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Host protein ARF1 is a proviral factor for
SARS-CoV-2 and a candidate broad-spectrum
therapeutic target

Cunhuan Zhang1,2,5, Yuan-Qin Min 1,3,5, Heng Xue1,2, Haiyan Zhang1,3,
Kunpeng Liu1,2, Yichao Tian1,2, Ziying Yang1,2, Zihan Zhao1,2, Hang Yang 1,3,
Chao Shan 1,3, Xiulian Sun 1,3 & Yun-Jia Ning 1,3,4

SARS-CoV-2 and its emerging variants pose continuing threats to public health.
SARS-CoV-2 assembles at the ER–Golgi intermediate compartment (ERGIC),
where the viral membrane (M) protein highly accumulates to act as the central
driver. However, how M is concentrated in the ERGIC, which hosts factor(s),
may be involved, and whether they could be exploited as broad-spectrum
antiviral targets remains unclear. Here, we identify an M-interacting host
protein, ARF1, as a proviral factor that bolsters the propagation of SARS-CoV-2
and its variants in cultured cells and the viral infection and pathogenicity in
female K18-hACE2 mice. By its N-terminal helix, ARF1 interacts with M and
facilitates M’s ERGIC accumulation and thus M-driven virion production.
Consistently, pharmacological ARF1 inhibition by small molecules disrupts
both ARF1 and M concentration at the ERGIC, blocking virion assembly and
propagation. Furthermore, a designed peptide mimicking the M-targeted
motif of ARF1 competitively blocksM-ARF1 interaction, M accumulation at the
ERGIC, and viral assembly and propagation in vitro. Moreover, the peptido-
mimetic inhibitor exhibits therapeutic efficacy against SARS-CoV-2 infection
andpathogenicity in vivo. Thesefindings provide critical insights into thebasic
biology of SARS-CoV-2 and demonstrate the potential to develop pan-SARS-
CoV-2 therapeutics by targeting ARF1 and/or the ARF1-M interaction interface.

Coronavirus Disease 2019 (COVID-19) caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) has resulted in
unprecedented medical and socioeconomic impacts globally1,2.
Moreover, SARS-CoV-2 has been undergoing continuous evolution,
leading to the emergence of many variants of concern (VOCs), such as
the Delta and Omicron strains3,4. The evolution of mutant strains that
could reduce the efficacy of existing vaccines and drugs poses a per-
sistent threat to public health, necessitating the development of new
broad-spectrum antiviral strategies2–4.

SARS-CoV-2 consists of four structural proteins: spike (S),
nucleocapsid (N), envelope (E), and membrane (M) proteins5. Despite
the extensive studies conducted in the past few years, SARS-CoV-2
remains a newly emerging pathogen with numerous aspects that are
yet to be fully understood, including its basic life cycle. Most of the
attention on the virus life cycle has been focused on the S-mediated
invasion6, viral enzyme-catalyzed RNA and protein production7,8, and
regulations of host processes (especially immune responses)9–11.
However, studies of virion assembly, a fundamental step in
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propagation, largely lag behind. As with other coronaviruses, SARS-
CoV-2 assembles and buds at the ER-Golgi intermediate compartment
(ERGIC) to produce progeny virions, achieving the viral
propagation12–16. Therein, M is highly accumulated at the ERGIC and
acts as the central driver of the virus assembly andmorphogenesis14–18.
Correspondingly, M is the most abundant structural constituent of
SARS-CoV-2 virions and shapes the virions19–21. At a high local con-
centration, M creates a protein lattice across the ERGIC (or virion
envelope) membranes that integrates the other viral membrane pro-
teins S and E into the structural matrix and packages the N-RNA
complex (ribonucleoprotein, RNP) by multiple molecular
interactions16,20–24. However, it is unclear how M is enriched at the
ERGIC. Particularly, which host factors may be involved in the ERGIC
concentration of M, the prerequisite for efficient viral assembly,
remains amystery. Understanding the involvementof host factors inM
accumulation and hence the driven virion production at the ERGIC
would not only advance the knowledge of basic viral infection
mechanisms but also may guide the development of host-directed
antiviral therapies. In comparison with the conventional viral
component-targeting approaches, antiviral interventions targeting the
host factors critical for virus infection tend to have broad-spectrum
antiviral properties and higher barriers to drug-resistant mutations.
Thus, they are promising next-generation antiviral therapeutics
against the evolving SARS-CoV-2 and COVID-19, deserving urgent
research efforts.

In this study, through systematic functional experiments con-
ducted in cellular and animal models, we identified a host protein,
ADP-ribosylation factor 1 (ARF1), as an M-interacting proviral factor
that bolsters the propagation and pathogenicity of SARS-CoV-2 and its
variants in vitro and in vivo. Mechanistically, by the interactionwithM,
ARF1 facilitates the accumulation of M at the ERGIC and hence pro-
motes M-driven virion assembly and propagation. Moreover, as proof
of concept, a series of interventions by small molecules, dominant
negative mutation, and designed peptidomimetics that targeted ARF1
or the ARF1-M interaction interface not only validated the function/
mechanism findings but also showedbroad-spectrumanti-SARS-CoV-2
potential in cellular and animal models.

Results
SARS-CoV-2 M protein interacts and colocalizes with host
factor ARF1
Previous studies have reported the cellular interactomeof SARS-CoV-2
proteins. However, for specific viral proteins, including M, there are
great discrepancies in the identification results of different studies25–29.
We thus further analyzed the potential cellular targets of M by Stag-
pulldown assay, a highly specific and efficient affinity purification (AP)
method29,30, coupled with mass spectrometry (MS). HEK293T cells
were transfectedwith a Stag-fusedMexpressingplasmidor the control
vector, followed by Stag-pulldown-MS analysis. Interestingly, many
peptides of a cellular protein ARF1 that together cover 58.6% of the
molecular length were specifically identified with high confidence in
the cellular co-precipitates of SARS-CoV-2 M but not in the control
(Supplementary Fig. S1). ARF1 has been suggested as a cellular protein
potentially involved in several virus infections31–35; however, its role in
SARS-CoV-2 infection is unknown. Moreover, the dysregulation of
ARF1 is implicated in various humancancers, attractingmany efforts to
target ARF1 pharmacologically by small molecules for anti-tumor
treatments36–39. Additionally, ARF1 has not been found in previous AP-
MS-based studies of the potential M cellular interactome25–28, which
also motivated our further validation of the interaction.

First, an independent pulldown and immunoblotting analysis
confirmed the robust coprecipitation of ARF1 with SARS-CoV-2 M
(Fig. 1a). Then, a reciprocal interaction assay with ARF1 as the bait
demonstrated that M including its glycosylated form18,21 can be
strongly coprecipitated by ARF1 (Fig. 1b). Furthermore, the interaction

of M with endogenous ARF1 was also corroborated by additional co-
precipitation (Co-IP) assays in the contexts of both transfection
(Fig. 1c) and SARS-CoV-2 infection (Fig. 1d). Protein colocalization was
next analyzedby immunofluorescence assays (IFA). As shown in Fig. 1e,
both M and ARF1 were mainly localized in accumulational punctate
regions in the cytoplasm and, importantly, exhibited remarkable
colocalization in cells expressing the proteins by transfection. In
addition, similar subcellular localization and colocalization of M and
ARF1 could also be observed in SARS-CoV-2-infected cells (Fig. 1f),
confirming the strong M-ARF1 association.

ARF1 is a pro-viral host factor for SARS-CoV-2 and its variants
Subsequently, to uncover the role of ARF1 in SARS-CoV-2 infection, we
first silenced ARF1 expression by RNAi. ARF1 knockdown (KD) sig-
nificantly inhibited SARS-CoV-2 infection in HEK293 cells expressing
human angiotensin I-converting enzyme-2 (ACE2), as manifested by
the decreased virion and viral protein yields (Fig. 2a–c and Supple-
mentary Fig. S2a). Moreover, the siRNA with relatively higher silence
efficiency (siARF1-2) exhibited a stronger inhibitory activity against the
virus, showing a dose dependence (Fig. 2a–c and Supplementary
Fig. S2a). To further confirm the significance of ARF1 in SARS-CoV-2
infection, wegeneratedARF1-knockout (ARF1-KO)HEK293 cell lines by
using the CRSPR-Cas9 system, which were confirmed with DNA
sequencing and immunoblotting (Supplementary Fig. S3a–c). Inter-
estingly, the viral proliferation and protein production were more
severely blocked in all three ARF1-KO cell lines (Fig. 2d, e and Sup-
plementary Fig. S2b). Furthermore, a significant increase in the viral
propagation was observed in cells overexpressing ARF1, although the
ARF1 overexpression seemed to only slightly enhance the viral protein
production (Fig. 2f, g and Supplementary Fig. S2c). The effects of ARF1
overexpression were overall limited, indicating that the endogenous
expression level of ARF1 is likely sufficient to support the virus infec-
tion. Thus, in the following study, we evaluated the influence of ARF1
reconstitution in the KO cells by transfection of the ARF1 expression
plasmid. Indeed, ARF1 reconstitution led to substantial recovery of the
virus propagation (Fig. 2h, i and Supplementary Fig. S2d). Collectively,
these results establish that ARF1 is a significant host factor bolstering
SARS-CoV-2 propagation.

M is highly conserved among SARS-CoV-2 variants40. We specu-
lated that host ARF1 could be a common requirement for the efficient
infection of SARS-CoV-2 and its variants. Thus, the effect of ARF1 on
several SARS-CoV-2 variants, including Delta and Omicron (BA.4 and
BA.5), was also assessed. Indeed, ARF1 KO greatly impaired the pro-
pagation of all the tested variants (Fig. 2j–m and Supplementary
Fig. S2e–g), suggesting that the requirement for ARF1 is conserved in
infection of SARS-CoV-2 and its variants.

ARF1 supports SARS-CoV-2 infection and pathogenicity in vivo
Since ARF1 showed remarkable pro-SARS-CoV-2 activity in cultured
cells, we asked whether ARF1 affects the virus infection and patho-
genicity in vivo. As ARF1 KO is embryonically lethal in mice41, we here
exploited an ARF1-KD mouse model by transient transduction of a
lentiviral vector expressing specific mouse ARF1 (mARF1)-targeting
shRNA via intravenous injection (iv)42,43. Adult K18-hACE2 transgenic
mice were transduced with the control or ARF1-targeting shRNA
expression vectors, followed by intranasal instillationwith SARS-CoV-2
suspension (5 × 102 TCID50) under deep anesthesia at a week post-
transduction. Consistent with previous reports44–46, the humanized
mouse model was highly susceptible to the virus, and all infected
animals indistinguishably exhibited severe weight loss from 4days
post-infection (dpi) (Supplementary Fig. S4a). One animal in the con-
trol group (i.e., 1/5) was dead at 4 dpi, and the others, losing 20% or
more of their body weight, had to be sacrificed at 5 dpi for further
analyses (Supplementary Fig. S4a, b). By qPCR and WB analyses, ARF1
expression was confirmed to be partially knocked down in the mouse
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Fig. 1 | Interaction and colocalization of SARS-CoV-2MandARF1. aValidation of
the ARF1 co-precipitation with SARS-CoV-2 M by pulldown and WB analyses.
HEK293T cells were co-transfected with the plasmids encoding M-Stag and ARF1-
Flag, or the corresponding control vectors. At 24 h post-transfection (hpt), cells
were lysed for Stag-pulldown assays, followed by WB analyses of the cell lysates
(lysate input) and pulldown products with the indicated antibodies. b A reciprocal
co-precipitation assay confirms the strongM-ARF1 interaction. HEK293T cells were
co-transfected with the plasmids encoding ARF1-Stag and M-Flag, or control vec-
tors. At 24hpt, cells were lysed for additional pulldown and WB analyses.
c Confirmation of the interaction of M with endogenous ARF1 by Co-IP.
HEK293T cells were transfected with the control (vector) or M-encoding plasmids,
followed by Co-IP assays using the ARF1-specific antibody or control IgG, and WB
analyses. d Interaction of endogenous ARF1 with M in the context of SARS-CoV-2

infection. Huh-ACE2 cells were mock-infected or infected with SARS-CoV-2 at a
multiplicity of infection (MOI) of 3. At 24h post-infection (hpi), cell lysates were
delivered to Co-IP andWBanalyses as in (c). eColocalization ofMwith endogenous
ARF1 in the context of transfection. HeLa cells were transfected with the plasmids
expressing M-Stag or the control vector. Twenty-four hours later, cells were fixed
for IFAwith the antibodies against Stag and ARF1, respectively. Nuclei were stained
with Hoechst. f Colocalization of M with endogenous ARF1 in the context of SARS-
CoV-2 infection. HeLa cells were transfected with the ACE2 expression plasmid,
followed by SARS-CoV-2 infection (MOI, 1). At 24 hpi, cells were fixed for IFA with
the antibodies against M and ARF1. Bars, 5μm. These data are representative of
three independent experimentswith similar results. See also Fig. S1. Sourcedata are
provided as a Source data file.
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lungs (Fig. 3a, c). Then, compared with the control group, the viral
titers andNprotein levels in the lung tissues ofmicewithARF1KDwere
significantly decreased (Fig. 3b, c). Consistently, immunohistochem-
ical (IHC) staining showed that the viral infection positive area in lung
tissue was reduced in the ARF1-KD animals (Fig. 3d). Moreover, histo-
pathological changes in lungs, including inflammatory cell infiltration
and alveolar wall congestion and thickening, were also attenuated in
the ARF1-KD group as indicated by H&E staining analyses (Fig. 3e).
Collectively, these findings suggest that in line with the data obtained

in cultured cells, ARF1 likely also contributes to SARS-CoV-2 infection
and pathogenicity in vivo.

In the K18-hACE2 mouse model, disproportionately high brain
infection has been documented following SARS-CoV-2 challenge47,48.
This severe brain infection is considered a major reason for mortality
and a drawback of the model for SARS-CoV-2 infection and interven-
tion research, as it is not typically seen in human patients47,48. We also
analyzed the effects of ARF1 KD in the animal brains. A significant
reduction in the virus loads was observed in the ARF1-KD group

Fig. 2 | ARF1 acts as a pro-viral host factor for SARS-CoV-2 and its variants.
a–c HEK293 cells were co-transfected with the ACE2-Stag expression plasmid and
ARF1-specific siRNAsor siRNAnegative control (siNC). At 24hpt, cellswere infected
with SARS-CoV-2 (MOI, 0.01) for 24 h. Following the confirmation of the ARF1
mRNA KD (a), SARS-CoV-2 propagation was then determined by plaque-forming
unit (PFU) counting of infectious progeny virions (b). The viral N and ARF1 protein
production was also analyzed by WB (c). d, e Wildtype (WT) or ARF1-KO (three
clones) HEK293 cells were transfected with the ACE2 expression plasmid, followed
by SARS-CoV-2 infection. At 24 hpi, the viral propagation (d) and protein produc-
tion (e) were analyzed by plaque assays and WB, respectively. f–i The effects of
ARF1 overexpression and reconstitution on SARS-CoV-2 propagation.WT cells (f,g)

or the ARF1-KO (HEK293-ARF1-KO-2) cells (h, i) co-transfected with the ACE2 and
ARF1 expression plasmids were similarly infected with SARS-CoV-2 at 24 hpt, fol-
lowed by the viral propagation (f, h) and protein yield detections (g, i). j–mWT or
ARF1-KOHEK293 cells transfected with the ACE2 expression plasmidwere similarly
infected with the indicated SARS-CoV-2 variants, followed by the viral propagation
(j–l) and protein yield (m) analyses. Data are representative of three independent
experiments with similar results (c, e, g, i,m). Graphs are presented as means ± SD,
n = 3 (a, b, d, h, j–l) or 4 (f) independent biological replicates. Comparisons were
performed with two-tailed Student’s t-test (f, h, j, k, l) or one-way ANOVA with
Dunnett’s test (a, b, d). ***p <0.001; ****p <0.0001. See also Figs. S2 and S3. Source
data with detailed p-values is provided as a Source data file.
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Fig. 3 | The role of ARF1 in SARS-CoV-2 infection and pathogenicity in vivo.
a–d ARF1 KD inhibits SARS-CoV-2 infection in K18-hACE2 transgenic mice. K18-
hACE2 mice were transduced with the viral vectors encoding control or mARF1-
targeting shRNAs (5 × 107 transduction units, 100μL) via intravenous injection,
followed by SARS-CoV-2 (500 TCID50, 50μL) infection through intranasal inocu-
lation at 7 d post-transduction. Five days post infection (dpi), mice were sacrificed
for analyses of the ARF1mRNA levels (a) or infectious virion titers (b) in the lungs by
plaque assays or the protein production byWB (c) and IHC (d). Data are presented
as means ± SD (a) or median with interquartile range (b), n = 5 mice/group.

Statistical significance was determined by two-tailed Student’s t-test (a) or
Mann–Whitney U-test (b). **p <0.01. Representative IHC analyses using the anti-N
antibody identifiedSARS-CoV-2-infected cells in the lung tissue sections (d). eARF1-
KD mice exhibited ameliorated pathological injury. Lung H&E staining shows evi-
dent histopathological changes, including alveolar wall congestion and thickening
(red arrows) and inflammatory cell infiltration (black arrows) in the control group,
which were milder in the ARF1-KD group. Data are representative of similar results
from testing five animal samples per group. Scale bars, 100μm. Source data are
provided as a Source data file.
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(Supplementary Fig. S4c, d), supporting the proviral role of ARF1.
However, consistent with previous studies, brain infections were
generally severe, and even in the ARF1-KD group, infectious virus titers
remained very high (Supplementary Fig. S4d). This may account for
the lack of stronger survival protection observed after the partial
depletion of ARF1 expression, in addition to the limited KD efficiency.

ARF1 enables M accumulation to the ERGIC
Coronavirus morphogenesis takes place at the ERGIC, where M accu-
mulates to a high local concentration to propel the virion assembly13–19.
However, the mechanism for M’s concentration in the ERGIC remains
unclear. ARF1 localization at ERGIC has been reported previously49,50.
Consistently, we observed that ARF1 itself exhibited evident ERGIC
localization irrespective of M expression, while it co-accumulated with
M to the ERGIC in cells co-expressing the two proteins, exhibiting a
notable colocalization (Supplementary Fig. S5). Based on these
observations, together with the strong interaction between M and
ARF1, we hypothesized that ARF1 might be involved in the accumula-
tion of M in the ERGIC, thereby facilitating viral assembly and propa-
gation. To validate the hypothesis, we first analyzed M localization
in ARF1-KO HeLa cells (Supplementary Fig. S3d, e) by IFA. As shown in
Fig. 4a, compared with the agminated ERGIC localization pattern in
wild-type cells, M exhibited a more diffused cytoplasmic distribution
in ARF1-KO cells, and its accumulation at the ERGIC was significantly
reduced (Fig. 4a, b). This result indicates that ARF1 is likely required for
the efficient concentration of M at the ERGIC. Consistently, similar
findings were obtained in the context of SARS-CoV-2 infection (Fig. 4c,
d). Further, we reconstituted ARF1 expression in ARF1-KO cells by
transfection of the plasmid encoding GFP-tagged ARF1 (ARF1-GFP) for
additional IFA analysis. Interestingly, M was indeed repositioned to
accumulate in the ERGIC, along with ARF1-GFP, compared to the dif-
fused distribution in the control cells with expression of GFP alone
(Fig. 4e, f). Together, thesedata suggest thatARF1 interacts withMand
facilitates the accumulation of the viral protein at the ERGIC.

ARF1(T31N) is an inactive ARF1mutant in which Thr is replaced by
Asn at position 31 of the ARF1 amino acid sequence51. Biochemical
analyses suggest that the mutation likely converts ARF1 to a form with
a preferential affinity for GDP51. In the GDP-bound conformation, the
membrane-binding features of ARF1 could be masked, resulting in its
dispersed localization to the cytosol49,52,53. Interestingly, expression
of ARF1(T31N), which, consistent with the previous studies54, loses the
capacity to be efficiently localized at ERGIC, could also destroy
the accumulational distribution pattern ofM andmore specifically, the
efficient concentration of M to the ERGIC (Fig. 4g, h). Protein inter-
action analysis showed that themutationdidnot impair the interaction
with M (Fig. S6a), suggesting that ARF1(T31N) retains the ability to
interactwithMand thus likely competitively inhibits endogenouswild-
type ARF1-directed accumulation of M at the ERGIC. These observa-
tions support the role of ARF1 in facilitatingM localization at the ERGIC
as well.

ARF1 bolsters M-driven viral assembly
Given the important role of ARF1 in M accumulation at the ERGIC, a
central process for virion production, we considered that ARF1 defi-
ciency likely would impair the virus assembly and hence propagation.
Indeed, a scarcity of virus particles assembled in ARF1-KO cells was
observed under transmission electronmicroscopy, in stark contrast to
the abundant presence of virions within vesicular/tubular compart-
ments that bear resemblance to the ERGICmorphology55 in SARS-CoV-
2-infected WT cells (Supplementary Fig. S7). Previous studies have
shown that depletion of ARF1 itself had no noticeable effect on cellular
secretion despite the potential regulatory role in protein
trafficking56–58. Consistently, ARF1 KO did not significantly interfere
with the secretion pathway, either in our analysis (Supplementary
Fig. S8), ruling out a potential effect caused by disruption of global

secretion. In agreement, we observed decreased virion assembly but
not accumulation and detention of assembled virions in ARF1-KO cells
(Supplementary Fig. S7). To further assess the effect of ARF1 on virion
assembly, we constructed a built-in luminescence-based reporting
system for M-driven virus-like particle (VLP) production. The system
allows the quantification of produced VLP, which is labeled by a HiBiT
tag through co-expression of SARS-CoV-2 structural proteins, includ-
ing M, HiBiT-tagged S (S-HiBiT), N, and E59–62. We observed that,
indeed, VLP yield was significantly reduced by ARF1 KD (Fig. 4i). Then,
ARF1KO led tomoredramatic blockadeof the VLPproduction (Fig. 4j).
Next, expression of ARF1(T31N) by transfection with the ARF1(T31N)-
encoding plasmid was also shown to decrease VLP yield (Supplemen-
tary Fig. S6b) and the viral propagation (Supplementary Fig. S6c), in
agreement with its disruption ofM accumulation at the ERGIC (Fig. 4g,
h). Conversely, wildtype ARF1 overexpression resulted in a moderate
but significant promotion of the VLP production (Fig. 4k). It further
supports the role of ARF1 in M-driven virion assembly and also reflects
that endogenous ARF1 could be basically sufficient to prop up virion
production, consistent with the moderate enhancement of the virus
propagation by ARF1 overexpression (Fig. 2f). Furthermore, we
observedmore substantially recoveredVLPproductionwhenARF1was
reconstituted by transfection in the ARF1-KO cells (Fig. 4l). We also
exploited another VLP reporter system with HiBiT-tagged N63,64 for
similar analyses and obtained consistent results (Supplementary
Fig. S9), validating the role of ARF1 in facilitatingM-directed assembly.
Altogether, these results substantiate that by facilitating M accumu-
lation at the ERGIC, ARF1 enhances M-driven virion assembly and
hence propagation.

ARF1 small-molecule inhibitors disrupt ARF1 and M localization
at the ERGIC and abate virion assembly, inhibiting SARS-CoV-2
propagation
There are existing small-molecule inhibitors against ARF1, including
Brefeldin A (BFA) and Golgicide A (GCA) that freeze ARF1 in the inac-
tive state and destroy ARF1 anchoring to the ERGIC65–67. Interestingly,
we found that treatments with the inhibitors BFA and GCA at con-
centrations of no noticeable cytotoxicity both greatly inhibited SARS-
CoV-2 propagation (Figs. 5a, b and Supplementary Fig. S10a, b). Fur-
ther, we analyzed the effects of the drugs on ARF1 and M cellular
localization. As shown in the following IFA results, the localization
patterns of ARF1-GFP along with M were obviously changed from
accumulated puncta to diffused distribution by the treatments with
BFA and GCA (Fig. 5c and Supplementary Fig. S10c). More specifically,
these agents disrupted the ERGIC localization of ARF1 and conse-
quently, also deprived M of its efficient accumulation in the ERGIC,
compared with the control group (Fig. 5c, d). Consistently, we further
demonstrated that treatments with BFA and GCA both significantly
inhibited VLP production (Fig. 5e and Supplementary Fig. S10d, e),
indicating that by disrupting the accumulation of ARF1 and henceM to
the ERGIC, the drugs interfere with M-driven virion production. These
results of pharmacological interventions not only support the notable
role of ARF1 in sustainingM accumulation at the ERGIC and promoting
virion propagation but also suggest the possibility of targeting ARF1
for antiviral therapy.

The N-terminal helix of ARF1 (ARF11–17) is the target domain of
SARS-CoV-2 M, and when expressed alone, disrupts M enrich-
ment at the ERGIC
To further characterize M hijacking of ARF1 and uncover clues for
additional intervention strategies targeting the ARF1-M interaction
interface, we thenmapped the pivotal domain(s) of ARF1 targeted by
M. A series of ARF1-truncated mutants tagged with GFP were con-
structed for the following protein interaction analysis (Fig. 6a). As
shown in Fig. 6b, the full-length ARF1-GFP, but not the GFP control,
was specifically pulled down by M, consistent with the observations
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above (Fig. 1a–d). Further, all the C-terminally truncated ARF1
mutants that contain the N-terminal helix of 17 amino acids
(ARF11–17), including even the ARF1–17 alone, could be notably co-
precipitated by M, although the protein expression or stability
appeared to be affected by the truncation to different extents
(Fig. 6b). In line with the results, an N-terminal truncation with
deletion of the helix (ARF1Δ17) greatly disrupted the interaction with

M (Fig. 6b). These data indicate that the N-terminal helix of ARF1, i.e.,
ARF11–17, is the major target domain of M.

Since ARF11–17 is critical for the interaction with M, we further
investigated its potential effects on the protein subcellular localization
and colocalization. By contrast to the controls (GFP and ARF1Δ17-GFP),
both ARF1-GFP and ARF11–17-GFP exhibited specific colocalization with
M (Fig. 6c, d), in agreement with the protein interaction analyses
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(Fig. 6b). However, comparedwith the evident ERGIC localization ofM
in theGFP-expressing control cells, expression of ARF11–17-GFP, but not
ARF1Δ17-GFP, markedly interfered with M localization to the ERGIC
(Fig. 6c, e), while ARF1-GFP seemed to slightly promote the ERGIC
localization ofM, albeit not statistically significant (Fig. 6c, e). That is to
say, although ARF11–17, like the full-length ARF1, has the ability to
interact with M, its expression leads to a converse effect on the M’s
accumulation in the ERGIC (Fig. 6c–e). The data suggest that ARF11–17
likely competes with endogenous ARF1 to interact with M and there-
fore affects the endogenous ARF1-mediated ERGIC localization of M.
These findings corroborate the important role of ARF1-17 in M usur-
pation of ARF1 and indicate a potential capacity of the short domain to
interfere with the ARF1-M interface when expressed alone.

Additionally, we also attempted tomap thepotential domain(s) of
M required for the interaction with ARF1 using a series of M mutant
expression constructs. Further interaction analyses showed that var-
ious deletions of theM domains tested all led to the loss of interaction
with ARF1 (Supplementary Fig. S11a, b), indicating that the integrity of
M appears to be crucial for its interactionwith ARF1. In agreementwith
the interactionmapping, all theMmutantswith the structural domains
deleted evidently lost the strong colocalization with ARF1 and corre-
spondingly, lost the highly efficient concentration to the ERGIC (Sup-
plementary Fig. S11c). These results also consistently support the
importance of the interaction with ARF1 for M accumulation in
the ERGIC.

A synthesized peptidemimicking ARF11–17 blocks M hijacking of
ARF1, suppressing viral assembly and propagation
To further evaluate the effects of ARF11–17, we designed a mimic pep-
tide (referred to as PEP17) that contains ARF11–17 to aim to competi-
tively obstruct the M-ARF1 interface and is conjugated with a cell
membrane-penetrating sequence containing 14 amino acids (briefly
named CPS14) for intracellular uptake68,69. As seen in Fig. S10f–k, nei-
ther PEP17 nor the control peptide CPS14 had any noticeable cyto-
toxicity at the tested concentrations. The peptides did not affect
cellular secretion either (Supplementary Fig. S12). Interestingly, treat-
ment of cells with PEP17 evidently changed the localization pattern of
M to diffused distribution and more specifically, reduced the M-ARF1
colocalization and M (but not ARF1) accumulation to the ERGIC
(Fig. 7a). Indeed, we further showed that PEP17, but not the control,
could inhibit the M-ARF1 interaction by the following pulldown ana-
lysis (Fig. 7b). Consistently, VLP reporter assays next revealed that
PEP17 dose-dependently suppressed VLP assemblywith a half-maximal
inhibitory concentration (IC50) of 1.53μM, while the control peptide
CPS14 did not exhibit such inhibitory effect even at higher con-
centrations (Fig. 7c, d). Furthermore, we examined the potential of
PEP17 to affect SARS-CoV-2 propagation. Indeed, PEP17 exhibited a
notable anti-SARS-CoV-2 activity, dose-dependently inhibiting the viral
propagation with an IC50 of 2.15μMas determined by qPCR analysis of
genomic copies (Fig. 7e). More notably, its IC50 for inhibiting the
infectious virion productionmeasuredby plaque assays reached a sub-
micromolar level (0.82μM) (Fig. 7g). In contrast, the control peptide

treatment did not result in any apparent inhibition to SARS-CoV-2
(Fig. 7f, h). Taken together, these consistent results suggest that by
disrupting M usurpation of ARF1, the synthesized PEP17 can sig-
nificantly inhibit SARS-CoV-2 assembly and propagation.

Additionally, the antiviral activity was evaluated against pandemic
variants of SARS-CoV-2. Also, the propagation of the viruses was
remarkably repressed by PEP17 in a dose-dependent manner, whereas
no marked suppressive influence was observed in the CPS14 control
group even with higher concentrations (Fig. 7i–n).

These data from mutual validation of the function/mechanism
findings and the function/mechanism-based antiviral design not only
further underline the significance ofMhijacking of ARF1 in SARS-CoV-2
propagation, but also support a potential, broad-spectrum antiviral
strategy targeting the M-ARF1 interface.

ARF1 N-myristoylation, which can occur co-translationally within
ARF11–17, is involved in the protein physiology by enhancing its mem-
brane association49,70. However, based on our above analyses of PEP17
withoutN-myristoylation, themodification is likelynot required for the
interaction with M. To provide further evidence, we constructed GFP-
tagged mutants, ARF1(G2A) and ARF1-17(G2A), in which the glycine at
position 2 was replaced by an alanine to delete the N-myristoylation
modification71. Protein interaction analyses showed that thesemutants
could still evidently interact with M (Supplementary Fig. S13a), con-
firming that themodification is not essential for the interactionwithM.
Consistently, treatment with a potent inhibitor of N-myristoylation
modification, PCLX-00172, did not abolish ARF1-M interaction either
(Supplementary Fig. S13b). Furthermore,we also synthesized apeptide
with the N-myristoylation modification (Myr-PEP17) and found that it
could inhibit SARS-CoV-2 propagation as well (Supplementary
Fig. S13c). However, the antiviral activity was not significantly
enhanced, compared to the unmodified PEP17 (Supplementary
Fig. S13c). These additional analyses consistently suggest that the
modification is not essential for the interaction with M or for the
antiviral activity of the peptide.

PEP17 inhibits SARS-CoV-2 infection and pathogenicity in
hamsters
Syrian hamsters are generally used as a SARS-CoV-2 infectionmodel to
evaluate the drug and vaccine effects73–76. These animals are con-
sidered to be able to better recapitulate common human infections,
showing evident but non-lethal respiratory injury, in comparison with
the excessive vulnerability of the ACE2 humanized mouse model. We
thus exploited the model to further evaluate the antiviral efficacy of
PEP17 in vivo. First, 6-week-old hamsters were infected with 104 TCID50

of SARS-CoV-2 by intranasal instillation. Then, 2 h post-infection, they
were injected with PEP17 intraperitoneally (30mg/kg body weight)
once a day for three consecutive days. In the following 3 days after the
viral challenge, all the infected animals exhibited good tolerance,
showing no discernible adverse effects except slight weight loss, and
moreover, no significant difference in the weight loss was detected
between the PEP17 and CPS14 treated groups. Subsequently, the
hamsters were euthanized at 3 dpi, and the lung, trachea, and brain

Fig. 4 | ARF1 enables M’s accumulation to the EGRIC, boosting M-driven SARS-
CoV-2 VLP assembly. a, b WT or ARF1-KO HeLa cells transfected with the M
expression plasmid were fixed at 24 hpt for IFA with antibodies against the tag and
ERGIC53. PCC (ME), Pearson’s correlation coefficient (PCC) values for M and ERGIC
colocalization. c, dWT or ARF1-KO cells expressing ACE2 were infected with SARS-
CoV-2 (MOI, 1). At 24 hpi, cells were fixed for IFA and PCC analyses. e, f ARF1-KO
HeLa cells were co-transfected with the M expression plasmid together with the
plasmid expressing ARF1-GFP or GFP control, followed by IFA and PCC analyses.
g,hHeLa cellswere co-transfectedwith the plasmids expressingM and Flag-tagged
ARF1-T31N, or the control vector, followed by IFA and PCC analyses. Bars, 10μm.
i HEK293T cells were co-transfected with the VLP packaging plasmids along with
the indicated siRNAs. At 36 hpt, VLPs produced in culture medium were collected

for Nano-Luc luciferase signal collection. Relative VLP levels were calculated by
normalization to the siNC control group. j WT or ARF1-KO HEK293 cells were co-
transfected with the packaging plasmids, followed by Nano-Luc signal collection of
the produced VLPs at 36 hpt. k HEK293T cells were co-transfected with the
packaging plasmids, along with the ARF1-Flag expression plasmids or the vector
control, followed by VLP luciferase signal quantification. l ARF1-KO HEK293 cells
were co-transfected with the packaging plasmids, together with the ARF1-Flag
expression plasmid or the control vector, followed by VLP signal analyses. Data are
medians with interquartile ranges, n = 10 cells (b, d, f, h), or means ± SD, n = 4
biological replicates (i–l). The p-values were determined using the Mann–Whitney
U-test (b,d, f,h), one-way ANOVAwith Dunnett’s test (i, j), or two-tailed Student’s t-
test (k, l). ***p <0.001; ****p <0.0001. Source data are provided as a Source data file.
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tissues were collected for the following analyses. RT-qPCR results
showed that the lung tissues hadhigh viral RNAcopies, followedby the
trachea, while the brains displayed the lowest levels in comparison,
which is consistent with the previous reports74,75. Intriguingly, the viral
titers in all these tested organs were significantly decreased by the
PEP17 treatment (Fig. 8a–c). Viral antigens (the N proteins) could be
readily detected in the lung and trachea tissues byWB and in the lungs

by IHC staining (Fig. 8d–f). Consistently, compared with the control
groups, the viral antigen levels in the trachea and lung tissues of
hamsters treated with PEP17 were also decreased as indicated in the
WB analyses (Fig. 8d, e). Moreover, the IHC staining showed less viral
antigen positive areas in the lung tissues of hamsters treated with
PEP17 (Fig. 8f). These results suggest the significant inhibition of viral
propagation and spread in vivo by the PEP17 treatment. Furthermore,
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histopathological analyses by H&E staining showed that pathological
changes in the lung tissues including the alveolar structure damage
and inflammatory cell infiltrationwere reducedby the PEP17 treatment
(Fig. 8g). Moreover, the treatment with PEP17 also evidently mitigated
exfoliation, necrosis, and hydropic degeneration of mucosal epithelial
cells and inflammatory cell infiltration in submucosa of the trachea
(Fig. 8h). Overall, the histopathological damages induced by SARS-
CoV-2 in both the lungs and trachea were ameliorated after PEP17
treatment, as suggested by the quantitative analyses (Fig. 8i, j). Toge-
ther, these data validate the anti-SARS-CoV-2 therapeutic efficacy of
PEP17 in vivo and suggest the potential to target the virus-host (M-
ARF1) interaction interface for the development of novel antiviral
intervention strategies against COVID-19.

Discussion
As obligate intracellular parasites, viruses depend on their host cells to
propagate. Virion assembly is fundamental to completing the infection
cycle. However, the virus-host interactions during SARS-CoV-2
assembly remain unclear, hindering the understanding of the viral
infection mechanisms and the design of antiviral interventions tar-
geting this essential step of the viral life cycle. SARS-CoV-2 M is the
major structural protein that plays a central role in orchestrating the
virion assembly and propagation. Here, we identified the host protein
ARF1 as anM-interactingproviral factor that supports the infection and
pathogenicity of SARS-CoV-2 and its variants in vitro and in vivo. By the
ARF1-M interaction, ARF1 facilitates M accumulation at the ERGIC and
thus M-driven viral assembly and propagation. Furthermore, small-
molecule inhibitors that disrupt the ERGIC accumulation of ARF1 and
hence M exhibit strong anti-SARS-CoV-2 activities. Otherwise, the
dominant negative mutant ARF1(T31N) that maintains the interaction
with M but loses the ability to accumulate at the ERGIC could, as
expected, competitively interfere withM enrichment at the ERGIC and
reduce the viral assembly.Moreover, anartificially synthesizedpeptide
mimicking the M-targeted motif of ARF1 could block M hijacking of
ARF1 and also significantly inhibit SARS-CoV-2 propagation and
pathogenicity in cellular and animal models. Overall, the study iden-
tifiedARF1 as a proviral factor hijacked byM for efficient viral assembly
and as a candidate broad-spectrum anti-SARS-CoV-2 target that could
be intervened by multiple strategies. These findings (summarized in
Fig. 9) not only shed light on the knowledge gap of virus-host inter-
actions during the fundamental assembly step of the SARS-CoV-2 life
cycle, but also provide clues for the development of new pan-SARS-
CoV-2 therapeutic methods.

Coronaviruses assemble at the ERGIC, where M is highly con-
centrated to drive the virion formation. However, how coronavirus M
accumulates in the ERGIC is a long-standing unanswered question.
Considering the lack of typical location or retention signal sequences
in M itself, host factors are likely involved in the viral protein con-
centration in the ERGIC. Using SARS-CoV-2 M as a model, the present
study demonstrated that ARF1 is anM-interaction host factor required
forM accumulation at the ERGIC, providing insights into the virus-host
interactions during the viral assembly. The M protein sequences of

SARS-CoV-2 and its variants are almost identical40. Moreover, M pro-
teins are also highly conserved among the members of Sarbecovirus
subgenus of β-Coronavirus. For instance, SARS-CoV-2 and SARS-CoVM
proteins share a sequence identity of >90%. Given the high conserva-
tiveness ofM, the hijacking of ARF1 for viral assembly and propagation
could be a common mechanism employed by many coronaviruses,
especially the sarbecoviruses, which merits further testing and vali-
dation. Likewise, as exemplified by our proof-of-concept studies, tar-
geting ARF1 or the ARF1-M interaction may lead to broad-spectrum
antiviral strategies against the evolving SARS-CoV-2 variants and other
emerging coronaviruses in the future.

Co-expression of other coronaviral structural proteins with M
generates VLPs driven by theM protein. When the S protein is present,
it is incorporated into the VLPs, forming corona-like structures similar
to those of authentic viruses16,61–63,77,78. In this study,wefirst employed a
VLP reporter systemusing SproteinC-terminally fused to theHiBiT tag
(for S detection)59, which confirms the significant role of ARF1 in
M-driven assembly. Extensive published literature has demonstrated
that C-terminally tagged S proteins can be used for efficient produc-
tion of VLPs, andmoreover, these VLPs arewidely applicable to studies
not only on assembly, but also on entry, antibody, and vaccine devel-
opment that all strictly require both S incorporation and
functionality16,59–62,78–83. These studies consistently indicate that the
C-terminal tag fusion does not significantly impair or disrupt VLP
packaging or functionality. However, considering the potential role of
the SARS-CoV-2 S protein’s C-terminus in regulating its trafficking64,84,
more or less effects of tagging on S incorporation into VLPs (particu-
larly with larger tags) might not be entirely ruled out. Although such
effects (even if present) do not notably compromise the utility of VLPs
as valuable research tools (as shown in numerous studies), we also
validated our findings using an independent N-detecting VLP system
with untagged S to further address the possible concern. This system
yielded consistent results and conclusions, further supporting the
critical role of ARF1 in promoting M-driven assembly.

ARF1 belongs to the Ras superfamily of small guanosine tripho-
sphatases and is a regulator of vesicular traffic49,85–87. Active ARF1 in a
GTP-bound conformation that is catalyzed by guanine nucleotide-
exchange factors (GEFs) is anchored to the ERGIC/cis-Golgi mem-
branes, while the interaction of inactive ARF1 form with membranes is
much weaker, leading to diffusion to cytosol49,85. ARF1 can recruit
soluble cytosolic effectors to the membranes, such as coat protein
complex I (COPI) coatomer, clathrin cargo adapters, and lipid meta-
bolism enzymes, to regulate the vesicular assembly or remodel the
membranes88–91. Previous work has shown that ARF1might be involved
in multiple virus infections with unknown or several proposed
mechanisms31–35,92–96, while whether and how ARF1 has a role in SARS-
CoV-2 infection was unknown before our study. Particularly, Faure et
al. have reported that the HIV-1 Nef protein can interact with both
cluster of differentiation 4 (CD4) and ARF1, and hijack ARF1 onto the
endosomal membranes to downregulate CD4 by accelerated endocy-
tosis and lysosomal degradation31. Moreover, HIV-1 Nef can also
downregulate the cell surface major histocompatibility class I (MHC-I)

Fig. 5 | ARF1 small-molecule inhibitors disrupt the accumulation of ARF1 and
hence M in the ERGIC and interfere with M-driven viral assembly, suppressing
SARS-CoV-2 propagation. a, b ARF1 small-molecule inhibitors BFA and GCA
inhibit SARS-CoV-2 propagation. Huh7-ACE2 cells were infected with SARS-CoV-2
at an MOI of 0.01 in the presence of the indicated drugs or DMSO control for 16 h
or 24 h. The viral yields in the cell supernatants were then quantified by plaque
assays. No significant cytotoxicity of these drugs to Huh7-ACE2 cells or to the
other cells (Supplementary Fig. S10a–e) used below was observed under the
indicated concentrations as measured by the CCK-8 assays. c, d BFA and GCA
disrupt the accumulated localization patterns of ARF1 and M at the ERGIC. HeLa
cells were co-transfected with the plasmids encoding ARF1-GFP andM-Stag. At 24
hpt, cells were treated with BFA, GCA, or DMSO for 20min, followed by IFA

analyses to visualize the distribution of ARF1-GFP and M. PCC(ME), PCC coloca-
lization efficiency between M and ERGIC. Nuclei were stained with Hoechst. Bars,
5 μm. e BFA and GCA inhibit M-driven VLP production. HEK293T cells were co-
transfected with the VLP packaging plasmids. Six hours later, the culture medium
containing liposome-plasmid complexes was replaced with fresh medium sup-
plemented with the indicated doses of drugs or DMSO for a further 24 h, followed
by the relative quantification of VLPs based on luciferase activities. Data are
presented as means ± SD, n = 3 (a, b) or 5 (e) independent biological replicates, or
medians with interquartile ranges, n = 15 cells (d). One-way ANOVAwith Dunnett’s
test (a, b, e) and Kruskal–WallisH-test followed by Dunn’sQ-test (d): ****p < 0.0001.
Source data are provided as a Source data file.
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and tetherin (a viral restriction factor) by lysosomal degradation,
which relies on ARF1 to unlock the adapter proteins required for
endocytosis via clathrin-coated vesicles32,33. Additionally, the 3 A pro-
tein of Coxsackievirus B3 (CVB3) binds to ARF1 andGBF1 (a pivotal GEF
of ARF1) and promotes preferential recruitment of
phosphatidylinositol-4-kinase IIIb (PI4KIIIβ) to membranes over coat
proteins34. The recruited PI4KIIIb then catalyzes the formation of an
uncoated PI4P-enriched lipid microenvironment that is shown to be

required for both CVB3 and hepatitis C virus (HCV) infection34. In the
present study, we showed that SARS-CoV-2 M can interact with and
hijack ARF1 for its efficient concentration to the ERGIC and thus the
viral assembly, presenting a notable function/mechanism for the
potential involvement of ARF1 in viral infections. The membrane
anchoring of ARF1 can be strengthened by GBF153,97. Consistently, we
also found that indeed, GBF1 KD could significantly impair SARS-CoV-2
propagation (Supplementary Fig. S14a, b), indicating that the cellular

Fig. 6 | The N-terminal helix of ARF1 is the major interacting domain of M and
disrupts M localization to the ERGIC, when expressed alone. a Schematic dia-
gram of GFP-tagged ARF1 truncated mutants used in this study. Several structural
domains are indicated. Hel helix, SW switch, In SW inter switch. b Mapping of the
ARF1 domain targeted by M. HEK293T cells was co-transfected with the M-Stag
expression plasmid and the plasmids encoding full-length or truncated ARF1 pro-
teins fused with GFP or the pEGFP-N3 control plasmid. At 24 hpt, protein interac-
tions were analyzed by Stag-pull-down and WB analyses. *The major bands of ARF1
and its truncatedmutants tagged with GFP in lysate inputs. Data are representative
of three independent replicates with similar results. c–e Colocalization analyses of

M with representative ARF1 mutants (ARF11–17 and ARF1Δ17) and the effects of the
mutant expression onMaccumulation in the ERGIC.HeLa cells were co-transfected
with the M expression plasmid and the plasmids encoding GFP (pEGFP-N3) or GFP-
tagged full-length or truncated ARF1 proteins. At 24 hpt, cells were fixed for IFA
analysis. Nuclei were stained with Hoechst. Bars, 5μm. PCC (MG), PCC between M
and GFP or GFP-fused proteins; PCC (ME), PCC between M and ERGIC. The statis-
tical diagrams are presented asmedians with interquartile ranges, n = 10 cells (d, e).
Kruskal–Wallis H-test followed by Dunn’s Q-test for pairwise comparisons (e): ns
not significant; **p <0.01. Source data are provided as a Source data file.
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regulatory factorsofARF1 (knownor unknown)might alsobepotential
targets for future anti-SARS-CoV-2 research. However, interestingly,
the PI4KIIIb seems not to be required for SARS-CoV-2 propagation
(Supplementary Fig. S14c, d), reflecting the differential requirements
of different viruses for their infection environment.

Of note, despite the potential role of ARF1 in vesicular traffic and
cellular secretion, previous studies have found that deletion of ARF1

does not affect cellular transport/secretion homeostasis, due to
functional overlap and redundancy among homologousmolecules56,57.
Consistently, our additional analyses also show that ARF1 KO seems
not to affect cellular secretion and COPI trafficking/localization to
ERGIC. Furthermore, previous studies have demonstrated that dele-
tion of ARF1 does not nonspecifically cause significant inhibition
against various viral infections58, despite its potential roles in some
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viruses as aforementioned. Additionally, we observed a dramatic
reduction of assembled virions in cells with ARF1 KO, rather than
intracellular retention of assembled virions that would likely be seen
following disruption of secretion. These also rule out the possibility
that the inhibition of virus proliferation under the condition of ARF1
deficiency is due to the nonspecific impact of globally disrupted
secretion homeostasis. Consistent with these observations, in addition
to not causing noticeable cytotoxicity, PEP17 (which specifically dis-
rupts M but not ARF1 accumulation at ERGIC through interaction with
M, thereby inhibiting virus proliferation) does not significantly impair
cellular secretion either. The data further indicate that
PEP17 specifically inhibits SARS-CoV-2 propagation by disrupting
M-ARF1 interaction rather than causing cytotoxicity or impacting cel-
lular secretion homeostasis.

ARF1 is also implicated in the progression and invasiveness of
various human cancers, such as non-small cell lung cancer, colorectal
cancer, breast cancer, epithelial ovarian cancer, and pancreatic ade-
nocarcinoma, which has attracted great interest in developing ARF1-
targeting intervention strategies for oncotherapy37,38,98–101. Conse-
quently, dozens of small drugs have been identified as inhibitors
against ARF1 and/or its interactors and hence as potential antitumor
agents. In addition, by sequence-based AI virtual screening, Chang
et al. recently identified a natural product demethylzeylasteral (DMZ),
extracted from Tripterygium wilfordii Hook F, as a potent ARF1 inhi-
bitor that can suppress tumor growth in a mouse model36. Interest-
ingly, the same group then determined ARF1 as a target for anti-tumor
drugs, proton pump inhibitors (PPIs), by an inverse application of the
sequence-based computational drug screening pipeline39. These stu-
dies provide a significant pool of ARF1 inhibitors. As a proof-of-con-
cept, we validated that two representative compounds, BFA and GCA,
could indeed disrupt ARF1 localization at the ERGIC and thus deprive
SARS-CoV-2Mof its ERGIC concentration, inhibiting the viral assembly
and propagation. However, more existing agents with great clinical
application potential are likely merited to be further tested in the
future for re-purposing usage as possible host-directed broad-spec-
trum anti-SARS-CoV-2 drugs. Additionally, our loss-of-function assays
with RNAi or CRISPR-Cas9 editing showed the blockade of SARS-CoV-2
propagation after ARF1 KD or KO, which supports the possibility of
reducing ARF1 expression for anti-SARS-CoV-2 therapies, for instance,
by targeted protein degradation (TPD). Moreover, based on the iden-
tification of the M-targeted ARF1 motif, ARF11–17, we designed a
mimetic peptide that significantly blocked SARS-CoV-2 and its variants’
propagation and attenuated the viral pathogenicity in vivo. As another
proof-of-concept, the peptide treatment targeting the M-ARF1 inter-
action interface presents an additional intervention avenue, which,
mechanistically, is similar to the effects of the dominant negative
mutant but different from those of the small molecule inhibitors or
loss-of-function. Together, the dependence of SARS-CoV-2 and its
variants on ARF1 likely represents a notable weak point that could be
targeted by numerous strategies for developing broad-spectrum anti-
SARS-CoV-2 therapies, meriting more studies. As ARF1 is conserved

across mammals, including human, mice, and bats, it is likely a com-
mon requirement for SARS-CoV-2 infection and likewise a basis for
interspecies transmission. Such interventions targeting ARF1 and/or
the ARF1-M interface for veterinary use may also help to control the
spread among animals or spillover to humans of SARS-CoV-2 or other
related coronaviruses in the future.

In summary, we identified ARF1 as a host proviral factor for SARS-
CoV-2 and its variants through a series of loss/gain-of-function ana-
lyses in cultured cells and animal models. By interaction with the viral
M protein, ARF1 enables M accumulation at the ERGIC and hence
M-driven viral assembly and propagation, bolstering the viral infection
and pathogenicity. Multiple intervention experiments targeting ARF1
or the ARF1-M interaction interface, including the use of the peptido-
mimetic for in vitro and in vivo treatments, corroborate the function/
mechanism model and present proof-of-concept illustrations for
developing potential intervention strategies based on the current
findings. Overall, the study not only provides critical insights into the
fundamental biology of SARS-CoV-2 propagation but also may help
expand our tactics to design new broad-spectrum anti-SARS-CoV-2
therapies.

Methods
Ethics and biosafety statement
All animal experiments have been approved by the Animal Ethics
Committee of the Wuhan Institute of Virology, Chinese Academy of
Sciences (approval numbers: WIVA42202004, WIVA17202005, and
WIVA13202401) and performed in accordance with the guidelines for
the Care and Use of Medical Laboratory Animals (Ministry of Health,
China). All of the infection-related experiments were conducted with
the biosafety level 3 facilities in the National Biosafety Laboratory,
Wuhan, Chinese Academy of Sciences.

Cells, viruses, and animals
HEK293 (ATCC, CRL-1573), HeLa (ATCC, CCL-2), and Vero-E6 (ATCC,
CCL-81) cell lines were maintained in minimum Eagle’s medium (MEM;
Gibco) supplementedwith 10% Fetal Bovine Serum (FBS; Gibco) and 1%
Sodium Pyruvate (Gibco). HEK293T (ATCC, CRL-11268) and Huh7-
ACE2 (Huh7 stably expressing hACE229,30) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco) supplemented with 10% FBS.
All of the cell lines were cultured at 37 °C with 5% CO2 atmosphere.

For generation of ARF1-KO HEK293 or HeLa cell lines by CRISPR-
Cas9, the ARF1-specific guide RNA (gRNA) sequences (Supplementary
Table S1) were designed by the online CRISPR Design tool (http://
crispr.mit.edu/) and cloned into the sgRNA scaffold of pSpCas9 (BB)-
2A-Puro (PX459) V2.0 vector (Addgene, 62988)102. The selection and
validation of ARF1-KO HEK293 or HeLa cell lines were conducted
through puromycin selection, single-cell cloning, DNA sequencing of
the targeted locus (Primers are listed inTable S1), andWestern blotting
(WB) analysis using ARF1-specific antibodies42,103.

The prototypic SARS-CoV-2 WIV04 strain (IVCAS 6.7512)1 and its
Delta (IVCAS6.7585) andOmicron sublineageBA.4 (IVCAS6.8980) and

Fig. 7 | PEP17 interferes with M hijacking of ARF1 and thus M-driven viral
assembly, inhibiting the propagation of SARS-CoV-2 and its variants. a PEP17
inhibits the M-ARF1 colocalization and M’s ERGIC accumulation. HeLa cells were
transfected with the M expression plasmid. Six hours later, specifically at the time
of transfection medium exchange, cells were treated with 5 μM PEP17 or CPS14
(control) for 24 h, followedby IFA. Bars, 5μm. PCC (MA), PCC betweenM andARF1;
PCC (ME), PCC between M and ERGIC; PCC (AE), PCC between ARF1 and ERGIC.
bPEP17 inhibits theM-ARF1 interaction. HEK293Tcellswere co-transfectedwith the
plasmids encoding M-Stag and ARF1-Flag or control vectors. Six hours later, cells
were treated with 5μMPEP17 or CPS14 control for 24h, followed by Stag-pulldown
and WB. Data are representative of three independent replicates with similar
results. c, d PEP17 inhibits M-driven VLP production. HEK293T cells were co-
transfected with the VLP packaging plasmids and treated with the indicated doses

of PEP17 (c) or CPS14 (d) for 24 h, followed by VLP signal quantification. IC50 was
calculated by GraphPad Prism 9 (c, right panel). e–h PEP17 suppresses SARS-CoV-2
propagation. Huh7-ACE2 cells were infected with SARS-CoV-2 (MOI, 0.01) in the
presence of different doses of PEP17 (e, g) or CPS14 control (f, h) for 24h. The virus
yields in the cell supernatants were quantified by qRT-PCR (e, f) and plaque assays
(g, h). i–n PEP17 restricts SARS-CoV-2 variants’ propagation. Huh7-ACE2 cells were
infected with the indicated SARS-CoV-2 variants (MOI, 0.01) in the presence of
PEP17 (i–k) or CPS14 control (l–n) for 24h, followed by progeny quantification.
Data are medians with interquartile ranges, n = 15 cells (a), or means ± SD, n = 3
(c, e–n) or 4 (d) independent biological replicates.Mann–WhitneyU-test (a) or one-
way ANOVA with Dunnett’s test (c–n): ns not significant; *p <0.05; **p <0.01;
***p <0.001; ****p <0.0001. Source data are provided as a Source data file.
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BA.5 (IVCAS 6.8981) variants were obtained from the National Virus
Resource Center, Wuhan Institute of Virology, Chinese Academy of
Sciences, and expanded in Vero-E6 cells29. Viral titer was determined
by the 50% tissue culture infective dose (TCID50) method using cyto-
pathic effect assay (CPE) and plaque-forming unit (PFU) counting as
correspondingly indicated29.

Six- to eight-week-old female H11-K18-hACE2 transgenic mice
(strain, C57BL/6JGpt-H11em1Cin(K18-ACE2)/Gpt) were purchased from Gem-
Pharmatech (Jiangsu, China). The Syrian hamsters (LVG Golden Ham-
sters, also known as Mesocricetus auratus; strain, Crl:LVG (SYR); 6-
week-old, female) were purchased from Beijing Vital River Laboratory
Animal Technology Co., Ltd. (Beijing, China). Animals were housed
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under controlled conditions: temperature maintained at 22–24 °C,
relative humidity at 40–60 %, and a 12-h light/dark cycle.

Plasmids and siRNAs
The expression plasmids for C-terminally Flag-tagged ARF1 and
ARF1(T31N) were constructed by cloning the coding sequences into
the pCAGGSP7 plasmid. The plasmids expressing GFP-fused ARF1 and
truncated mutants were constructed using the pEGFP-N3 vector. The
open reading frame of ACE2 was cloned into the pLVX vector. The
coding sequences for SARS-CoV-2 M, N, E, and S with or without
C-terminally Flag, Stag, or HiBiT-tag were also cloned into the
pCAGGSP7 plasmid. For ARF1 RNAi constructs, double-stranded oli-
gonucleotides corresponding to specific target sequences (shmARF1

or the negative control shNC, Table S1) were cloned into the shRNA-
expressing vector pLKO.1. All the cloning constructs were confirmed
byDNA sequencing. Small interfering RNAs (siRNA)were designed and
synthesized by GenePharma. The sequences of two specific
ARF1 siRNAs and a nontargeting siRNA control were shown in Table S1.

Antibodies, peptides, and reagents
Primarymouse or rabbitmonoclonal antibodies (mAb) include:mouse
mAb to Flag (ABclonal, AE005), β-actin (Proteintech, 66009-1-Ig), and
ERGIC-53 (Santa Cruz Biotechnology, sc-365158), and rabbit mAb to
GFP tag (ABclonal, AE078) and SARS-CoV-2 N (ABclonal, A20021, for
IHC analysis; Sino Biological, 40413-R019, for WB analysis). Primary
polyclonal antibodies (pAb) include: rabbit pAb to Stag (Sino

Fig. 8 | PEP17 significantly attenuates SARS-CoV-2 infection and pathogenicity
in hamsters. Syrian hamsters (n = 5/group) were infected with SARS-CoV-2 and
then treated with PEP17 or CPS14 control for 3 days. At three dpi, the animals were
sacrificed, and the indicated tissues were collected to detect the infectious virus
loads (a–c) and antigen (N) yields in tissue homogenates (d, e) and the antigen (N)
distribution in lung sections by IHC (f). Data are representative of five biological
replicates with similar results (d–f). Representative H&E staining analyses of lung
(g) and trachea (h) tissues show alleviated tissue injuries and inflammation by the
PEP17 treatment. Noticeable pathological changes are indicated with arrows. Scale
bars, 500 μm (f), 100 μm (g) and 20μm (h). Black arrow, inflammatory cell

infiltration around interstitial blood vessels and bronchus (g) or in the tracheal
submucosa (h); blue arrow, alveolar wall thickening and alveolar collapse or dis-
appearance of alveolar cavity structure (g); green arrow, exfoliation of mucosal
epithelial cells (g, h); red arrow, hydropic degeneration of mucosal epithelial cells
(h). i, j Quantitative analyses of histopathological damages in the lung and trachea
tissues. Lesion scores were ranked on a scale of 1–4, indicating mild, moderate,
moderate to severe, and severe, respectively, while 0 indicates nodetectable lesion.
Cartograms are presented as medians with interquartile ranges, n = 5 animals/
group (a–c and i–j); p-values were determined using the Mann–Whitney U-test.
*p <0.05; **p <0.01. Source data are provided as a Source data file.

Fig. 9 | Model for the proviral role of ARF1 in SARS-CoV-2 propagation and
potential antiviral strategies targeting ARF1 and the ARF1-M interface. SARS-
CoV-2 assembles at the ERGIC to produce progeny virions, achieving its propaga-
tion. By interacting with SARS-CoV-2 M, the host protein ARF1, which itself is
localized at the ERGIC, enables the accumulation ofM, the central driver of the viral
assembly, to the ERGIC. At a high local concentration, M then drives and nucleates
the virionmorphogenesis at the ERGIC by complexmolecular interactions with the
adjacent M, E, S, and RNP. Small-molecule inhibitors against ARF1, such as BFA and

GCA, can disrupt the ERGIC localization of ARF1 and consequently reduce M
accumulation at ERGIC, inhibiting the viral propagation. Otherwise, interventions
targeting the ARF1-M interaction interface, such as the peptidomimetic PEP17, can
block the ARF1-M interaction, i.e., M hijacking of ARF1, and thus ablate M accu-
mulation at the ERGIC, also leading to the inhibition of viral propagation. Mmatrix/
membrane protein, E envelope protein, S spike, RNP ribonucleoprotein, ERGIC the
ER-Golgi intermediate compartment. Created with BioRender (Min Y. 2025; https://
BioRender.com/ja67qc5).
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Biological, 101290-T38), ERGIC-53 (ABclonal, A10440), ARF1 (Pro-
teintech, 10790-1-AP), and IgG control (Proteintech, 30000-0-AP),
goat pAb to ARF1 (Abcam, ab58578), and sheep pAb to SARS-CoV-2 M
(MRC PPU Reagents and Services, DA107). Fluorescence-labeled sec-
ondary antibodies used were Alexa Fluor 488, 555, or 647 labeled
donkey anti-sheep, goat, rabbit, or mouse IgG (Thermo Fisher Scien-
tific, A11015, A11055, A332794, A21447). Horseradish peroxidase (HRP)-
labeled goat anti-rabbit (AS014) or mouse (AS003) IgG antibodies and
donkey anti-mouse (AS033), rabbit (AS038), or goat (AS031) IgG were
purchased from ABclonal. HRP-labeled donkey anti-sheep IgG was
purchased from Thermo Fisher Scientific (A16041).

The PEP17 peptide (YGRKKRRQRRRGSGMGNIFANLFKGLFGKKE)
is composed of ARF11–17 (MGNIFANLFKGLFGKKE), an N-terminal con-
jugate cell membrane-penetrating sequence (YGRKKRRQRRR), and a
Gly-Ser-Gly linker68,104. PEP17, Myr-PEP17 (Myr-GNI-
FANLFKGLFGKKEGSGYGRKKRRQRRR), and the control CPS14
(YGRKKRRQRRRGSG), consisting of the cell membrane-penetrating
sequence and linker, were synthesized by GenScript Biochem. The
synthetic peptides were amidated at the C terminus, and PEP17 and
CPS14 were acetylated at the N terminus for capping. They were then
dissolved in PBS at a concentration of 2mM as stock solutions.

BFA (MedChemExpress, HY-16592), GCA (MedChemExpress, HY-
100540), Lipofectamine 2000/3000/RNAiMAX reagents (Invitrogen,
11668019, L3000015, 13778150), Trizol (Invitrogen, 15596018), Stag-
pulldown agarose (Merck Millipore, 69704-4), GFP-trap beads (Alpa-
Life, KTSM1301), Hoechst 33258 (Beyotime, C1011), MiniBEST Viral
RNA Extraction Kit (Takara, RR047A), and PrimeScript RT reagent Kit
with gDNA Eraser (Takara, RR047A) and TB Green Realtime PCR
Master Mix (Takara, RR820A) were purchased from the indicated
manufacturers.

Protein interaction, MS, and WB analyses
Stag-pulldown, Co-IP, and GFP-nanotrap assays were used for the
protein interaction analyses29,42. Briefly, cells expressing the indicated
proteins were lysed with a lysis buffer (20mM Tris, pH 7.5, 150mM
NaCl, 1mM EDTA, 1% Triton X-100; Beyotime, P0013) supplemented
with protease inhibitor cocktail (Roche, 05892791001). After cen-
trifugation, supernatants of the cell lysates were incubated with the
Stag-trap agarose or the anti-GFP nanobody-coated beads at 4 °C for
4 h. For Co-IP, protein A/G magnetic beads (MedChemExpress, HY-
K0202)were pretreatedwith the anti-ARF1 antibodyor control IgG and
then mixed with the cell lysate supernatants at 4 °C for 4 h. After
extensivewashing, the binding proteins were eluted from the beads by
boiling in 1× SDS-loading buffer, followed by SDS-PAGE and WB ana-
lysis. For MS analysis, Stag-pulldown products of M and vector (con-
trol) groups (n = 3 biological replicates per group) were denatured,
reduced, alkylated, and eluted in the reaction buffer (1% sodium
deoxycholate/100mM Tris-HCl, pH 8.5/10mM Tris (2-carboxyethyl)
phosphine/40mM chloroacetamide) at 95 °C for 10min. The super-
natants were then subjected to trypsin digestion in solution, followed
by peptide desalting and liquid chromatography-tandem MS (LC-MS/
MS) analysis using the nano-LC-equipped TripleTOF 5600 system (AB
SCIEX)29,30,43. Chromatographic separation was performed on a C18
analytical column (Eksigent; 300μm× 150mm, 3μm) with a 30-min
gradient (5μL/min; mobile phase A: 3% DMSO/0.1% FA in H₂O; B: 3%
DMSO/0.1% FA in acetonitrile), ramping from 6% to 80% phase B. MS
data were acquired in data-dependent mode (ESI+, 2.3 kV spray vol-
tage) with one MS1 scan (m/z 350–1500, 250ms) followed by 40
MS2 scans (m/z 100–1500, 50ms; dynamic exclusion: 18 s). Spectrum
files were processed in MaxQuant 1.6.2.10 (Max Planck Institute of
Biochemistry) against UniProt database, allowing tryptic digestion (≤2
missed cleavages), carbamidomethylation (fixed), methionine oxida-
tion (variable), 20 ppm/20ppm mass tolerances (MS1/MS2), and 1%
false discovery rate (FDR)29,30,43. ARF1 peptides were detected in all
biological replicates of theM group but were not absent in the control

samples, and the representative tandem spectra are shown in Fig-
ure S1. For WB detection, cell or homogenized tissue samples were
mixed with SDS loading buffer and then boiled for 10min followed by
SDS-PAGE separation. Then, the proteins in the gel were transferred to
a polyvinylidene difluoride (PVDF) membrane (Millipore). After
blocking with 5% skimmed milk, the PVDF membranes were treated
with primary antibodies and thenwith corresponding HRP-conjugated
secondary antibodies. The protein signal was detected by using a
chemiluminescence kit (Millipore) on BG-gdsAUTO 710mini (Baygene
Biotech Company Limited).

IFA and confocal microscopy
Cells were fixed with 4% paraformaldehyde (PFA) for 10min at room
temperature (RT), permeabilized with 0.5% Triton X-100 for 10 min at
4 °C, and blocked with 5% BSA for 1 h at RT. Then, cells were incubated
with primary antibody overnight at 4 °C, and stained with the
fluorescein-labeled secondary antibodies for 1 h at RT. Nuclei of cells
were stainedwithHoechst 33258 for 5min atRT. Imageswere taken on
Dragonfly 202 confocal microscopy (Andor Technology PLC), and
analyzed by Image J 2.0.0 (National Institutes of Health, http://imagej.
nih.gov/ij). For the co-localization assay, Pearson’s correlation coeffi-
cient (PCC) was calculated using the coloc-2 plugin of ImageJ43.

Transmission electron microscopy assay
WT or ARF1-KO HEK293 cells were transfected with the hACE2
expression plasmid for 24 h, followed by SARS-CoV-2 infection
(MOI = 3) for another 24 h. Cells were then fixed with 2.5% glutar-
aldehyde for 30min, and subsequently with 4% paraformaldehyde for
2 h at room temperature. After collection, cells were washed in PBS at
4 °C and post-fixed with 1% osmium tetroxide for 2–3 h on ice under
dark conditions. Following PBS washes, the cells were dehydrated
through a graded ethanol series (30%, 50%, 75%, 95%, and 100%) and
then processed for resin infiltration using acetone/epoxy resin (2:1, 1:1)
mixtures before final embedding in pure epoxy resin. Ultrathin sec-
tions (80–100 nm)were then prepared and stainedwith uranyl acetate
and lead citrate, and examined using transmission electron micro-
scopy (Tecnai G2 20 TWIN, FEI).

RNA extraction and real-time quantitative reverse-transcription
PCR (qRT-PCR)
The host genemRNA and viral genomic or N RNA levels were assessed
by qRT-PCR analyses29,105. Briefly, total cellular RNA, viral genome in
cell supernatants, and RNA from homogenized tissue suspension were
isolated by using TRIzol (Invitrogen, 15596018), viral RNA/DNA
Extraction kit (TaKaRa, 9766), or TRIzol LS (Invitrogen, 10296028CN),
respectively. The RNAs were then subjected to gDNA remover and
reverse transcription for cDNA synthesis. The cDNA was used as tem-
plate in quantitative PCR (qPCR) containing SYBR Green Realtime PCR
MasterMix and specific primers. The real-time qPCRs were run on CFX
Connect (Bio-Rad) using the standard cycling conditions. Relative
mRNA levels were calculated by the comparative CT method with
GAPDH mRNA level as the internal control. Alternatively, viral RNA
copies were calculated by the standard curve method as previously
described29. Primers for qPCR are listed in Table S1.

Quantification of the virion-like particles (VLPs)
HiBiT-tagged VLP reporter systems were employed for evaluation of
M-driven viral assembly59–64. Briefly, the SARS-CoV-2M, E, N, and S-HiBiT
encoding plasmids (ratio 1:1:1:1) for the S-tagging VLP system were
transfected into HEK293T or HEK293 cells using the Lipofectamine
2000 reagent (Invitrogen, 11668019). In the N-tagging VLP system,
HiBiT-taggedN (N-HiBiT) anduntaggedSwereused to replace theNand
S-HiBiT. The supernatants containing HiBiT-labeled VLPs were collected
for luminescence signal analysis using Nano-Glo HiBiT Extracellular
Detection reagents (Promega, N2420) on Glomax Multi (Promega).
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ARF1 KD and SARS-CoV-2 infection in K18-hACE2 mice
For the production of the viral vectors, HEK293T cells were co-
transfected with the pLKO.1-based plasmids encoding ARF1-targeting
or control shRNAs, together with the packaging plasmids (psPAX2 and
pMD2.G)42,43. At 48 h and 72 hpt, the cell culturemedia were harvested
and cleared by centrifugation, followedby concentration using Lenti-X
Concentrator (Takara, 631231) and resuspension in PBS. Viral vector
titers were measured by using Quick Titer Lentivirus Titer Kit (CELL
BIOLABS, INC., VPK-107-T).

For evaluation of SARS-CoV-2 infection in ARF1-KD K18-hACE2
mice, K18-hACE2mice (6–8-weeks-old; n = 5/group) were injected with
5 × 107 transducing units (TU) of the viral vector particles via intrave-
nous injection (iv). Seven days post-transduction, mice were intrana-
sally instilled with a liquid SARS-CoV-2 suspension (5 × 102 TCID50,

50μL inoculumpermouse) under deep anesthesia. At 5 dpi,micewere
sacrificed for tissue sample collection and the subsequent virological
and histopathological analyses.

SARS-CoV-2 challenge and PEP17 administration in Syrian
hamsters
Six-week-old female Syrian hamsters were randomly divided into the
PEP17 and CPS14 control groups (n = 5/group). At day 0, all hamsters
werechallengedwithSARS-CoV-2via intranasal routes (104 TCID50, 50μL
inoculum per hamster). Two hours post-infection, the animals were
treated with PEP17 or the control peptide (CPS14) via intraperitoneal
injection (dissolved in PBS, 30mg/kg) once daily for three days. At day 3,
the hamsters were sacrificed. The brain, trachea, and lung tissues were
collected for the subsequent virological and histopathological analyses.

Histological analysis
Tissues were adequately fixed in 4% PFA and then embedded in par-
affin for sectioning106. The sections were delivered to hematoxylin and
eosin (H&E) staining to assess tissuemorphology or to an IHC assay for
the viral antigen (N) detection. Slides were scanned by PANNORAMIC
DESK/MIDI/250/1000 (3Dhistech Pannoramic Scan, Hungary) and
viewed by CaseViewer 2.4 (3Dhistech Pannoramic Scan, Hungary).

CCK8 assay
The potential cytotoxicity of BFA, GCA, and peptides on Huh7-ACE2,
HeLa, or HEK293T cells was examined with the CCK-8 assay kit
(MedChemExpress, HY-K0301) according to the manufacturer’s
instructions. In brief, cells plated on 96-well culture plates were
treated with different concentrations of the inhibitors or peptides,
followed by adding CCK-8 solution (1/10 dilution) into the cells. After
incubation for 1 h, the culture plates were delivered for formazan
detection at 450 nm absorbance on a microplate reader (BioTek
Synergy). Cell viability (%) = [(As −Ab)/(Ac −Ab)] × 100. As =
absorbance of the tested drug/peptide well, Ab = absorbance of
blank well, Ac = absorbance of solvent control well.

Statistical analysis
Graphs were drawn using Prism 9 (GraphPad Software). Data are
shown as means ± SD or medians with interquartile ranges for non-
parametric data, with n ≥ 3 biological replicates as indicated. Statis-
tical analyses were performed using Prism 9 with Student’s t-test for
the two-group comparisons or one-way analysis of variance (ANOVA)
for the multiple comparisons, followed by Dunnett’s test. For the
non-normal distribution data, Mann–Whitney U-tests for the two-
group comparisons or Kruskal–Wallis H-tests for the multiple com-
parisons, followed by Dunn’s Q-test, were used. Detailed statistical
results with p-values are provided in the Source data file.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The MS proteomics data generated in this study have been deposited
in the Science Data Bank (CSTR: 31253.11.sciencedb.25947; https://
www.scidb.cn/en/s/Yvmeaq) and in the ProteomeXchange Con-
sortium via the iProX partner repository with the dataset identifier
PXD065198 (https://www.iprox.cn/page/MSV022.html).Other data are
all contained within the article/Supplementary information. Source
data are provided with this paper.
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