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Abstract Type I interferon (IFN) inhibits a wide spectrum of viruses through stimulating the expres-

sion of antiviral proteins. As an IFN-induced protein, myxovirus resistance B (MXB) protein was

reported to inhibit multiple highly pathogenic human viruses. It remains to be determined whether

MXB employs a common mechanism to restrict different viruses. Here, we find that IFN alters the

subcellular localization of hundreds of host proteins, and this IFN effect is partially lost upon MXB deple-

tion. The results of our mechanistic study reveal that MXB recognizes vimentin (VIM) and recruits pro-

tein kinase B (AKT) to phosphorylate VIM at amino acid S38, which leads to reorganization of the VIM

network and impairment of intracellular trafficking of virus protein complexes, hence causing a restric-

tion of virus infection. These results highlight a new function of MXB in modulating VIM-mediated traf-

ficking, which may lead towards a novel broad-spectrum antiviral strategy to control a large group of

viruses that depend on VIM for successful replication.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute

of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
IFNs provide one key antiviral mechanism in host innate immune
response to virus infections by inducing the expression of a
cascade of genes collectively called IFN-stimulated genes (ISGs),
many of which were previously reported to inhibit diverse
viruses1e3. Viruses are intracellular pathogens that rely on cellular
machineries for their replication4e6. Following entry either from
the plasma membrane or intracellular membranes including
endosomes and lysosomes, viral genome complex frequently
needs to traffic along cytoskeletal filaments to reach the right
subcellular location, such as endoplasmic reticulum (ER) and the
nucleus for replication7e9. For example, hepatitis C virus (HCV)
and Zika virus rely upon host trafficking machinery to direct their
structural proteins and genomes to ER for replication, assembly,
and budding10,11. Human immunodeficiency virus type 1 (HIV-1),
influenza viruses, and most DNA viruses transport the incoming
viral nucleocapsids into the nucleus to replicate viral genomes and
transcribe viral genes12e14. The cytoskeleton network consists of
intermediate filaments (IFs), actin filaments, and microtubules
which closely communicate with one another15,16. In contrast to
actin filaments and microtubules which display the structural
polarity17,18, IFs are nonpolar structures providing a flexible
scaffold to support signal transduction and vesicular
trafficking19e21. In particular, VIM filaments, which belong to IFs,
were reported to participate in many stages of virus infection,
including virus entry, replication, and egress22,23. For instance,
depletion or structure change of VIM significantly impairs HIV-1
infection24. Moreover, VIM regulates translocation of influenza A
virus ribonucleoproteins through interacting with it by the binding
of the PB225. In addition, VIM also serves as scaffold to recruit
viral protein to form a perinuclear viral factory region22. For fla-
vivirus, VIM interacts with the dengue virus nonstructural protein
1 or 4A and surrounds Zika envelope protein, both of which
contribute to the formation of viral factory and replication of
flavivirus26,27. However, although numerous studies investigated
the interplay between the cellular cytoskeleton network and virus
intracellular trafficking, it remains largely unknown whether and,
if so, how IFNs and ISGs modulate the cytoskeleton network,
which may serve as a broad antiviral mechanism.

Mx proteins, interferon-induced dynamin GTPases, were
reported to inhibit viruses of diverse families28e30. Human MxA
and MXB proteins share very similar domain structures, including
the globular GTPase domain and the stalk domain that are con-
nected by the bundle signaling element31e35. MXB bears a short
N-terminal sequence that is not shared with MXA, which
determines its distinct antiviral spectrum36e38. Previous research
demonstrated that the 91 N-terminal amino acids of MXB confer
full anti-HIV and anti-IAV activities when transferred to the N
terminus of MXA39,40. One common feature of the MXA and
MXB antiviral action is impeding the intracellular transport of
viral genome and proteins. For example, MXA impairs the
transport of the nucleocapsid protein of bunyaviruses to the Golgi
compartment and prevents the incoming nucleocapsids of Thogoto
virus from being transported into the nucleus41,42. MXB deters the
nuclear import of HIV-1 DNA and the DNA of herpes simplex
virus 1 (HSV-1)43e45. The complicated interactions of nucleo-
porins (NUPs) or nucleoporin-like proteins (such as NUP214 and
transport receptor transportin-1), HIV-1 capsid (CA) tubes, CA
binding cofactors (such as cyclosporin A (CYPA)), and
N-terminus of MXB were previously found to play functional
roles in MXB-mediated inhibition of nuclear import of HIV-1
DNA46. In a recent study, Malim et al. reported that serine
phosphorylation of the N terminus impedes MXB-mediated inhi-
bition of nuclear import of cellular karyophilic cargo47. We also
found that MXB abrogates HCV nonstructural protein 5A (NS5A)
interaction with replication cofactor (CYPA) and its localization to
ER10. Collectively, the antiviral specificity of MX proteins is
achieved by their recognition of viral proteins or host proteins.
However, to date, little is known about how MX proteins interfere
with the intracellular trafficking of viral protein complexes. In this
study, we observed that MXB recruits the AKT kinase to phos-
phorylate VIM at amino acid S38 and, as a result, causes a reor-
ganization of VIM network and the impaired trafficking and
replication of HIV-1 and HCV.

2. Materials and methods

2.1. Plasmid DNA

Full-length MXB cDNA and the cDNA fragment encoding MXB
(26e715), MXB (1e334), and MXB (335e715) were cloned into
the pcDNA4/TO expression vector (Invitrogen) using the BamHI
and NotI restriction sites, with Flag tag labeling to the C termini of
proteins. The MXB-GFP and MXB (26e715)-GFP DNA were
constructed with the green fluorescent protein sequences adding to
the C-terminus of MXB protein. Full-length VIM cDNA was
cloned into the pcDNA4/TO expression vector with hemagglutinin
(HA) tag attached to the C terminus. Flag-tagged NS5A sequence
of HCV was cloned into pcDNA4/TO. NS5A mutations (D316E
and Y317N) were generated using a site-directed mutagenesis kit
(SBS). MXB small guide RNAs (sgRNAs), 50-CAC CGT GTG
GTG GCA CTG TGC CGA A-30 (sgMXB-1) and 50-AAA CTT
CGG CAC AGT GCC ACC ACA C-30 (sgMXB-2), were cloned
into lentiCRISPR(v2) to create MXB knockout (KO) cell lines.
VIM sgRNAs, 50-CAC CGT TGC TGA CGT ACG TCA CGC A-
30 (sgVIM-1) and 50-AAA CTG CGT GAC GTA CGT CAG CAA
C-30 (sgVIM-2), were cloned into lentiCRISPR(v2) to create
VIM-KO cell lines. CYPA sgRNAs, 50-CAC CGG CGT CTC CTT
TGA GGT CGG G-30 (sgCYPA-1) and 50-AAA CCC CGA CCT
CAA AGG AGA CGC C-30 (sgCYPA-2), were cloned into lenti-
CRISPR(v2) to create CYPA-KO cell lines. VIM point mutations
(S38E, S38A, S83A) were generated by using a site-directed
mutagenesis kit with the following primer pairs: 50-CCA CCC
GCA CCT ACG AGC TGG GCA GCG CGC T-30 and 50-AGC
GCG CTG CCC AGC TCG TAG GTG CGG GTG G-30 to
generate S38E mutation; 50-CCA CCC GCA CCT ACG CCC
TGG GCA GCG CGC-30 and 50-GCG CGC TGC CCA GGG CGT
AGG TGC GGG TGG-30 to generate S38A mutation; 50-GGC
TCC TGC AGG ACG AGG TGG ACT TCT CGC-30 and 50-GCG
AGA AGT CCA CCT CGT CCT GCA GGA GCC-30 to generate
S83E mutation; 50-GGC TCC TGC AGG ACG CGG TGG ACT
TCT CGC-30 and 50-GCG AGA AGT CCA CCG CGT CCT GCA
GGA GCC-30 to generate S83A mutation.

2.2. Cell culture and transfection

All cells were cultured in Dulbecco’s modified Eagle’s medium
(Gibco) supplemented with 10% fetal bovine serum (Gibco) at
37 �C with 5% CO2. Huh7.5.1 cell line was a kind gift from
Rongtuan Lin, McGill University (Canada). HEK293T (Cat#
CRL-11268) cell line was purchased from ATCC. All knockout
cell lines were generated by the CRISPR-Cas9 technology and
cultured in DMEM with 10% FBS and 2 mg/mL puromycin
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(Sangon Biotech). Plasmids were transfected into the cells by
Lipofectamine 2000 (11668-019, Invitrogen) or Vigofect (T001,
Vigorous), respectively, in accordance with the manufacturers’
instructions.

2.3. Gene silencing

siRNAs were transfected into HEK293T and Huh7.5.1 cells using
Lipofectamine™ RNAimax (13778-150, Invitrogen) with 50 pmol
siRNA per well of 6-well plates. siRNAs were purchased from
JSTBIO, non-targeted siRNA (siNT), target sequences 50-UUC
UCC GAACGU GUC ACG UTT-30 and 50-ACG UGACAC GUU
CGG AGA ATT-30; Vimentin-targeted siRNA (siVIM), target
sequences 50-UGA AGA AAC UCC ACG AAG ATT-30 and
50-UCU UCG UGG AGU UUC UUC ATT-30; AKT-targeted
siRNA (siAKT), target sequences 50-GCA CCU UCA UUG
GCU ACA ATT-30 and 50-UUG UAG CCA AUG AAG GUG
CTT-30.

2.4. HIV-1 and HCV infection

Vesicular stomatitis virus G protein (VSV-G)-pseudotyped HIV-1
NL4-3-Luc stocks were produced by transfecting HEK293T cells
with pNL4-3-Luc-R-E- and pVSV-G at the ration of 2:1. Super-
natants were harvested at 48 h post transfection, and cell debris
was removed by low-speed centrifugation at 300�g (3-18K,
Sigma, Osterode am Harz, Germany) for 5 min. HIV-1 p24 pro-
teins were measured using an ELISA kit (Wantai BioPharm).
VSVG-HIV-1 NL4-3-Luc containing 150 ng p24 was used to
infect HEK293T cells. At 48 hpi, the cells were lysed for Western
blotting (WB) analysis, detection of firefly luciferase activity
using a Centro XS3 LB 960 Luminometer (Berthold), or inte-
grated DNA measurement by RT-qPCR. Huh7.5.1 cells were
seeded into 6-well plates, 4 � 105 per well, 24 h before trans-
fection with plasmid expressing MXB or empty plasmid for 48 h.
The cells were infected with JFH1 at an MOI of 0.5. Upon another
48 h, the cells were harvested and lysed for WB to measure the
level of HCV core protein. Total RNA was extracted and applied
for the subsequent intracellular HCV RNA analysis by RT-qPCR.
100 mL supernatants of cell culture-derived HCV (HCVcc)-
infected cells were collected and incubated with 1 � 104/well
naı̈ve Huh7.5.1 cells seeded in a 96-well plate for another 48 h.
Immunofluorescence analysis was used to stain HCV core protein
in the cells and focus-forming units (PFU) were counted to
measure extracellular HCV titer by IncuCyte S3 (Sartorius).

2.5. Co-immunoprecipitation (Co-IP)

For Co-IP analysis, virus-infected or plasmids-transfected cells
were harvested for cell lysis by using the buffer [25 mmol/L Tris
(pH Z 7.4), 150 mmol/L NaCl, 1% NP-40, 1 mmol/L EDTA, and
5% glycerol (Pierce)] on ice. The lysates were centrifuged at
13,800�g (Pico 17, ThermoFisher, Osterode am Harz, Germany)
for 10 min to remove cell debris. Then, 8% of the whole-cell
lysates (8% WCL) examined by WB were used to measure pro-
tein expressions, and the other part of the lysates was incubated
with specific antibodies and protein AþG agarose gel beads
(P2012, Beyotime) overnight, under gentle agitation at 4 �C. After
washing with the lysis buffer, the pull-down proteins were
detected by WB. The proteins were then transferred onto 0.45 mm
polyvinylidene difluoride membrane and incubated with primary
antibodies. The antibodies used for WB included rabbit anti-VIM
antibody (ab92547, Abcam), mouse anti-VIM antibody (ab8978,
Abcam), rabbit anti-VIM S83 antibody (AP0799, ABclonal),
rabbit anti-VIM S82 antibody (ab52943, Abcam), rabbit anti-VIM
S72 antibody (ab52944, Abcam), rabbit anti-VIM S55 antibody
(ab217673, Abcam), rabbit anti-VIM S38 antibody (ab52942,
Abcam), rabbit anti-AKT antibody (ab8805, Abcam), rabbit anti-
Flag antibody (D6W5B, CST), mouse anti-Flag antibody (9A3,
CST), goat anti-Flag antibody (ab1257, Abcam), rabbit anti-HA
antibody (C29F4, CST), rabbit anti-MXB antibody (A83265,
NOVUS), mouse anti-actin antibody (AC004, ABclonal), mouse
anti-PDI antibody (ab2792, Abcam), rabbit anti-p84 antibody
(ab131268, Abcam), rabbit anti-CYPA antibody (ab41684,
Abcam), mouse anti-HCV core antibody (ab2740, Abcam), and
rabbit anti-HIV-1 p24 antibody (ab9071, Abcam). After probing
with specific antibodies, the membrane was further incubated with
secondary antibodies, including HRP-conjugated goat anti-mouse
(ZB2305, ZSGB-Bio), goat anti-rabbit (ZB2301, ZSGB-Bio), or
rabbit anti-goat (ZB2306, ZSGB-Bio). The protein signals were
detected by the ChemiDoc MP imaging system (Bio-Rad). The
relative protein band intensities were quantified using the ImageJ
Gel Analyser.
2.6. RT-qPCR

HCV and HIV-1 RNA were extracted from infected cells using an
RNA extraction kit (71202-50, Tiandz) and then examined using
RT-qPCR analysis with a one-step RT-PCR kit (RR066A, Takara)
following the manufacturer’s specifications. The HCV primer pair:
50-GCG TTA GTATGA GTG TCG TG-30 and 50-TCG CAA GCA
CCC TAT CAG-30; the late HIV-1 DNA primer pair: 50-TGT GTG
CCC GTC TGT TGT G-30 and 50-GAG TCC TGC GTC GAG A-
30; the AKT primer pair: 50-TTC TGC AGC TAT GCG CAATGT
G-30 and 50-TGG CCA GCA TAC CAT AGT GAG GTT-30; the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primer
pair: 50-ATC ATC CCT GCC TCT ACT GG-30 and 50-GTC AGG
TCC ACC ACT GAC AC-30; the results of GAPDH served as an
internal control to normalize the target RNA. The integrated DNA
of HIV-1 was first amplified with the primer pair 50-GCC TCC
CAA AGT GCT GGG ATT ACA G-30 and 50-GTT CCT GCT
ATG TCA C TT CC-30, which targeted the domain of Alu and
HIV-1 Gag DNA, followed by a secondary PCR with primers
50-TTA AGC CTC AAT AAA GCT TGC C-30 and 50-GTT CGG
GCG CCA CTG CTA GA-30, which was probed with HIV-1 long
terminal repeat (Alu-PCR).
2.7. Immunofluorescence staining

The transfected or infected cells were fixed with 4% para-
formaldehyde for 20 min, permeabilized with 0.02% Triton X-100
(Thermo) for 8 min, and then blocked with 2% BSA (Sigma) for
1 h at room temperature, followed by incubating with primary
antibodies for another 1 h with gentle shaking. After washing with
PBS, secondary antibodies (Alexa Fluor 488edonkey anti-mouse,
Alexa Fluor 555edonkey anti-rabbit, and Alexa Fluor
640edonkey anti-goat (Invitrogen)) were further applied for in-
cubation. To stain the nuclei, 40,6-diamidino-2-phenylindole
(DAPI) (ZSGB-Bio) was used. Images were recorded with an
Ultra View VoX confocal microscope (PerkinElmer) using a
100 � oil objective.
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2.8. In situ proximity ligation assay (PLA)

PLA assay was performed using Duolink PLA starter kits
(DUO92101, Sigma) according to the manufacturer’s protocol.
Briefly, Huh7.5.1 cells were transfected with plasmids expressing
MXB-Flag or MXB-Flag (26e715) for 48 h and then fixed with
4% paraformaldehyde for 30 min and permeabilized with 0.02%
Triton X-100. The cells were incubated with a blocking solution
for 1 h. Primary antibodies were used to incubate the fixed cells
for 1 h at 37 �C. The cells were further incubated with donkey
anti-mouse and donkey anti-rabbit secondary antibodies conju-
gated with Duolink PLA minus and plus oligonucleotide probes
for 1 h; next, the cells were incubated with a ligation solution for
30 min at 37 �C after washing with buffer A. The amplification
solution was used to amplify the ligated PLA probes for 100 min,
which was followed by washing with wash buffer B. Finally, the
cells were mounted with Duolink PLA mounting medium con-
taining DAPI. Fluorescence signals were using a PerkinElmer
Ultra View VoX confocal microscope with a 100� oil objective.

2.9. Liquid chromatography mass spectrometry (LCeMS)/MS-
based label-free quantitative proteomics analysis

2.9.1. Proteins processing
IFN-a2b-treated cells or cells with MXB overexpressing were
suspended in the lysis buffer (8 mol/L urea, 1% protease inhibitor
cocktail) and then sonicated three times on ice by a high-intensity
ultrasonic processor (Scientz). The cell debris was removed by
centrifugation at 12,000 � g (Pico 17, ThermoFisher, Osterode am
Harz, Germany) for 10 min. The concentrations of proteins in
supernatants were then determined with a BCA kit according to
the manufacturer’s instructions. Then the supernatants were
treated with 5 mmol/L dithiothreitol for 30 min at 56 �C and
alkylated with 11 mmol/L iodoacetamide for 15 min at room
temperature in darkness. To down-regulate the urea concentration
to less than 2 mol/L, the protein samples were diluted with
100 mmol/L TEAB. Trypsin was added to protein at the ratio of
1:50 for the primary digestion overnight; for a secondary diges-
tion, the 1:100 trypsin-to-protein ratio was used. Finally, the
peptides were desalted by C18 SPE column.

2.9.2. LCeMS/MS analysis
The tryptic peptides were dissolved in solvent A (0.1% formic
acid, 2% acetonitrile/in water) and loaded onto a home-made
reversed-phase analytical column (25 cm length, 75/100 mm i.d.).
The peptides were separated with a gradient from 6% to 24%
solvent B (0.1% formic acid in acetonitrile) over 70 min; 24%e
35%, 14 min; and climbing to 80% in 3 min, then holding at 80%
for the last 3 min, all at the constant flow rate of 450 nL/min on a
nanoElute UHPLC system (Bruker Daltonics). The peptides were
subjected to the capillary source, and then followed by the tim-
sTOF Pro (Bruker Daltonics) mass spectrometry. Fragments were
analyzed using a TOF detector under the scan range from m/z 100
to 1700. The electrospray voltage was 1.60 kV. Parallel accumu-
lation serial fragmentation mode was used in the timsTOF Pro.
Precursors with charge states 0 to 5 were selected for fragmen-
tation, and 10 PASEF-MS/MS scans were acquired per cycle. The
dynamic exclusion was set to 30 s.

2.9.3. Database search
The data were processed using the MaxQuant search engine
(v.1.6.15.0). Tandem mass spectra were searched against the
human SwissProt database (20395 entries). Trypsin/P was set as
the cleavage enzyme. The length of peptides was set at over 7
amino acids. The maximum modifications of peptides were set as
5. The mass tolerance for precursor ions was set at 20 ppm in the
first search and 20 ppm in the main search, and that of fragment
ions was set at 20 ppm. Carbamidomethyl on cysteine was treated
as fixed modification; in addition, oxidation on methionine and
acetylation on protein N-terminus were selected as variable
modifications. FDR was adjusted to <1%. The raw data were
processed by the GO pathway enrichment. The identified proteins
were annotated into the following three GO categories: biological
processes, cellular components, and molecular function using
eggnog-mapper software (v2.0) based on the EggNOG database.
For each category, a two-tailed Fisher’s exact test was run to test
the enrichment of the differentially expressed protein against all
identified proteins, where GO descriptions with a corrected
P-value <0.05 were considered significant.

2.10. Statistical analyses

All data are presented as means � Standard Error of the Mean
(SEM). Statistical analyses were performed with two-tailed,
unpaired Student’s t test and multiple t tests available in
GraphPad Prism software. Significant differences were marked as
*P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant.

3. Results

3.1. IFN-mediated change in host protein subcellular
distribution is partially corrected with MXB depletion

We first examined the effect of IFN treatment on the subcellular
distribution of host proteins using the proteomics approach.
Briefly, subcellular fractions of HEK293T cells with or without
IFN treatment were prepared, which was followed by a LCeMS/
MS-based label-free quantitative proteomics analysis. A total of
8001 proteins were detected (the list of identified proteins is
available upon request). Among these proteins, the abundance of
806 and 543 proteins in the nuclear and cytoplasmic membrane
fractions, respectively, changed by more than 2-fold (P < 0.05)
upon IFN treatment (Supporting Information Fig. S1). The results
of the GO pathway enrichment analysis revealed that most of the
altered genes were enriched in the pathways of nucleoside
phosphate metabolism, carboxylic acid metabolism, ribose phos-
phate metabolism, DNA metabolism, and negative regulation of
cell cycle (Fig. 1A and C). After comparing the total protein
levels in the whole cell lysates with and without IFN treatment,
we found that the treatment did not change the expression levels
of about 97% of proteins that varied in nuclear and cytoplasmic
membrane fractions. This finding suggests that the changed sub-
cellular abundance is not a result of altered expression of the
proteins upon IFN stimulation. Instead, these data highlight a
global effect of IFN treatment on the subcellular distribution of
host proteins.

We next investigated protein subcellular distribution in MXB-
knockdown cells in response to IFN treatment using the same
LCeMS approach, to investigate the potential role of MXB in IFN
altering protein subcellular distribution. As shown in Fig. S1, in
response to IFN treatment, knocking down MXB abolished the
changes in the abundance of 349 and 163 proteins in the nuclear
and membrane fractions. The results of the GO pathway
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enrichment analysis showed that these MXB-dependent genes
were enriched in pathways of regulation of lipid metabolism,
oxidative phosphorylation, vesicle organization, and negative
regulation of cell cycle (Fig. 1B and D). Collectively, these data
Figure 1 MXB participates in IFN-mediated regulation of protein subc

fractionation kit (Pierce), HEK293T and HEK293T MXB�/� cells were tre

membrane fraction and nuclear fraction) were respectively isolated; the fo

the latter corresponded to soluble nuclear contents. Proteins in the subcel

cessed by GO pathway enrichment, n Z 3. (A) GO pathway enrichment of

MXB-related proteins in cytoplasmic membrane fractions. (C) GO pathw

MXB-related proteins in nuclear fractions.
suggest that IFN may modulate protein subcellular distribution as
a result of altering intracellular protein transportation and traf-
ficking, and that this function of IFN, to a significant extent, de-
pends on MXB.
ellular distribution. Prior to fractionation with the subcellular protein

ated with IFN-a2b (500 IU/mL). Two cellular fractions (cytoplasmic

rmer included plasma, mitochondria, and ER/Golgi membranes, while

lular fractions were determined by LCeMS. The raw data were pro-

total cytoplasmic membrane fractions. (B) GO pathway enrichment of

ay enrichment of nuclear fractions. (D) GO pathway enrichment of
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3.2. MXB interacts with intermediate filament VIM

In order to understand how MXB regulates intracellular protein
transportation and trafficking in response to IFN, we first per-
formed Escherichia coli biotin ligase (BirA)-mediated proximity-
dependent biotin identification (BioID), coupled with the MS
approach to identify cellular proteins that associated with MXB.
In brief, the BirA sequence was attached to the C-terminus of the
wild-type MXB or the N-terminal truncated MXB (92e715).
HEK293T cells that expressed MXB-BirA or MXB (92e715)-
BirA were exposed to biotin to label proteins that were in close
contact with MXB-BirA or MXB (92e715)-BirA; the biotin-
labeled proteins were isolated with streptavidin beads and deter-
mined by mass spectrometry. Since early studies reported that the
N-terminus of MXB is indispensable for its biological functions
such as the antiviral activity36, the truncated form of MXB
(92e715) was used as a control. The results revealed that 196
Figure 2 MXB interacts with VIM. (A) Table 1 lists the top candidates

(B) HEK293T cells were transfected with MXB-Flag or MXB (26e715)-

Then the cell lysates were subject to immunoprecipitation (IP) with anti-Fl

or anti-Flag antibody. Next, 8% WCL were immunoblotted to show the

dependent experiments were performed. (C) Huh7.5.1 cells were transfected

of MXB with VIM was examined with in situ PLA and detected as red pun

cells (n Z 10) using the Image-Pro Plus 7.0C software; the data were plo

shown. Bars, 10 mm. (D) HEK293T cells were treated with IFN-a2b (500 I

antibody. The presence of VIM was detected in IB, nZ 3. (E) Huh7.5.1 cel

MXB with VIM was examined with PLA. Randomly selected cells (n Z
nificance of difference is indicated as ***P < 0.001.
MXB-associated proteins were absent or had a significantly low
level in the control samples (Supporting Information Table S1).

Notably, the intermediate filament protein VIM was the top
candidate interacting with MXB, but not with MXB (92e715)
(Fig. 2A). In previous research, intermediate filament was found to
regulate intracellular protein trafficking and may assist the virus to
transport to its replication site within cells48,49. Accordingly, we
performed experiments to verify and further characterize the
interaction of VIM with MXB. The results of two-way Co-IP
confirmed that the ectopically expressed MXB, not its MXB
(26e715) mutant, interacted with endogenous VIM (Fig. 2B).
This observation was supported by the data of PLA where protein
interactions were detected as individual fluorescent dots and
revealed interactions between MXB and VIM both in the cyto-
plasm and around the nucleus (Fig. 2C). Next, we used IFN to
treat cells and evaluated the interaction of IFN-induced endoge-
nous MXB with VIM. Again, the endogenous MXB was found to
associated with MXB as identified by BioID and MS analysis, n Z 3.

Flag plasmid, and empty vector (EV) was used as a negative control.

ag or anti-VIM antibody. Immunoblot (IB) was probed with anti-VIM

expression of MXB-Flag, MXB (26e715)-Flag, and VIM. Three in-

plasmids expressing MXB-Flag or MXB (26e715)-Flag. Association

cta within the cells. The red puncta were scored in randomly selected

tted as a grouped column scatter diagram. Representative images are

U/mL) for 48 h, and the cell lysates were subject to IP with anti-MXB

ls were treated with IFN-a2b (500 IU/mL) for 48 h. The association of

10) were examined to score the red puncta. Bars, 10 mm. The sig-
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associate with VIM in the Co-IP experiment (Fig. 2D) and in the
PLA study (Fig. 2E). Together, these results demonstrate that
MXB interacts with VIM.

3.3. Depleting VIM abrogates MXB inhibition of HIV-1 and
HCV

To examine the potential role of VIM in the antiviral activity of
MXB, we knocked down VIM with siRNA in HEK293T cells that
were transfected to express MXB-Flag protein, followed by
infection with VSV-pseudotyped HIV-1 NL4-3-Luc that expressed
luciferase upon a successful infection. Consistently with previous
Figure 3 MXB inhibition of HIV-1 and HCV depends on VIM. (A, D) H

Flag plasmid DNA, followed by the infection with VSV-pseudotyped HIV

was determined by WB. HIV-1 infection was evaluated by measuring firefl

measured by detecting extracellular HCV titer, intracellular viral RNA,

independent experiments. The values are expressed as means � SEM. (B

DNA and infected with VSV-pseudotyped HIV-1 NL4-3-Luc (B) or JFH1 H

methods as (A) and (D); the data are presented as means � SEM, n Z 3.

plasmid expressing VIM-HA and MXB-Flag, then infected with VSV-pseu

infection were evaluated, respectively. The data represent at least three ind

all panels, the data were normalized to the control group, with the control

*P < 0.05, **P < 0.01, ***P < 0.001; n.s., not significant.
reports, MXB inhibited HIV-1 replication by approximately
50%50. Of note, as compared with 80%e90% inhibition on wild
type HIV-1 or pseudotyped HIV-1 by MXB in T lymphocytes,
much less potency of MXB in VSV-pseudotyped HIV-1 infected
non-lymphocytes was generally observed, which could have been
due to the fact that non-lymphocytes tend to be more sensitive to
these pseudotyped viron51. In addition, we found that knockdown
of VIM abolished MXB-mediated inhibition of HIV-1 infection
(Fig. 3A). This observation was verified by the data produced with
the cells with VIM knocked out using CRISPR-Cas9 (Fig. 3B).
We further measured MXB inhibition of HCV infection with
knockdown or knockout of VIM and observed the loss of HCV
uh7.5.1 cells were cotransfected with either siVIM or siNT and MXB-

-1 NL4-3-Luc (A) or JFH1 HCVcc (D). Expression of MXB and VIM

y luciferase activity and expression of HIV-1 p24. HCV infection was

and HCV core protein. The data shown here represent at least three

, E) Huh7.5.1 VIM�/� cells were transfected with MXB-Flag plasmid

CVcc (E). HIV-1 and HCV infection were determined using the same

(C, F) Huh7.5.1 VIM�/� cells were transfected or co-transfected with

dotyped HIV-1 NL4-3-Luc (C) or JFH1 HCVcc (F). HIV-1 and HCV

ependent experiments. The values are expressed as means � SEM. For

value arbitrarily set to 1. The significance of difference is indicated as
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inhibition by MXB (Fig. 3D and E). The overexpression of VIM
significantly rescued the infection of HIV-1 and HCVand restored
the antiviral activity of MXB in VIM-KO cells (Fig. 3C and F).
We also noted that reducing VIM expression alone decreased the
infection of HIV-1 and HCV by about 50%; MXB did not further
reduce viral infection, suggesting that, rather than assisting MXB
to inhibit HIV-1 and HCV, VIM serves as a cofactor of HIV-1 and
HCV infection and is likely targeted and negated by MXB.

3.4. VIM assists HIV-1 and HCV infection

Considering that MXB impairs nuclear import of HIV-1 DNA and
the localization of HCV NS5A to ER10,43, we speculated that VIM
may play a role in these transport events of viral molecules.
Indeed, depletion of VIM resulted in a significant reduction in the
integrated HIV-1 DNA, but not in the viral cDNA synthesis that
occurs within the cytoplasm, as shown by the results of RT-qPCR
in Fig. 4A and B. These findings support a positive role of VIM in
the translocation of HIV-1 DNA from the cytoplasm into the
nucleus, although the possibility that VIM may participate in HIV-
1 DNA integration can not be ruled out. Furthermore, VIM
knockdown significantly reduced the colocalization of NS5A with
ER marker protein disulfide isomerase (PDI) (Fig. 4C), further
supporting the role of VIM in the intracellular transport of viral
molecules and complexes.

Several previous studies reported MXB-resistant HIV-1 capsid
(such P90A) and HCV NS5A (D316E and Y317N(DEYN))
mutants52,53. In our results, in contrast to the wild type viruses,
viral DNA integration of the P90A HIV-1 mutant and ER locali-
zation of HCV NS5A DEYN mutant were not affected by VIM
depletion (Fig. 4D and E). The correlation between viral sensi-
tivity to MXB and the viral dependence on VIM suggests that
MXB may inhibit viruses by impairing the function of VIM in
mediating intracellular transport of key viral molecules and
complexes. In support of this hypothesis, we found that the P90A
HIV-1 capsid mutant lost association with VIM, as shown by the
PLA data in Fig. 4F. Similarly, HCV NS5A DEYN mutant no
longer formed a complex with VIM (Fig. 4G).

We and others reported that MXB inhibition of HIV-1 and
HCV depends on CYPA10,44. To test possibility that CYPA may
participate in VIM-mediated intracellular transport of viral mol-
ecules, we examined the association of HIV-1 capsid and HCV
NS5A with VIM in CYPA-KO cells by performing PLA and
observed substantial loss of VIM association with these viral
proteins as compared to that in control cells (Fig. 4F and G). This
loss of association was further supported by the results of Co-IP
experiment on the interaction between NS5A and VIM in the
presence or absence of CYPA (Fig. 4H). Taken together, these data
demonstrate that VIM supports the intracellular transport of HIV-1
capsid and HCV NS5A in a CYPA-dependent manner.

3.5. MXB causes a rearrangement of VIM network as a result of
VIM phosphorylation at amino acid S38

To test the hypothesis that MXB inhibits HIV-1 and HCV by
abrogating VIM-mediated intracellular transport of key viral
molecules, we first examined the effect of MXB on the subcellular
distribution of VIM. The results of immunofluorescence assays
revealed that, as opposed to the diffuse distribution of VIM in
control cells, MXB expression caused a greater aggregation of
VIM (Fig. 5A). Similarly, IFN-a2b treatment caused VIM
aggregation, which was not observed in MXB-KO cells with
IFN-a2b treatment (Fig. 5B). These data suggest that MXB
modulates the organization of VIM network. Of note, only partial
VIM was found colocalization with MXB (Fig. 5A), while VIM-
associated viral replication was completely blocked by over-
expressed MXB (Fig. 3). These observations raise the possibil-
ities that either MXBeVIM interaction is dynamic and reversible,
or MXB may target only the group of VIMs participating in
intracellular transport of viral proteins; these possibilities warrant
further investigation.

VIM network organization is affected by various post-
translational modifications, including phosphorylation at amino
acid positions S38, S55, S71, S82, and S8354,55. We thus inves-
tigated whether MXB affects VIM phosphorylation at the above
amino acid positions by performing WB using antibodies specific
for different phosphorylation sites of VIM. The results revealed
that MXB increased phosphorylation of VIM specifically at S38,
but not at any of the other sites (Fig. 5C). In support of this
observation, IFN treatment also increased the phosphorylation of
S38 in VIM, and this increased S38 phosphorylation of VIM was
not observed in MXB-KO cells with IFN treatment (Fig. 5D).
Therefore, it can be concluded that MXB expression leads to
phosphorylation of VIM at amino acid S38.

To further examine the role of S38 phosphorylation in VIM
network organization, we generated the phospho-mimetic muta-
tion S38E and the non-phosphorylation mutation S38A. The S38E
VIM mutant exhibited the aggregation distribution in VIM-KO
cells as opposed to the non-phosphorylation mutant S38A that
exhibited the diffuse distribution and, importantly, did not
aggregate with MXB expression (Fig. 5E). Used as a control, the
S83A VIM mutant transformed from diffuse distribution to
aggregation by MXB. Together, these results demonstrate that
MXB causes VIM phosphorylation specifically at S38, which
leads to a VIM network reorganization.

3.6. MXB-induced phosphorylation of VIM at S38 impairs viral
replication

To investigate the effect of MXB-induced S38 phosphorylation of
VIM on viral infection, we used HIV-1 and HCV to infect VIM�/�

cells supplemented with HA-tagged VIM or its mutants; next,
HIV-1 DNA integration and HCV NS5A ER-localization were
measured. The results revealed that, similarly to the wild type
VIM, non-phosphorylation mutants S38A and S83A were all able
to increase HIV-1 DNA integration and ER localization of HCV
NS5A, as opposed to the phospho-mimetic S38E that did not exert
any enhancing effect (Fig. 6A and B, and Supporting Information
Fig. S2A). These data indicate that VIM with phosphorylated S38
cannot support viral replication. Finally, we investigated the role
of S38 phosphorylation of VIM in the antiviral activity of MXB,
and observed that in VIM�/� cells, the S38A mutant, but not
S83A, rendered HIV-1 refractory to MXB inhibition (Fig. 6C). In
addition, overexpression of VIM mutant S38A strongly resisted
the MXB disruption of NS5A localization to ER (Fig. 6D and
Fig. S2B). Together, we conclude that MXB inhibits HIV-1 and
HCV infection by causing phosphorylation of VIM at S38.

3.7. Cellular kinase AKT is responsible for MXB-induced
phosphorylation of VIM at S38

To determine which cellular kinases are recruited by MXB
to phosphorylate VIM at S38, we tested inhibitors targeting
ERK1/2, PAK, PKA, ROCK, or AKT that were previously



Figure 4 The role of VIM in HIV-1 and HCV infection. (A, B) Effects of VIM knockout on HIV-1 reverse transcription and integration. VSV-

pseudotyped HIV-1 NL4-3-Luc was used to infect Huh7.5.1 or Huh7.5.1 VIM�/� cells. The amounts of late reverse transcription DNA products

were determined by RT-qPCR (A). Levels of integrated HIV-1 DNAweremeasured byAlu-PCR (B). Data are presented asmeans� SEM, nZ 3. (C,

E) Colocalization of PDI (ERmarker) with HCVNS5A.Huh7.5.1 cells were transfected with siVIM and plasmid DNA expressingHCVNS5A (C) or

HCV NS5A (DEYN) mutant (E). The cells were fixed and stained for PDI (green), NS5A (red) and VIM (blue). Representative images are shown,

nZ 3. Bars, 5 mm. The colocalization coefficient values (mean fluorescence intensity (MFI) and Pearson’s values) were detected by using the Image-

Pro Plus 7.0C software. Five images were randomly selected for colocalization analysis. (D) Effects of MXB overexpression and VIM knockout on

the integration of HIV-1 and P90A mutant virus. HEK293T cells were cotransfected with either siVIM or siNT and plasmid expressing MXB-Flag,

followed by the infection of VSV-pseudotyped HIV-1 NL4-3-Luc or mutant virus. HIV-1 DNAwas extracted and the levels of integrated viral DNA

were measured by Alu-PCR. The results in the figure show the average of three independent infection experiments. The data are presented as

means� SEM. (F) Wild type HEK293T cells and CYPA�/� cells were infected with VSV-pseudotyped HIV-1 NL4-3-Luc or the P90A mutant. The

association of HIV-1 capsid with VIMwas examined by PLA and detected as red puncta within cells. Bars, 10 mm. This experiment was performed in

triplicate; the representative images are shown. (G) Wild HEK293T cells and HEK293T CYPA�/� cells were transfected with either NS5A or

NS5A(DEYN) plasmid DNA. The association of HCV NS5Awith VIM was examined by PLA and detected as red puncta within cells. Bars, 10 mm.

This experiment was performed in triplicate; the representative images are shown. (H) Total lysates from wild HEK293T cells and HEK293T

CYPA�/� cells were subject to immunoprecipitation with anti-Flag antibody. Immunoprecipitated complexes were examined using WB with anti-

VIM antibody. Next, 8% WCL was immunoblotted to verify the expression of NS5A-Flag, VIM and CYPA (n Z 3). The significance of differ-

ence is indicated as *P < 0.05, **P < 0.01, ***P < 0.001; n.s., not significant.
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Figure 5 MXB regulates the VIM network by promoting phosphorylation at serine 38. (A) Huh7.5.1 cells were transfected with MXB-Flag

plasmid or EV. MXB-Flag protein (green) and VIM (red) were visualized by immunostaining. The nuclei were stained by DAPI (blue).

Representative images based on at least three independent experiments are shown. Bars, 5 mm. (B) Huh7.5.1 and Huh7.5.1 MXB�/� cells were

treated with IFN-a2b (500 IU/mL) for 48 h. VIM (red) was immunostained, and the nuclei were stained by DAPI (blue) staining (n Z 3). Bars,

5 mm. (C) Huh7.5.1 MXB�/� cells were transfected with EV or MXB-Flag plasmid DNA (0.5, 1, 2 mg), respectively. Wild type Huh7.5.1 cells

transfected with EV were set as control. Expression Levels of endogenous MXB and phosphorylated VIM S38, S55, S72, S82, and S83

(pVIM(S38), pVIM(S55), pVIM(S72), pVIM(S82), pVIM(S83)) were determined by WB. The integrated density of pVIM(S38) and actin bands

were measured by ImageJ and the ratio of pVIM(S38)/actin was calculated (n Z 3). (D) Huh7.5.1 and Huh7.5.1 MXB�/� cells were treated with

IFN-a2b (500 IU/mL) for 48 h. The level of pVIM(S38) was determined by WB (n Z 3). (E) Huh7.5.1 VIM�/� cells were cotransfected with

MXB-Flag and VIM-HA plasmid DNA or its mutants (S38E, S38A, and S83A). The cells transfected with EV and set as the control group. MXB

protein (green) and HA tagged proteins (red) were visualized using immunostaining. Nuclei were stained with DAPI (blue). Representative

images are shown (n Z 3). Bars, 5 mm.
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reported to be able to catalyze the phosphorylation of VIM at
S3856e58. These inhibitors include ravoxertinib, IPA-3,
H89$2HCl, Y-27632$2HCl, and MK-2206$2HCl targeting
ERK1/2, PAK, PKA, ROCK and AKT, respectively. We first
measured the effect of these inhibitors on the anti-HIV and HCV
activity of MXB. The results showed that AKT, PKA, and
ROCK inhibitors alone did not affect HIV-1 and HCV infection
(Supporting Information Fig. S3), and restored the infection of
HIV-1 and HCV in the presence of MXB to the levels in control
cells (Fig. 7A and B), suggesting that inactivating AKT, PKA, or
ROCK counteracts the antiviral effect of MXB. Among these
three classes of inhibitors, only the AKT inhibitor MK-
2206$2HCl inhibited the VIM S38 phosphorylation in MXB-
overexpressing cells (Fig. 7C), suggesting that PKA and
ROCK inhibitors antagonize MXB restriction by separate
mechanisms (Supporting Information Fig. S4); importantly,
these results also support the involvement of AKT in the MXB-
induced VIM S38 phosphorylation. This possibility was further
supported by the loss of S38 phosphorylation in VIM with MXB
expression when AKT was knocked down (Fig. 7D). Moreover,
either the AKT inhibitor treatment (Fig. 7E) or reducing AKT
expression by siRNA (Fig. 7F) markedly restored the level of
integrated HIV-1 DNA in MXB-expressing cells, whereas no
significant effect on HIV-1 DNA integration in the cells without
MXB was observed. In addition to the effect on HIV-1, the PLA
data showed that AKT inhibitor dramatically restored the NS5A



Figure 6 MXB-induced phosphorylation of VIM at S38 impairs viral replication. (A) Huh7.5.1 VIM�/� cells were transfected with plasmid

DNA expressing either VIM-HA or its mutants (S38A, S38E and S83A), followed by the infection of VSVG-HIV-1 NL4-3. Levels of integrated

viral DNAwere measured by Alu-PCR. The results are presented in the bar graph; the data are presented as means � SEM, n Z 3. (B) Huh7.5.1

VIM�/� cells were cotransfected with plasmids expressing HCV NS5A-Flag and either VIM-HA or its mutant. The association of HCV NS5A

with PDI was examined with PLA and detected as red puncta within cells. Bars, 10 mm. Three independent experiments were performed. (C)

Huh7.5.1 VIM�/� cells were cotransfected with plasmid DNA expressing MXB-Flag and either VIM-HA or its mutants, followed by the infection

of VSVG-HIV-1 NL4-3. The levels of integrated viral DNA were measured using Alu-PCR. The results are presented in the bar graph. The data

are shown as means � SEM, n Z 3. (D) Huh7.5.1 VIM�/� cells were cotransfected with plasmid DNA expressing HCV NS5A-Flag, MXB-GFP,

and either VIM-HA or its mutant. GFP plasmid was used as the control. The association of HCV NS5Awith PDI was visualized as red puncta, and

MXB was pseudocolored as green (n Z 3). Bars, 5 mm. The significance of difference is indicated as **P < 0.01, ***P < 0.001; n.s., not

significant.
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and PDI interaction in the presence of MXB, as compared with
that in the cells without the treatment (Fig. 7G). Collectively,
these findings suggest that AKT is required for MXB-induced
phosphorylation of VIM at S38 and for MXB antiviral activity.

3.8. MXB mediates the interaction between AKT and VIM

To understand how MXB enables VIM phosphorylation by AKT,
we first measured the levels of AKT protein and its mRNA, and
did not observe significant change in the presence of MXB
overexpression (Supporting Information Fig. S5). Instead, much
higher amounts of AKTwere co-immunoprecipitated with VIM in
either the control or MXB-KO Huh7.5.1 cells with overexpressed
MXB (Fig. 8A), suggesting that MXB promotes AKT association
with its substrate VIM. In further support of this observation, the
IFN treatment markedly increased AKT association with VIM,
and this association was virtually lost in MXB-KO cells, as shown
by the results of Co-IP (Fig. 8B) and PLA experiments (Fig. 8C).
This lost AKT and VIM association in MXB-KO cells was
restored with ectopic expression of MXB (Fig. 8A). Together,
these results demonstrate a key role of MXB in AKT interaction
with VIM. We also tested the MXB (26e715) mutant that lost the
ability of binding to VIM (Fig. 2B), to find that this mutant was
unable to promote AKT association with VIM nor restore the
association of AKT with VIM in either the control or the MXB-
KO cells (Fig. 8A). These results suggest that binding to VIM is



Figure 7 AKT participates in MXB-induced phosphorylation of VIM at S38. (A, B) HEK293T and Huh7.5.1 cells were transfected with MXB-

Flag plasmid DNA and then treated with cellular kinase inhibitors. At 24 h after treatment, the cells were infected with VSVG-HIV-1NL4-3 (A) or

JFH1 HCVcc (B). The infectivity of HIV-1 and HCV were evaluated by measuring firefly luciferase activity and viral RNA level, respectively. The

data represent at least three independent experiments, and the values are expressed as means � SEM. For all panels, data were normalized to the

control group, with the control value set to 1. (C, D) HEK293T cells were transfected with MXB-Flag plasmid DNA and treated with either

MK-2206 2HCl (C) or siRNA targeting AKT (D). The level of VIM phosphorylation at S38 was determined by WB (nZ 3). (E, F) HEK293T and

Huh7.5.1 cells were transfected with MXB-Flag plasmid DNA and treated with MK-2206 2HCl (E) or siRNA targeting AKT (F). At 24 h after

treatment, the cells were infected with VSVG-HIV-1 NL4-3. The data represent at least three independent experiments, and the values are

expressed as mean � SEM. (G) Huh7.5.1 cells were cotransfected with NS5A-Flag and MXB-GFP plasmid DNA in the presence of

MK-2206$2HCl. The association of HCV NS5A-Flag with PDI was examined using PLA and detected as red puncta; MXB was pseudocolored as

green. Representative images are shown. Bars, 10 mm. This experiment was repeated in triplicate; the representative images are shown. The

significance of difference is indicated as **P < 0.01, ***P < 0.001; n.s., not significant.
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required for MXB to enable AKT and VIM interaction. Therefore,
we asked whether MXB is also capable of interacting with AKT
and serves as a bridge to form the AKTeMXBeVIM complex.
Indeed, the results of both of Co-IP and PLA experiments showed
binding of MXB to of AKT. Importantly, VIM knockout did not
affect the AKTeMXB interaction (Fig. 8D and E and Supporting
Information Fig. S6). Along with the first 25 amino acids of MXB,
other N-terminal consisting of GTPase domain and proline rich
domain (MXB (26e334)), but not C-terminal (MXB (335e715)),
also helped this interaction (Fig. 8D and E, and Supporting
Information Fig. S7A). AlphaFold-Multimer v3 prediction sug-
gested that MXB (1e25) (visually distinguished in blue) interjects



Figure 8 MXBmediates the interaction betweenAKTandVIM. (A)Huh7.5.1 cells orHuh7.5.1MXB�/� cells were transfectedwithMXB-Flag or

MXB (26e715)-Flag plasmid DNA. Total cell lysates were immunoprecipitated with anti-AKT antibody. Immunoprecipitated complexes were

probed in IB with anti-VIM antibody. The data are representative of three independent experiments. (B) Total lysates of the control Huh7.5.1 or

Huh7.5.1 MXB�/� cells, treated with IFN-a2b (500 IU/mL), were immunoprecipitated with anti-AKT antibody. The presence of VIM in the

immunoprecipitated complexes was detected in IBwith anti-VIM antibody (nZ 3). (C) The association of VIMwith AKT in Huh7.5.1 andHuh7.5.1

MXB�/� cells was examinedwith PLA. This experiment was repeated in triplicate. The interaction betweenVIMandAKTwas detected as red puncta.

Bars, 10 mm. The representative images are shown. (D) Total lysates from Huh7.5.1 or Huh7.5.1 VIM�/� cells, transfected with either MXB-Flag or

MXB (26e715)-Flag plasmid DNA, were immunoprecipitated with anti-Flag antibody. Immunoprecipitated complexes were examined in IB with

the anti-AKTantibody. Total expression ofMXB-Flag,MXB (26e715)-Flag, VIM, andAKTwere examined in 8%WCL. The data are representative

of three independent experiments. (E) Interaction between MXB (or MXB (26e715)) and AKTwas measured using PLA in Huh7.5.1 and Huh7.5.1

VIM�/� cells. Three independent experiments were performed, and representative images are shown. Bars, 10 mm.
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itself between AKT and VIM. This specific arrangement serves as
an anchor, facilitating a stable structural association of these two
proteins within the complex and suggesting that N-terminal of
MXB plays an important role in connecting AKT and VIM
(Fig. S7B). Together, we conclude that MXB acts as a bridge to
mediate the interaction between AKT and VIM, and thus enables
VIM phosphorylation by AKT.
4. Discussion

It has been long known that IFN response to virus infection stim-
ulates the expression of hundreds of ISGs, and that the antiviral
effector functions of many of these ISGs jointly defend cells and the
hosts against the invading viruses. Some of the antiviral ISGs
include viperin59, interferon-induced protein with tetratricopeptide
repeats 160, PKR61, OAS/RNase L62,MX proteins, and others. Each
of these ISGs inhibits a specific group of viruses frequently perti-
nent to their unique antiviral molecular mechanisms. For instance,
once activated by viral double-stranded RNA, PKR causes EIF2a
phosphorylation and shuts down translation to inhibit virus pro-
duction. Some viruses, such as HCV and cricket paralysis virus,
resist PKR-mediated inhibition by employing cap-independent
translation mechanism, internal ribosomal entry site, to bypass the
need for EIF2a. In addition to PKR-mediated shutdown of protein
synthesis, in this study, we report a global effect of IFN treatment on
protein subcellular distribution. This effect of IFN may impact
many cellular functions, since the GO analysis of the affected
proteins showed enrichment in multiple key cellular pathways and
processes, including nucleoside phosphate metabolism, carboxylic
acid metabolism, ribose phosphate metabolism, DNA metabolism,
and the negative regulation of cell cycle. It is highly possible that, as
amechanism to inhibit virus infection, IFNmay extend this effect to
change subcellular localization of viral proteins and complexes.
Importantly, depletion of MXB largely abrogates the changes in
protein subcellular distribution caused by IFN, suggesting a new
mechanism underlying the antiviral function of MXB.

MXB was previously reported to inhibit viruses from different
virus families, including HIV-1, HBV, HCV, and HSV-110,44,45,63.
Distinct steps of replication of these viruses are impaired by



Figure 9 Model depicting MXB inhibition of HIV-1 and HCV replication by regulating the VIM network. VIM binds to HIV-1 capsid and

HCV NS5A, and promotes the nuclear import of HIV-1 DNA and ER localization of HCV NS5A. When MXB is induced by IFN, MXB hijacks

AKT to phosphorylate S38 in VIM, which causes a rearrangement of the VIM network, impairment of HIV-1 DNA nuclear import and HCV

NS5A localization to ER, and a restriction of virus infection. The figure was created using BioRender.com.
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MXB. For instance, MXB inhibits the nuclear import of HIV-1
DNA and herpesvirus DNA, disrupts ER localization of HCV
NS5A protein, and reduces the production of HBV cccDNA. The
specificity of MXB inhibition of each of these viruses may depend
on the MXB recognition of specific viral proteins such as HIV-1
capsid. However, an equally possible scenario is that MXB may
have targeted a cellular mechanism that these viruses need to
hijack to replicate. The results of the present study support this
model of MXB antiviral action by showing that MXB disrupts the
VIM network which some viruses use to transport to the right
subcellular sites to achieve efficient replication (Fig. 9). Specif-
ically, through the interaction with both of these proteins, MXB
recruits the AKT kinase to VIM and causes VIM phosphorylation
at S38, which results in the VIM network reorganization and
aggregation. This model of action would predict that VIM-
dependent viruses, including HIV-1 and HCV, are sensitive to
the MXB inhibition; said differently, the nuclear import of HIV-1
virion and ER-localization of HCV NS5A all depend on VIM
(Fig. 3). In previous research, VIM was found to interact with
HCV core protein64, also with the HSV-1 capsid and tegument
protein complex65. The link remains to be established between the
dependence of HIV-1, HBV, HCV and HSV-1 on VIM and their
sensitivity to MXB inhibition.

Some viruses such as IAV rely on VIM for replication, but
remain insensitive to MXB restriction. In this case, VIM depletion
affects endosome distribution and acidification, thus impeding the
release of the IAV RNA genome from these organelles66. It is
likely that MXB causes VIM network reorganization, but does not
affect the distribution and properties of endosomes. The selective
effect of MXB on VIM function may be attributed to the possi-
bility that MXB has access to only certain populations of VIM,
which partly depends on the subcellular localization of MXB. In
support of this scenario, changing subcellular localization of MXB
rendered the host cells resistant to IAV67, although a role of VIM
in this anti-IAV function of the modified MXB remains unclear.
Alternatively, as shown in the present study and several pervious
investigations, MXB-induced reorganization of VIM network may
only compromise the trafficking of a subset of cargos, such as
those that depend on CYPA, highlighting CYPA dependence of
certain viruses on both their sensitivity to MXB and their VIM-
mediated intracellular transportation10,67,68. One working model
is that MXB preferably inhibits CYPA-dependent VIM-mediated
intracellular trafficking of both cellular and viral proteins and
complexes, thereby leading to the inhibition of a selective group of
viruses.

Modulation of VIM structure was previously reported to
involved in the early stage of HIV replication and treated as a
potential therapeutic target against HIV infection24. VIM assem-
bly and disassembly are regulated by phosphorylation at multiple
amino acid sites, including S25, S38, S50, S55, S65, S71, S82, and
S83 56,69,70. In this study, we observed that MXB causes VIM
network reorganization by inducing S38 phosphorylation.
Although multiple kinases including AKT, ERK1/2, PAK, ROCK,
PKA, PKC, CAM kinase II and Aurora-B kinase were previously
reported to be able to phosphorylate VIM at S3856e58, our study
showed that only AKT inhibitor or knockdown of AKT dimin-
ished MXB-induced S38 phosphorylation of VIM. Importantly,
preventing the phosphorylation of VIM at S38 by either mutating
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S38 to S38A or the inactivation of AKT abolished the antiviral
activity of MXB, supporting the model that MXB inhibits viruses
by recruiting AKT to phosphorylate VIM at S38 and impairing
VIM-dependent trafficking of viral proteins and complexes.
Interestingly, inhibitors of kinases PKA and ROCK also antago-
nize the antiviral activity of MXB, yet without affecting VIM S38
phosphorylation. This observation suggests additional
phosphorylation-dependent mechanisms regulating the antiviral
function of MXB. For instance, Betancor et al.47 recently found
that MXB interacts with myosin light chain phosphatase, a
member of the serine/threonine protein phosphatase 1 family,
which safeguards the antiviral activity of MXB by dephosphor-
ylating the N-terminal domain of MXB. Interestingly, some
phosphorylated mutants of MXB (e.g., S28D/T151D or T151D/
T343A) were found to extend antiviral effects to CYPA-
independent HIV-1 capsid mutant, such as P90A, which was
insensitive to wild type MXB71. Of note, while several studies
reported that VIM is an interferon-inducible protein, no significant
increase in VIM expression was observed upon IFN-b treatment in
another previous study72 and in our present results. One possible
explanation for this discrepancy is that the response of VIM
expression to IFN stimulation may vary dependent of cell-type or
experimental condition, while the actual cause awaits further
investigation. In this work, all the experiments on endogenous
MXB utilized IFN as a stimulus, and it would be even more
relevant to investigate the interaction between endogenous MXB
and VIM in virus-infected cells. Unfortunately, similarly to several
previous studies43, we did not detect robust expression of
endogenous MXB induced by HCV and HIV-1 infection (data not
shown). Possible reasons include either the impaired ability to
produce IFN in HCV-permissive Huh7.5.1 cells or virus-mediated
inhibition on innate immunity activation so as to block inducing
the expression of endogenous MXB by viral infection.

To date, multiple mechanisms to account for the antiviral
activity of MXB have been reported, particularly in the context of
restricting HIV-1 infection. One mechanism involves MXB
binding to HIV-1 capsid, which leads to excessive stabilization of
viral capsid and the delay of viral capsid uncoating37. The other
mechanism is attributed to the localization of MXB to nuclear
pore complex (NPC) and interaction with specific nucleoporins
such as NUP214, which allows MXB to deter the docking of
HIV-1 capsid to NPC and subsequent entry into the nucleus47.
Consistently with the previous studies showing that double
depletion of NUP214/TNPO1 decreases antiviral function of
MXB by 2- to 3-fold46, our data also exhibited about 2-fold
inhibition of MXB antiviral activity by down-regulation of VIM,
which suggests a similar importance of NUPs and IFs in inhibition
of viral infection by MXB. In addition, a lower expression level of
MXB tended to accumulate around nuclear envelop as reduced
granule staining39, but large cytoplasmic puncta could be observed
at a higher expression level as Figs. 5A and 7G shown, which
suggests more biological functions of MXB may execute in
cytoplasm related with IFs. Accordingly, our study adds a new
layer to the current knowledge about the mechanism underpinning
the antiviral function of MXB, which may act by modulating VIM
network and, as a result, interfere with viral complex trafficking
and viral replication. These mechanisms may not be mutually
exclusive, rather may act in concert to achieve maximal restriction
of virus infections.

In summary, our study reveals a new function of MXB in
regulating the organization of VIM network by recruiting AKT to
phosphorylate the S38 amino acid of VIM. This function may have
allowed MXB to restrict a group of different viruses that depend on
VIM for intracellular trafficking and efficient replication, and thus
serve as a broad antiviral effector in the context of IFN response.
Accordingly, inducing expression of endogenous MXB or
expressing ectopical MXB (i.e., mRNA-based) may broadly sup-
press the infection of VIM-dependent viruses. Our results also
suggest that modulating VIM network with small compounds may
represent a new strategy to discover novel broad-spectrum antiviral
therapies, and such host-targeting strategy was previously reported
to be broad-spectrum and effective73,74. For instance, promoting the
phosphorylation of VIM S38 by small molecules through either
increasing AKT activity or specially enhancing AKTeVIM inter-
actionmay lead to a rearrangement of VIM, thereby interrupting the
cellular transportation of viruses. In line with this proposal, several
VIM-targeting compounds were already documented to regulate
VIM structure and guard against virus infection75,76; yet, the exact
mechanism awaits further investigation.

5. Conclusions

In this study, we reported a novel antiviral mechanism of MXB,
which contributes to explaining its broad-spectrum antiviral ac-
tivity. MXB hijacks AKT to phosphorylate S38 of intermediate
filament VIM, which induces VIM rearrangement. This structural
change of the VIM network impairs the normal intracellular
transport of virus, such as nuclear import of HIV-1 DNA and ER
localization of HCV NS5A, and eventually restricts viral repli-
cation in cells. These findings provide a new idea and method for
universal antiviral research and corresponding drug development.
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43. Goujon C, Moncorgé O, Bauby H, Doyle T, Ward CC, Schaller T,

et al. Human MX2 is an interferon-induced post-entry inhibitor of

HIV-1 infection. Nature 2013;502:559e62.

44. Liu Z, Pan Q, Ding S, Qian J, Xu F, Zhou J, et al. The interferon-

inducible MxB protein inhibits HIV-1 infection. Cell Host Microbe

2013;14:398e410.

45. Crameri M, Bauer M, Caduff N, Walker R, Steiner F, Franzoso FD,

et al. MxB is an interferon-induced restriction factor of human her-

pesviruses. Nat Commun 2018;9:1980.

46. Dicks MD, Betancor G, Jimenez Guardeño JM, Pessel Vivares L,

Apolonia L, Goujon C, et al. Multiple components of the nuclear pore

complex interact with the amino-terminus of MX2 to facilitate HIV-1

restriction. PLoS Pathog 2018;14:e1007408.

47. Betancor G, Jimenez Guardeño JM, Lynham S, Antrobus R, Khan H,

Sobala A, et al. MX2-mediated innate immunity against HIV-1 is

http://refhub.elsevier.com/S2211-3835(24)00122-9/sref1
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref1
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref1
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref1
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref2
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref2
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref2
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref2
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref3
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref3
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref3
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref4
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref4
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref4
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref5
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref5
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref5
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref6
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref6
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref6
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref6
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref7
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref7
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref7
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref8
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref8
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref8
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref9
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref9
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref9
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref10
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref10
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref10
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref11
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref11
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref11
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref11
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref12
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref12
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref12
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref12
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref13
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref13
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref13
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref14
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref14
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref14
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref15
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref15
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref15
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref16
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref16
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref16
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref16
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref17
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref17
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref17
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref18
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref18
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref18
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref18
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref19
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref19
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref19
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref20
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref20
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref20
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref21
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref21
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref21
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref22
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref22
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref22
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref23
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref23
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref23
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref23
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref24
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref24
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref24
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref25
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref25
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref25
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref26
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref26
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref26
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref26
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref27
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref27
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref27
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref27
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref28
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref28
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref28
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref29
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref29
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref29
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref29
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref30
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref30
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref30
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref30
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref31
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref31
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref31
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref31
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref32
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref32
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref32
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref33
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref33
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref33
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref33
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref34
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref34
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref34
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref34
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref35
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref35
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref35
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref36
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref36
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref36
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref37
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref37
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref37
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref38
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref38
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref38
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref39
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref39
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref39
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref39
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref39
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref40
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref40
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref40
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref40
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref41
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref41
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref41
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref41
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref42
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref42
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref42
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref42
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref43
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref43
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref43
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref43
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref44
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref44
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref44
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref44
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref45
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref45
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref45
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref46
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref46
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref46
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref46
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref47
http://refhub.elsevier.com/S2211-3835(24)00122-9/sref47


2536 Dongrong Yi et al.
regulated by serine phosphorylation. Nat Microbiol 2021;6:

1031e42.

48. Zhang Y, Wen Z, Shi X, Liu YJ, Eriksson JE, Jiu Y. The diverse roles

and dynamic rearrangement of vimentin during viral infection. J Cell

Sci 2020;134:jcs250597.

49. Ramos I, Stamatakis K, Oeste CL, Pérez-Sala D. Vimentin as a
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