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The host innate immune response is the first line of defense against human
immunodeficiency virus (HIV) infection. The type | interferon (IFN) response is a robust
anti-viral response that induces the transcription of several IFN-stimulated genes (ISGs).
However, the effects of ISGs, particularly on the HIV-1 Gag protein, remain largely
unknown. Hence, we screened ISG-encoded proteins by bioluminescence resonance
energy transfer to identify the crucial host effectors that suppressed Gag function.
Consequently, we identified the transmembrane protein MAL as a Gag-interacting 1ISG
product. In fact, ectopic expression of MAL substantially inhibited the production of HIV-1
particles, leading to the translocation, accumulation, and eventual lysosomal degradation
of Gag in the host endosomal compartments. Owing to the conserved N-terminal region
of MAL, which specifically interacts with HIV-1 Gag, this particular antiviral function of MAL
targeting Gag is also conserved among orthologs of various animal species. Notably, the
antiviral activity of MAL was partially antagonized by the viral accessory protein Nef, as it
interfered with the interaction between MAL and Gag. Therefore, this study reveals a
previously unidentified antiviral function of MAL and its viral counteraction. It also sheds
new light on therapeutic strategies against HIV-1 infection based on the intrinsic antiviral
immunity of host cells.

Keywords: HIV-1, interferon-stimulated genes, Gag, antiviral immunity, innate immunity

INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) is the causative agent of acquired immunodeficiency
syndrome (AIDS). Its genome comprises nine genes: three structural genes (gag, pol, and env), two
regulatory genes (rev and tat), and four accessory genes (nef, vpu, vif, and vpr) (1). The Gag structural
protein is synthesized as a precursor polyprotein (Pr55%8) consisting of four major domains: matrix

Abbreviations: HIV-1, Human immunodeficiency virus 1; IFN, Interferon; ISG, Interferon-stimulated gene; AIDS, Acquired
immunodeficiency syndrome; MA, Matrix; MVBs, Multivesicular bodies; PM, Plasma membrane; NanoLuc, NanoLuciferase;
NanoBRET, NanoLuciferase-based bioluminescence resonance energy transfer.
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(MA), capsid (CA), nucleocapsid (NC), and p6, and two spacer
sequences: SP1 and SP2. During late HIV-1 replication, the Gag
protein is transported to the plasma membrane (PM) where it is
assembled and multimerized for viral budding (2, 3). The MA
domain of the Gag polyprotein helps transport it to the PM by
interacting with anionic membrane lipids, such as phosphatidylinositol
4,5-bisphosphate (PIP2) (4, 5).

In the infected cells, HIV-1 targets various host factors to
promote the production of progeny virions. On the other hand,
host cells express antiviral factors that inhibit key steps of viral
replication (6). Interferons (IFNs) are antiviral signaling proteins
that are secreted by an infected cell during viral infection. They
induce the expression of an array of antiviral proteins in both the
infected and the surrounding non-infected cells. Furthermore,
IFNs are classified into three categories: types I, II, and IIL
Notably, type I and type III IFNs are involved in establishing an
antiviral tissue environment (7). These IFNs inhibit HIV
replication at various stages of the viral life cycle by promoting
the expression of IFN-stimulated gene (ISG) products. For
example, the ISG-encoded proteins APOBEC3G and BST2/
tetherin abrogate HIV replication by targeting reverse
transcription of the HIV genome and the release of the virus,
respectively (8). However, HIV has evolved and acquired
accessory proteins, such as Vif and Vpu, to counter the
function of the antiviral ISG products (9, 10). Indeed, these
ISG products are specifically targeted for degradation by the host
ubiquitin-proteasomal pathway or lysosome pathway, sustaining
viral replication.

Previously studies have shown that several host proteins
induced by type I and type III IFNs suppress the production of
viral particles (11, 12). However, which ISG product targets the
translocation of Pr55°% to the PM and its multimerization for
the production and assembly of viral particles during HIV-1
biogenesis is not fully clarified. We therefore screened for
intracellular protein-protein interactions by generating a
library of ISGs using NanoLuciferase (NanoLuc)-based
bioluminescence resonance energy transfer (NanoBRET). In
this study, we utilized the NanoBRET technology to identify
putative host proteins that bind to Gag and potently restrict HIV
replication. Consequently, we identified the tetraspanin
membrane protein MAL as a novel ISG product that targets
Gag and exhibits anti-HIV activities. Additionally, we found that
the HIV accessory protein Nef antagonizes the antiviral function
of MAL, sustaining viral replication.

MATERIALS AND METHODS

Cells and Plasmids

We cultured HEK293 cells (ATCC, #CRL-1573) in Dulbecco’s
Modified Eagle Medium supplemented with 10% fetal bovine
serum (FBS). Additionally, we cultured PC3 (ATCC, #CRL-
1435) and CEM cells in RPMI supplemented with 10% FBS.
The human codon-optimized HIV-1y;4 3 Gag and Nef, and non-
human MAL cDNAs were synthesized and subcloned into
pPEGFP- or pcDNA-based vectors. Mutants were generated by

PCR-based mutagenesis procedures. The HIV-1 molecular clone
pNL4-3, pNL4-3/Gag-EGFP, pNL4-3/Fynl0WT and pNL4-3/
Fynl0AMA have been described previously (13, 14). We
obtained the pNL4-3 plasmid defective in nef from the NIH
HIV reagent program (catalogue number ARP-12755).
Expression vectors encoding HaloTag-conjugated ISG-encoded
proteins were collected by Kazusa Genome Technologies (Chiba,
Japan) and purchased from Promega. Plasmids encoding GFP-
tagged LC3 and RhoB were obtained from Addgene (catalogue
number #11546) and Takara-Bio (catalogue number #632490),
respectively. NCBI accession numbers of MAL genes are: Homo
sapiens (AB529205), Macaca mulatta (XM_015112833), Mus
musculus (NM_010762), Gallus gallus (NM_001199391), and
Danio rerio (NM_001017686).

NanoBRET

We transfected HEK293 cells in 96-well white plates with vectors
encoding the HaloTag-fused ISG-encoded protein (100 ng) and
NanoLuc-fused Gag or Nef (1 ng). The NanoBRET activity was
measured at 48 h post-transfection using the NanoBRET Nano-
Glo Detection System (Promega). First, cells were co-transfected
with C-terminal NanoLuciferase (NL)-conjugated Gag and N-
terminal HaloTag (HT)-fused ISG expression vectors.
Subsequently, the HT-618 ligand and furimazine substrate
were added. If two proteins were within 200 nm of each other,
NanoBRET signals were detected. The NanoBRET signals of the
interaction between Gag-NL and Gag-HT was used as a
positive control.

HIV-1 Production Assay

HEK293 or PC3 cells seeded in 12-well plates were co-
transfected with pNL4-3 and either an ISG-encoded protein
expression vector or an empty vector using Effectene (Qiagen)
for HEK293 cells or Lipofectamine 3000 (Thermo) for PC3 cells.
In experiments with siRNA, cells were transfected with 20 pmol
of siRNA using Lipofectamine RNAIMAX (Thermo) one day
prior to transfection with pNL4-3. Two days post-transfection,
cell lysates and supernatants were harvested and subjected to
immunoblotting. In some experiments, 10 uM MG132 (Merck
#474790) or 100 uM chloroquine (Cayman Chemical #14194)
were added 16 h before cells were harvested. The p24 antigen
levels in the supernatants were measured using an ELISA kit
(Zepto Metrix). siRNAs were purchased from Qiagen (catalogue
number #S103650318 for the negative control and #5100627214
and #S100627228 for MAL).

HIV-1 Multicycle Assay

Replication-competent HIV-1 stocks were produced by transient
transfection of HEK293 cells with the pNL4-3 or pNL4-3ANef
plasmids. Culture supernatants containing HIV-1were collected
48 h after transfection and filtered through a 0.45 um Millex-HV
filter (Merck).

CEM cells (10° cells) were transfected with 50 pmol of siRNAs
using a 4D-Nucleofector (Lonza) with electroporation program
CL-120, following the manufacturer’s instructions. At 24 h post-
transfection, the CEM cells were infected with 25 ng of the HIV-1
p24 antigen. The cells were then centrifuged for 90 min at 800 x g
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with 5 pg/ml polybrene, and subsequently washed three times
with PBS to remove the added viruses. Thereafter, we
periodically collected the nascent virions that were produced
by the infected cells and measured the p24 levels as described in
section 2.3.

Immunoprecipitation

HEK293 cells seeded in six-well plates were transfected with
Gag-FLAG-encoding vector and the HT-tagged protein
expression plasmid with or without the Nef expression plasmid
(500 ng each). At 48 h post-transfection, the cells were lysed with
an HBST buffer (10 mM HEPES pH 7.4, 150 mM NaCl, and 0.5%
Triton-X-100) containing a protease inhibitor cocktail (Merck
#11697498001). The cell lysates were immunoprecipitated using
an anti-FLAG EZview Red Affinity Gel (Merck #F2426) for 16 h,
and the bound proteins were analyzed by immunoblotting as
follows. Samples dissolved in SDS loading buffer were loaded and
electrophoresed using 10% polyacrylamide gels, and the
separated proteins were blotted onto PVDF membranes
(Merck). Subsequently, the membranes were probed with
primary antibodies and horseradish peroxidase-conjugated
secondary antibodies (Cytiva). The detected proteins were
visualized using a FluorChem imaging system (Alpha
Innotech) or LuminoGraph imaging system (Atto). Protein
bands were analyzed using Image] software (NIH). Primary
antibodies used in this study included the following: HaloTag
(Promega #G9211), FLAG (Merck #F3165), GFP (MBL #598),
vinculin (Merck #V9131), p24 (NIH HIV reagent program
#ARP-3537), and Nef (Thermo #MA1-71501).

Immunofluorescence

For the immunofluorescence assay, HepG2 cells were seeded
onto glass cover slips one day before transfection. At 24 or 48 h
post-transfection, the cells were fixed with 4% paraformaldehyde

and permeabilized with 0.5% Triton X-100. Thereafter, the cells
were stained with anti-HaloTag (Promega #G9281) and Alexa
Fluor594-conjugated secondary antibody (Thermo #A48284).

RESULTS

Identification of Gag-Binding Proteins

That Inhibit HIV-1 Production

We prepared a human c¢cDNA library comprising 723 ISG
products based on the Interferome database (http://www.
interferome.org/). While preparing this library, we only
selected the ISG products whose expression was induced more
than 1.5-fold following treatment with type I or III IFNs (15).
Subsequently, to identify the ISG products that interacted with
Gag, we performed a high-throughput screening of the library by
co-expressing the C-terminus of the NanoLuc-conjugated HIV-1
Gag protein with each of the 723 ISG products in HEK293 cells.
Moreover, we analyzed the protein-protein interactions by
NanoBRET. In the first screening, we selected 62 ISGs as
potential candidates whose products bind to the Gag protein
(Figure 1A). Since Gag is the major structural protein required
for viral particle formation, we investigated whether these
candidates hindered viral particle production. To this end, we
performed a second screening wherein we co-transfected
HEK293 cells with the candidate ISG products and pNL4-3
and estimated the Gag p24 antigen levels in the culture
supernatant by ELISA. We found that five ISG-encoded
proteins (MAL, ZNF36L2, ZNF36, TCIRG1, and BCMP1)
significantly inhibited the production of HIV-1 particles
without causing apparent cytotoxicity (Figure 1B). Indeed,
they inhibited viral particle production more prominently than
the known antiviral factor IFITM2, which also targets Gag (16).
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FIGURE 1 | Identification of Gag-binding proteins that inhibit HIV-1 production. (A) NanoBRET-based screening identified 723 Gag-interacting proteins encoded by
interferon-stimulated genes (ISGs) in HEK293 cells. (B) HIV particle production assay. HEK293 cells were co-transfected with the HIV molecular clone pNL4-3 and
ISG-encoded protein expression vectors. Two days post-transfection, viral p24 antigen levels in the culture supernatants were measured by ELISA.
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Moreover, a single round of infection using VSVg-pseudotyped
reporter viruses revealed that these proteins did not interfere
with the early stages of the HIV life cycle (from cell entry to
reporter gene expression; Supplementary Figure S1). Therefore,
we selected these five candidate proteins for further in-depth
functional analyses.

MAL Inhibits Gag Protein Assembly at the
Plasma Membrane

Our immunoprecipitation analysis validated the interactions
between the candidate proteins and Gag, as all the candidate
proteins co-immunoprecipitated with Gag (Figure 2A and
Supplementary Figure S2A). We also found that these proteins
decreased viral particle production in a dose-dependent manner;
this decrease was accompanied by a massive reduction in
intracellular Gag levels (Figure 2B). Since, the Gag protein
accumulates, assembles, and multimerizes on the PM prior to
HIV-1 particle formation, we examined its localization upon
overexpressing the five candidate proteins with Gag-GFP.
Notably, Gag was localized on the PM in cells that
overexpressed ZNF36, TCIRG1, BCMP1, and ZNF36L2
(Supplementary Figure S2B). However, Gag was mostly located
in the cytoplasmic puncta and hardly localized to the PM in cells
overexpressing MAL (Figure 3A and Supplementary Figure S3).
Since MAL primarily localizes to the PM and endosomes (17), we
hypothesized that Gag accumulated in the endosomal puncta in
the MAL-overexpressing cells. Consistent with this hypothesis, we
discovered that Gag was co-localized with the endosomal marker

RhoB, but not with the autophagosomal marker LC3 (Figure 3B).
Furthermore, we found that chloroquine (a lysosome inhibitor)
and not MG132 (a proteasome inhibitor) inhibited MAL-
mediated Gag degradation (Figure 3C). Thus, we deduced that
MAL hindered the translocation of Gag to the PM by sequestering
it to endosomal compartments, eventually leading to its
lysosomal degradation.

Antiviral Effect of Endogenous MAL
Against HIV-1

We next examined the effect of endogenous expression of MAL
on HIV-1 production in PC3 cells, which are known to
functionally express MAL (18). We treated the cells with two
different MAL-targeting siRNAs, which had 90% knockdown
efficiencies, and then transfected them with pNL4-3 (Figure 4A
and Supplementary Figure S4). Compared with the control cell
supernatants, the MAL-knockdown cell supernatants had a 3- to
4-fold increase in p24 levels, reflecting increased HIV-1
production (Figure 4B). To further investigate the function of
MAL in multi-round HIV-1 infection, we transduced CEM cells
with MAL-targeting siRNA and infected them with replication-
competent HIV-1. Subsequent calculation of p24 levels revealed
that viral infection was significantly enhanced in MAL-silenced
CEM cells compared to those in control cells (Figures 4C, D).
We confirmed an incremental increase in cellular Pr55°€ in cells
with MAL knockdown (Figures 4B, D). Together, these results
indicate that endogenous MAL negatively regulates HIV-1
replication by degrading Pr55%°.
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FIGURE 2 | Characterization of Gag-binding proteins. (A) Immunoprecipitation of HEK293 cells with Gag-FLAG and indicated HaloTag (HT)- interferon-stimulated
gene (ISG)-encoded protein expression vectors. Cell lysates were precipitated with anti-FLAG, followed by immunoblotting. Asterisks on the blot indicate TCIRG1
expression. Longer exposure blot of input sample is shown in Supplementary Figure S2A. (B) HIV particle production assay. HEK293 cells were co-transfected
with the HIV molecular clone pNL4-3 and the indicated ISG-encoded protein expression vectors. Two days post-transfection, cell lysates (Cells) and the culture
supernatants (Virions) were subjected to immunoblotting. Viral p24 antigen in the culture supernatants was measured by ELISA.
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FIGURE 3 | MAL inhibits translocation of Gag to the plasma membrane. (A) Confocal microscopy images of HepG2 cells expressing pNL4-3/Gag-EGFP and
HaloTag (HT)-conjugated MAL proteins. The third image in this panel is the expanded view. Note that other viral proteins except Pol were expressed in this
experiment. Scale bar, 10um. Low magnification images, including other cells, are shown in Supplementary Figure S3. The graph on the right shows the
percentage of cells in which Gag-GFP localized at the PM or in cytoplasmic puncta (n > 20 cells). (B) Confocal micrographs showing HepG2 cells expressing HT-
MAL and either GFP-LC3 (autophagosomal marker) or GFP-Rho3 (endosomal marker). Nuclei were stained with DAPI. Scale bar, 10um. The graph on the right
shows the percentage of cells in which MAL localized to LC3- or RhoB-positive structures (n > 20 cells). (C) Lysosomal inhibitor blocks MAL-mediated Gag
degradation. HEK293 cells were co-transfected with pNL4-3 and the MAL expression vectors. Two days post-transfection, cell lysates were subjected to
immunoblotting. The compounds indicated in the figure were added 16 h before the cells were harvested.

The Gag MA Domain Is a Key Target of
MAL-Mediated Inhibition

Since the MA and NC domains of the Gag protein are specifically
involved in localizing Gag to the PM (3), we next mapped the
MAL-binding sites on Pr55°*¢ using several domain mutants.
Our immunoprecipitation analysis revealed that the polyprotein
mutant lacking the MA domain, but not the NC domain,
exhibited reduced binding to MAL (Figure 5A). This suggested
that the MA domain is responsible for the interaction of Gag
with MAL. Since MAL has four transmembrane domains, we
generated MAL mutants lacking either the N-terminus or the
C-terminus for further immunoprecipitation analysis.
Consequently, we observed that Gag could interact with the
MAL mutant that lacked the C-terminal region (Figure 5B).
Consistently, the MA domain of Gag interacted with the N-
terminal half of MAL, indicating that Gag binds to the N-
terminal domain of MAL. To investigate whether this
interaction is a prerequisite for the anti-HIV activity of MAL,
we examined its inhibitory effect on Gag mutants lacking the MA
domain. To this end, we co-transfected cells with GFP-MAL and
pNL4-3 encoding either wild-type Gag or MA-deleted Gag with
the Fyn peptide (Fyn10WT or Fyn10AMA), which can associate
with the PM (5). Subsequent immunoblotting analysis revealed
that the amount of MA-deleted Gag was not reduced in the cells,
whereas that of the wild-type Gag was prominently reduced
under identical conditions (Figure 5C). These results suggested

that MAL inhibits Gag via the MA domain. We further found
that both Gag mutants, which lack PM-targeting activity due to
the absence of a myristoyl group (G2A) or highly basic domain
(6A2T), had low binding activity to MAL (Supplementary
Figures S5A, B). Together, these results suggest that the PM
targeting of Gag is necessary for MAL interaction.

Since the N-terminus of MAL is conserved among animal
species (Figure 5D), we analyzed whether the inhibitory function
of MAL is also conserved across the orthologs of other animal
species, including Macaca mulatta (rhesus monkey), Mus
musculus (mouse), Gallus gallus (chicken), and Danio rerio
(zebrafish). Our results revealed that all orthologs could reduce
intracellular Gag levels (Figure 5D), suggesting that the antiviral
function of MAL has been conserved during evolution.

Nef Partially Overcomes the Antiviral
Activity of MAL

As our above results suggested that HIV-1 can replicate to an
extent even in MAL-expressing T cells (Figure 4D), we
hypothesized that HIV-1 can possibly counteract the antiviral
activity of endogenous MAL. A previous study reported that the
HIV-1 accessory protein Nef induces MAL-dependent massive
secretion of exosomal markers, inducing the efficient fusion of
the endosomes with the PM (19). Thus, we examined whether
Nef could regulate the antiviral effect of MAL using wild-type
HIV-1 and HIV-1 lacking the Nef, Vpu, and Env proteins, which
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FIGURE 4 | Endogenous MAL expression inhibits HIV-1 production. (A, B) PC3 cells transduced with control-(Ctrl) or MAL-targeting siRNAs (siMAL-I and siMAL-I)
were transfected with pNL4-3. MAL knockdown was confirmed by RT-PCR (A). Following transfection, cell lysates (Cells) and the culture supernatants (Virions) were
subjected to immunoblotting and p24 levels were measured by ELISA (B). (C, D) CEM T cells transduced with indicated siRNAs were infected with HIV-1. MAL
knockdown was confirmed by RT-PCR (C). The supernatants were harvested at 3 and 4 days post-infection and p24 levels were measured by ELISA. At 4 days
post-infection, cell lysates and the culture supernatants (virions) were subjected to immunoblotting (D).

might bind to the host membrane proteins. Our results
demonstrated that the antiviral activity of MAL was enhanced
in HIV-1 lacking Nef, but not in HIV-1 lacking Vpu and Env
(Figure 6A). In MAL-expressing cells, the levels of Pr55“8 in the
ANef virus were reduced compared to that of the WT virus
(Figure 6B). In PC3 cells, the production of ANef virus was lower
than that of the WT virus, but this reduction was not observed in
MAL-depleted PC3 cells (Figure 6C). Consistent with this,
intracellular Pr55%°8 levels of ANef virus were recovered by
MAL knockdown (Figure 6D). Moreover, multi-round HIV-1
infection analysis revealed that reduced ANef virus replication
was also recovered by MAL knockdown (Figure 6E). Together,
these results suggest that Nef may rescue MAL-mediated Gag
degradation, promoting HIV production.

In fact, we detected a proximal interaction between Nef and
MAL using NanoBRET (Figure 6F), suggesting that they are in
close proximation in living cells. Interestingly, Nef mutants
devoid of their membrane-targeting ability (G2A mutants)
exhibited reduced NanoBRET signals. In contrast, Nef mutants
lacking the PxxP motifs, which are important for binding of Nef
to Src kinases (20), could still bind to MAL (Figure 6F). These
results suggested that Nef was adjacent to MAL at the host PM.
Notably, our immunoprecipitation analysis revealed that Nef

interfered with the binding between MAL and Gag (Figure 6G),
implying that Nef impedes the antiviral function of MAL against
Gag. The immunofluorescence analysis also showed that in the
absence of Nef, MAL was present in both the PM and
intracellular endosomes. However, in the presence of Nef,
MAL was primarily localized to the PM without localizing to
the endosomes (Figure 6H and Supplementary Figure S$6).
These results suggest that Nef attenuates the antiviral activity
of MAL by interfering with its localization to the PM and
the endosomes, inhibiting accumulation of Gag in the
endosomal compartments.

DISCUSSION

In this study, we identified several novel Gag-binding ISG-
products that negatively regulate HIV-1 particle production. We
revealed that MAL has an anti-HIV function, as it sequesters Gag
into the endosomal components. We also found that the viral
accessory protein Nef antagonizes the antiviral function of MAL
by interfering with the binding between MAL and Gag (Figure 7).

MAL is a 17 kDa membrane protein consisting of four
transmembrane domains. It was first identified in human T
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measured by ELISA (bottom right).

FIGURE 5 | The matrix domain of Gag is a major target for MAL-mediated inhibition. (A) MAL binds to the MA domain of Gag. Immunoprecipitation assays of HEK293 cells
expressing the specified Gag-FLAG mutants and HaloTag (HT)-MAL. Cell lysates were precipitated with anti-FLAG antibodies, followed by immunoblotting. WT, wild-type; A,
gene deletion. (B) N-terminus of MAL binds to Gag. Immunoprecipitation assays of HEK293 cells expressing the indicated HT-MAL mutants and Gag-FLAG. Cell lysates
were precipitated with anti-FLAG antibodies, followed by immunoblotting. (C) MA-deleted Gag s resistant to MAL. HEK293 cells were co-transfected with pNL4-3/Fyn(10)full
MA or pNL4-3/Fyn(10)AMA and GFP-MAL. Two days post-transfection, cell lysates were subjected to immunoblotting. (D) Antiviral activity of MAL is conserved across animal
species. Sequence alignment of MAL across the specified animal species (top). The symbols below the alignment show the conserved residues (), conservative substitutions
(1) and semi-conservative substitutions (.). HEK293 cells were co-transfected with the HIV molecular clone pNL4-3 and the specified MAL expression vectors. Two days post-
transfection, cell lysates (Cells) and the culture supernatants (Virions) were subjected to immunoblotting (oottom left). p24 antigen levels in the culture supermnatants were also

lymphocytes (21). Moreover, it localizes to lipid raft microdomains
of the PM, endosomes, and trans-Golgi networks (17), and is
expressed in human T cells, epithelial cells, and myelin-forming
cells (22). In T cells, MAL is involved in transporting proteins to
the cell membrane, the secretion of exosomes or multivesicular
bodies (MVBs), and in organizing immune synapses (23-25).
Although the role of MAL in HIV-1 replication has not been
reported to date, a previous study did report its involvement in the
viral propagation of HSV-1 (26). Here, we demonstrate that MAL
also targets the HIV-1 protein Gag and interferes with its transport
to the PM, where HIV-1 particles are formed.

Although previous studies have shown that translocation of
Gag to the PM and sorting of endosomes is crucial for efficient
viral production, the precise molecular mechanisms underlying

the intracellular dynamics of Gag remain unclear. The Gag protein
is transported to the PM via N-terminal myristoylation and the
basic patch on the MA domain (27, 28). However, the role of
endosomes or MVBs in active transportation has not been well
characterized. Indeed, the MA domain contains a myristoyl group
that enables the stable binding of Gag to PIP2 on the PM and is
involved in its stable localization to the PM (4, 5, 29). This
localization is necessary and sufficient to trigger viral assembly.
Our results revealed that MAL promotes the localization of Gag to
intracellular endosomal vesicles rather than the PM via interacting
with the MA domain; however, the detailed molecular mechanism
underlying this phenomenon remains elusive.

We also found that Nef antagonizes the antiviral function and
interaction of MAL with Gag. Previous studies have
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FIGURE 6 | Nef partially overcomes the antiviral activity of MAL. (A, B) HEK293 cells were transfected with the HIV-1 molecular clone pNL4-3 lacking nef, vou, or
env, and the GFP-MAL expression vector. Two days post-transfection, p24 levels in the supermnatants were assessed by ELISA (A). Cell lysates were subjected to
immunoblotting (B). Bar graph shows the relative Pr55%%9 Jevels normalized to vinculin levels as determined by densitometry. WT, wild-type; A, gene deletion.

(C, D) PC3 cells transduced with control-(Ctrl) or MAL-targeting siRNA (siMAL-I) were transfected with pNL4-3 or pNL4-3ANef. Cell lysates (Cells) and supernatants
(Virions) were subjected to immunoblotting and p24 levels were measured by ELISA. (E) CEM T cells transduced with Ctrl or sSIMAL-II were infected with HIV-1 or
Nef-deficient HIV-1. The supernatants were harvested at 3 and 4 days post-infection and p24 levels were measured by ELISA. (F) Nef associates with MAL. HEK293
cells were co-transfected with C-terminal NanoLuciferase (NL)-
signals from cells were measured. WT, wild-type; GA, G2A mutation; PA, P72,75A mutation. (G) Nef inhibits the Gag-MAL interaction. Immunoprecipitation assays of
HEK293 cells expressing Gag-FLAG and HT-MAL in the presence or absence of Nef. Cell lysates were precipitated with anti-FLAG antibodies, followed by
immunoblotting analysis. Precipitated MAL levels (relative) were also shown, determined by densitometry. (H) Nef inhibits the internalization of MAL. Confocal

conjugated Nef and HaloTag (HT)-MAL expression vectors. Two days post-transfection, NanoBRET

Nef-FLAG. Note that no other viral proteins were expressed in this experiment. Nuclei were stained
Low magnification images, including other cells, are shown in Supplementary Figure S6. The graph
localized at the PM or in cytoplasmic puncta (n > 20 cells).

demonstrated that Nef stabilizes the localization of Gag to the

that the stoichiometric relationship between Nef and MAL can

PM; nevertheless, the underlying mechanism is as yet unknown
(30, 31). In this study, we found that Nef possibly stabilizes the
localization of Gag to the PM by antagonizing the antiviral
function of endogenous MAL. Consistently, we also observed
that despite endogenous MAL exhibiting antiviral activity, a low
level of virus particles was still produced. These results suggest

determine the efficiency of viral replication.

Multiple studies have reported the functional interactions
between HIV-1 Nef and MAL. Indeed, Nef promotes the
secretion of exosomes and microvesicles, which is mediated by
MAL (32-34). Consistently, the activity of Nef is inhibited upon
knockdown of MAL (19). In our current study, we revealed an
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FIGURE 7 | Model illustrating MAL-induced Gag degradation. MAL targets the matrix domain of the HIV-1 Gag protein and induces its degradation via the
endolysosomal pathway. The viral protein Nef inhibits this interaction, overcoming the antiviral activity of MAL.

additional function of MAL in inhibiting HIV-1 particle
production via sequestrating Gag to endosomal compartments.
It is possible that Nef directs the function of MAL for exosome
secretion rather than HIV-1 inhibition, sustaining HIV-1 particle
production. This interesting hypothesis needs to be addressed in
the future.

Our immunoprecipitation data reveal that Nef physically
associates with MAL, blocking its binding to Gag. However,
other mechanism(s) of its action on Gag need to be further
explored. For example, Nef is known to alter the lipid content
and protein properties of the PM (35, 36). Likewise, it is possible
that Nef also alters the content, properties, and structure of MAL
in the PM.

Owing to our analysis of the MAL orthologs in different
species, we verified the antiviral effects of MAL derived from
zebrafish; the MAL amino acid sequence of zebrafish has
approximately 50% homology to that of human MAL. Thus,
we deduced that a conserved region of these sequences is possibly
crucial for HIV-1 inhibition. In this regard, we discovered that
the N-terminus of the MAL protein is conserved among different
animal species and is important for its binding to Gag.
Nevertheless, the functional significance of the N-terminus of
MAL binding to the Gag MA domain and sequestering Gag to
the endosomal compartments is still undetermined. Although we
found that the membrane binding activity of the MA domain
is required for the interaction between Gag and MAL, it is
interesting that the anti-retroviral function of MAL is
conserved across multiple animal species.

In summary, our results demonstrate that MAL is an anti-
HIV factor that targets Gag. It also facilitates the internalization
and degradation of Gag-expressing viral particles. However, its
antiviral effect is antagonized by the viral protein Nef. Thus,
our findings shed new light on the molecular mechanisms
underlying the HIV-1 degradation pathway in the innate
immune system. Importantly, MAL and other molecules of this

pathway are potential novel therapeutic targets for AIDS and
related disorders.
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