown in Fig. 4a—c, 1.1 uM MMF
inhibited viral replication by up to 90% at the NP RNA
level. With the mutant strain omicron prevalent and
becoming variants of concern, the inhibitory effect of
MMF was tested. Similarly, Calu-3 cells were infected
with SARS-CoV-2 variants BA.5, EG.5, and XBB.1.16
(MOI=0.09) and treated with MMF for 24 h. Results
revealed that MMF also significantly inhibited delta and
omicron variants by more than 50% (Fig. 4d—f). All these
results demonstrated that MMF exhibited inhibitory

effects on the tested SARS-CoV-2 variants, suggesting its
potential to challenge the threat posed by the constantly
mutating SARS-CoV-2.

MMEF played an antiviral role by inhibiting IMPDH

To explore the antiviral characteristics, we performed
the time-of-addition assay to map the viral replication
step targeted by MMF. As shown in Fig. 5a—c, treatment
before 5 h seemed to be the effective window of MMEF,
indicating that MMF acted primarily during the early-
replication events. Then, we examined whether MMF
exhibited antiviral activities through the non-competi-
tive inhibition of IMPDH enzymes. First, CETSA results
showed that MMF interacted directly with IMPDH and
increased its thermostability in Huh7.5 cells and H460
cells (Fig. 5d, e). Second, we replenished the depleted
GTP pool by exogenously adding guanosine simultane-
ously with virus infection and administration to reverse
the inhibitory effects on IMPDH enzyme. Accordingly,
changes in the antiviral effects of MMF were evaluated.
As shown in Fig. 5f, g, we found that 400 pM guanosine
treatment did not affect the replication of HCoV-229E
and HCoV-OC43. However, guanosine treatment had a
dose-dependent reversal of the antiviral effects of MMF
on HCoV-229E and HCoV-OC43, and 400 pM guano-
sine treatment can completely reverse the antiviral effects
of MMF. These results suggested that MMF played an
indirect antiviral role by targeting IMPDH. Besides, it
was found that MMF pre-treatment also showed anti-
viral effects without significantly activating interferon
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Fig. 2 MMF and MPA inhibited viral RNA levels of HCoV-229E and HCoV-OC43. Cells were infected with HCoV-229E (MOI=0.35) or HCoV-OC43
(MOI=0.35), and treated with different concentrations of MMF or MPA for 24 h. a-f The cells were harvested for gRT-PCR assay with specific primers,
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(Con), one-way ANOVA with Holm-Sidak multiple comparisons test. g-j The cells were fixed and intracellular viral double strand RNA (dsRNA)

was detected with immunofluorescence (IF) assay. Green particles represent dsRNA and the blue ones represent cell nucleus. The quantitative
study on immunofluorescence was comparison of the total fluorescence values of each experimental group with the control group and analyzed

by Image J software
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Table 2 Anti-coronavirus activities of MPA and MMF
Virus Cell TCso (M) 1C50 (UM) Sl
MPA MMF MPA MMF MPA MMF
HCoV-229E Huh7 >100+£0 >100+0 0.284+0.22 0.165+0.04 >352.1 >606.1
Huh7.5 >100£0 >100+0 0.352+0.07 0.131+£0.08 >284.1 >7634
RPMI-2650 >100+0 >100+0 0.162+0.10 0.153+0.06 >617.3 >653.6
HCoV-0C43 C3A >100£0 >100£0 0.269+0.22 0.638+0.23 >371.7 >156.7
H460 >100+0 >100+0 0.107+£0.07 0.232+0.02 >934.6 >431.0
RPMI-2650 >100£0 >100£0 0.104+0.12 0.086+0.10 >961.5 >1162.8

TCs, was determined by CCK assay and 1C;, was determined by gRT-PCR (n = 3). The selectivity index (SI) was the quotient of TCsy and ICy,,.

response (Supplementary Fig. 1), indicating that the anti-
CoVs effect of MMF may not be mediated by interferon,
as opposed to its reported anti-HCV mechanism [23].

Combinatorial effects of MMF and other antiviral
compounds

Drug combination therapy is more commonly used
in clinical treatments than monotherapy because it
enhances the efficacy by targeting multiple stages of the
pathogen’s life cycle with lower dosages and prevents the
possibility of drug resistance and the side effect associ-
ated of monotherapy [34]. The above results proved that
as an immunosuppressive agent, MMF also processed
promising antiviral activity. Accordingly, we specu-
lated that the clinical usage of MMF can be expanded
through drug combination. We chose several known viral
or host replicase inhibitors for combination with MMF,
including, the RdRp inhibitor molnupiravir, main pro-
tease inhibitor GC376 and cathepsin L inhibitor E64d.
The indicated concentrations of all three drugs were
added with MMF simultaneously during virus infection
in HCoV-229E-infected Huh7.5 cells and HCoV-OC43-
infected H460 cells. MMF and molnupiravir targeted
the process of nucleotide metabolism as guanylate syn-
thesis inhibitor and cytosine nucleoside analogue sepa-
rately. Surprisingly, we discovered that the combination
of MMF and molnupiravir had better effects (Fig. 6a,
b). Main protease is highly conserved and indispensable
to polyprotein cleavage in CoVs, and is a critical target
for drug development [35, 36]. Main protease inhibitor
GC376, which acted differently from host-targeting anti-
viral drug MME, and as expected, they were combined
more effectively (Fig. 6¢, d). We also selected a promis-
ing patent drug target, the inhibitor of Cathepsin L. We
hypothesized that E64d and MMF can inhibit the entry
and replication stages of the virus separately and played
a synergistic role. As shown in Fig. 6e, f, they produced a
greater effect when combined than the sum of their indi-
vidual effects, showing a synergistic effect. The inhibitory

effect of MMF increased with increased concentration
of E64d, and the inhibitory effect of E64d also increased
with increased of MMF concentration. This finding indi-
cated that MMF had significant value in combination
therapy. Therefore, MMF was a promising candidate of
combination therapy in CoVs inhibition and can open
more doors for COVID-19 treatment.

Discussion

MMF and MPA are widely used in the routine treat-
ment of organ transplantation and autoimmune diseases.
Although it was reported that IMPDH inhibitors have
limited inhibitory effects against SARS-CoV [37], after
the outbreak of SARS-CoV-2, studies have shown that
MMF and MPA have anti-SARS-CoV-2 activities [26, 27].
Our study showed that MMF and MPA had broad antivi-
ral spectrum against CoVs including HCoV-229E, HCoV-
0OC43, and SARS-CoV-2 and various variants. Moreover,
MMEF exhibits synergistic effects with anti-CoV drugs/
compounds with different mechanisms of action.

As an ester derivative, MMF is more lipid soluble and
rapidly absorbed. It is converted into the active form
MPA after oral administration. Our research showed
there was little difference between MPA and MMF in
antiviral efficacy at the cellular level. Therefore, in the
future study of broad-spectrum antiviral efficacy, more
attention should be paid to MMF with more clinical
applications. Other derivatives such as mycophenolic
acid methyl ester also have anti-IAV activity [38], indi-
cating that with MPA as the parent nucleus, chemists
can continuously modify other derivatives with higher
bioavailability and lower toxicity to enrich the library of
antiviral compounds. Additionally, MMF had a potent
antiviral effect at 5 uM at the cellular level, lower than the
plasma level used in clinical practice [39—41], suggesting
that MMF can enrich the usage for people infected with
CoVs.

Our results showed that the high concentration of
400 pM guanosine almost completely reversed the
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(See figure on next page.)

Fig.5 The antiviral activity of MMF is achieved by non-competitive inhibition of the IMPDH enzyme. a Schematic diagram of time-of-addition
assay. b, ¢ Time-of-addition assay of MMF. Cells were seeded onto 96-well plates and infected with HCoV-229E or HCoV-OC43 (MOl =3.5)

for 1 honice. 5 uM MMF was added at different time points and cells were fixed at 9 h. Intracellular viral NP protein was detected

with immunofluorescence (IF) assay. Green particles represent NP and the blue ones represent cell nucleus. The quantitative study

on immunofluorescence was comparison of the total fluorescence values of each experimental group with the control group and analyzed

by Image J software. d, e CETSA assay to detect the binding between IMPDH and MMF in the cell lysis of Huh7.5 and H460. Each lane represents
the protein level of IMPDH at various temperatures after incubation with MMF or DMSO control, and relative density of IMPDH was normalized

by the protein gray value at 47 °C (n=3).f, g Cells were infected with HCoV-229E (MOl =

0.35) or HCoV-0C43 (MOI=0.35), and treated with different

concentrations of guanosine and MMF for 24 h. The cells were harvested for western blotting assay (n=3). *P<0.05, **P<0.01, ***P<0.001 vs. virus
control (Con) or *P<0.05, #P<0.01, ¥ P<0.001 vs. MMF treated group (The third group), one-way ANOVA with Holm-Sidak multiple comparisons

test

antiviral effect of MMF, indicating that its anti-CoVs
activity depended on IMPDH inhibition, in line with
that reported in literature for MMF against many other
types of viruses. Interestingly, MMF has been reported to
stimulate the expression of ISG such as interferon regu-
latory factor 1 to inhibit HCV [23], whereas our results
suggest that the anti-CoVs activity of MMF is independ-
ent of the regulation of IFN. In addition, MMF was
reported to suppress autophagy to inhibit dengue virus,
as evidenced by decreased LC3B-II level and conver-
sion of LC3B-1 to LC3B-II, decreased autophagosome
formation, and increased p62 level [24, 25]. MMF pre-
conditioning was found to protect mouse liver against

ischemia/reperfusion injury in WT and toll-like receptor
4 knockout mice, probably by decreasing apoptosis and
the inflammatory response [42]. Therefore, the antiviral
mechanisms of MMF and its effects on signaling path-
ways or immune environment warrant further study.
Optimizing the use of immunosuppressive agents
alone may not eliminate viral infection, and it needs to
be combined with other targeted antiviral drugs. MMF
can positively synergize with molnupiravir, GC376, or
E64d to inhibit HCoV-229E and HCoV-OC43. MPA can
be combined with ETV to inhibit HBV, combined with
oseltamivir to inhibit IAV, and combined with MTX or
Tac to inhibit HADV [34, 43, 44], which also demonstrate
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Fig. 6 Combinatorial effects of MMF and other antiviral compounds. a, b Dose-response matrixs and dose-response curves of combination
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quantification. The inhibition of virus replication of non-administrated group was regarded as zero to calculate the inhibition of each administration

group

its clinical combined potential. Combinations of MPA
with molnupiravir and nirmatrelvir exerted an additive or
synergistic anti-SARS-CoV-2 activity with ZIP values of
6.715 and 28.35 [45], consistent with our findings on the
optimal management of immunocompromised patients
infected with CoVs.

As widely used steroid-sparing immunosuppres-
sant, the clinical significance of MMF/MPA for antiviral
therapy purpose need to be further clarify. Since virus
infection can trigger robust well-coordinated immune
response to clear virus, or provoke self-intolerant immu-
nopathological effects that exacerbate the disease.

Conclusion

MMF and MPA had inhibitory effects on a wide range
of human CoVs, including SARS-CoV-2 ancestral strain
and its variants. MMF and MPA can also bind with
IMPDH protein and exerted antiviral activities through
the non-competitive inhibition of it. Moreover, MMF

had a synergistic antiviral effect when combined with
other drugs, showing its potential clinical antiviral
applications.
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