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Apolipoprotein L1 (APOL1) is a major component of the human innate immune response against African trypanosomes. Al-
though the mechanism of the trypanolytic activity of circulating APOL1 has been recently clarified, the intracellular function(s)
of APOL1 in human cells remains poorly defined. Like that of many genes linked to host immunity, APOL1 expression is induced
by proinflammatory cytokines gamma interferon (IFN-�) and tumor necrosis factor alpha (TNF-�). Additionally, IFN-�-polar-
ized macrophages that potently restrict HIV-1 replication express APOL1, which suggests that APOL1 may contribute to HIV-1
suppression. Here, we report that APOL1 inhibits HIV-1 replication by multiple mechanisms. We found that APOL1 protein
targeted HIV-1 Gag for degradation by the endolysosomal pathway. Interestingly, we found that APOL1 stimulated both endo-
cytosis and lysosomal biogenesis by promoting nuclear localization of transcription factor EB (TFEB) and expression of TFEB
target genes. Moreover, we demonstrated that APOL1 depletes cellular viral accessory protein Vif, which counteracts the host
restriction factor APOBEC3G, via a pathway involving degradation of Vif in lysosomes and by secretion of Vif in microvesicles.
As a result of Vif depletion by APOL1, APOBEC3G was not degraded and reduced infectivity of progeny virions. In support of
this model, we also showed that endogenous expression of APOL1 in differentiated U937 monocytic cells stimulated with IFN-�
resulted in a reduced production of virus particles. This finding supports the hypothesis that induction of APOL1 contributes to
HIV-1 suppression in differentiated monocytes. Deciphering the precise mechanism of APOL1-mediated HIV-1 restriction may
facilitate the design of unique therapeutics to target HIV-1 replication.

Human apolipoprotein L1 (APOL1) is the product of a mem-
ber of a family of six APOL genes grouped on chromosome 22

in the region encompassing bands q12.3 to q13.1 (1–4). Interest-
ingly, the APOL1 gene is located in the vicinity of a cluster of
restriction factor APOBEC3 genes (5) known to control the ex-
pression of endogenous retroelements and retroviruses (6).
Among primates, only humans and gorillas express functional
APOL1 (7), although different sets of APOL genes have been
found in other primates (8). APOL1 is the only protein of the
APOL family that is secreted into the bloodstream (9), where it
associates with a fraction of high-density lipoprotein (HDL3) par-
ticles and protects against Trypanosoma brucei infections (7, 10,
11). The HDL3-APOL1 complex is endocytosed by the parasite
and delivered to the lysosome. The acidic condition of the lyso-
some triggers conformational changes in APOL1 that allow its
binding to the lysosomal membrane and formation of anion chan-
nels causing osmotic swelling that kills the parasite. In response,
Trypanosoma brucei rhodesiense evades APOL1-dependent lysis by
producing serum resistance-associated (SRA) protein that inacti-
vates APOL1 (12). To escape inactivation by a parasite, APOL1 G1
and G2 variants emerged with mutations that prevent binding of
SRA and inactivation of APOL1 (12). Unfortunately, APOL1 al-
leles that protect against T. brucei infections are highly associated
with increased risk for the development of certain types of kidney
diseases, including HIV-associated nephropathy (HIVAN), which
almost exclusively affects people of African descent (13, 14). The
intracellular function of APOL1 in mammalian cells is not well
understood. As a member of the family of BH3-only proteins,
APOL1 may interact with the family of Bcl2 proteins to help reg-
ulate their function in autophagy and apoptosis (15, 16). APOL1 is
also upregulated by proinflammatory cytokines gamma inter-
feron (IFN-�) and tumor necrosis factor alpha (TNF-�) (3, 16).

The fact that APOL1 levels are strongly increased in IFN-�-polar-
ized M1 macrophages that effectively restrict productive HIV-1
infection (17–19) prompted us to investigate whether APOL1 af-
fects HIV-1 replication.

In this article, we report that APOL1 displays anti-HIV-1 ac-
tivity in part by inhibition of HIV-1 transcription and by degra-
dation of HIV-1 Gag in the endolysosomal compartment ex-
panded through the activation of the transcription factor EB
(TFEB). These events result in extensive degradation of HIV-1
Gag and viral accessory proteins that target host restriction fac-
tors. Specifically, APOL1-mediated depletion of Vif resulted in
restoration of APOBEC3G (A3G) levels and decreased infectivity
of progeny virions. We also demonstrate that IFN-� stimulated
expression of endogenous APOL1 in human primary macro-
phages. Expression of endogenous APOL1 in differentiated
monocytic U937 cells reduced production of HIV-1 particles.
These results delineate a unique mechanism by which APOL1 in-
hibits HIV-1 replication.

MATERIALS AND METHODS
Tissue culture and transfections. 293T and TZM-bl cells were propa-
gated in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). SupT1, Jurkat, THP-1, and U937 cells
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were maintained in RPMI medium with 10% FBS; 293T cells were trans-
fected using PolyFect (Qiagen) according to the manufacturer’s recom-
mendations. SilencerSelect small interfering RNAs (siRNAs; Life Tech-
nologies) were transfected using Lipofectamine RNAiMAX transfection
reagent (Life Technologies). Transfections were performed in 6-well
plates. Briefly, for siRNA experiments, 293T cells were seeded at 120,000
cells/well on day 1. On day 2, the cells were transfected with siRNA, and on
day 3, transfections were repeated. On day 4, the cells were transfected
with plasmid DNAs (total 2 �g of DNA/well) using PolyFect. Total DNA
in transfections was balanced with pcDNA3.1. Twenty hours later (day 5),
culture media were collected, filtered through 0.45-�m syringe filters, and
ultracentrifuged to pellet the virus. Cell lysates were prepared using com-
plete lysis-M buffer supplemented with protease inhibitors (Roche) and
clarified by centrifugation. Cell lysates (30 to 50 �g) and pelleted virions
were mixed with 2� Laemmli sample buffer, boiled, and separated by
10% SDS-polyacrylamide gel electrophoresis (PAGE). Proteins trans-
ferred to nitrocellulose membranes were detected using SuperSignal West
Dura chemiluminescence system (Pierce).

Preparation of human primary macrophages and differentiation
into M1 macrophages. Human primary monocytes were obtained from
peripheral blood mononuclear cells (PBMCs) of healthy donors. Briefly,
PBMCs were isolated using Ficoll-Paque PREMIUM (GE Healthcare),
and monocytes were selected by plastic adherence. The cells were cultured
in RPMI medium supplemented with 10% human AB serum (Lonza), 100
U/ml of penicillin-streptomycin, 2 mM glutamine, 1� nonessential
amino acids, and 1 mM sodium pyruvate (Life Technologies) and then
allowed to differentiate for 7 days. Macrophages were subsequently polar-
ized into M1 cells by 18 h of stimulation with IFN-� (100 ng/ml) (Cell
Signaling). Macrophages were also stimulated with IFN-� (100 ng/ml)
(Cell Signaling), as indicated below.

Generation of stable U937 cell lines expressing control and APOL1
shRNAs. APOL1 short hairpin RNA (shRNA) and control shRNA lenti-
viral particles were purchased from Santa Cruz Biotechnology. U937 cells
were incubated for 24 h with lentiviral particles in the presence of 5 �g/ml
of Polybrene. After an additional 48 h, transduced cells expressing shRNA
were selected with puromycin (1 �g/ml) for 7 days. Clones obtained by
serial dilutions were expanded and incubated with IFN-� (20 ng/ml) to
stimulate APOL1 expression. After 24 h, the cells were tested by real-time
PCR for the expression levels of APOL1 transcripts using APOL1-specific
primers (OriGene) and by immunoblotting for the expression of APOL1
protein. Clones U937-control shRNA and U937-APOL1 shRNA were se-
lected and used in our studies.

Virus preparation and infectivity assay. Virus stocks for infection
were prepared by transfecting 293T cells as described previously (20).
HIV-1-green fluorescent protein (HIV-1-GFP) reporter virus was gener-
ated by transfecting 293T cells with the transfer vector pHR=-CMV-EGFP
and expression vectors CMV-gag-pol and CMV-VSV-G (pLenti-P2A and
pLenti-P2B, respectively; Applied Biological Materials). HIV-1 reporter
and infectious viruses were titrated using a quantitative PCR (qPCR) len-
tivirus titration kit (Applied Biological Materials).

For Western blot analysis of viral proteins, filtered (0.45-�m filter)
supernatants were concentrated by ultracentrifugation at 100,000 � g for
1 h. Infectivity assays were performed using TZM-bl indicator cells (21).

Expression vectors, siRNAs, antibodies, and immunoblotting. HIV-
1proviral constructs were obtained through the NIH AIDS Research and
Reference Reagent program, Division of AIDS, NIAID, NIH. 1GA plas-
mid expressing Gag myristoylation mutant NL4-3 (22) was obtained from
E. Freed (NCI, Frederick, MD). Plasmids expressing vif-negative NL4-3,
NL-A1, and A3G-HA and rabbit anti-Vpu antibodies were obtained from
K. Strebel (NIAID, NIH, Bethesda, MD). pNL-A1 is a subgenomic expres-
sion vector that expresses HIV-1 proteins except for Gag and Pol (23).
APOL1 expression vector was purchased from OriGene. APOL1 con-
structs tagged at the C terminus with myc, GFP, or Ds-Red were generated
in our laboratory. SilencerSelect predesigned siRNAs against Eps15, Rab7,
Stx7, VAMP7, and Stx17 were purchased from Life Technologies and were

used according to the manufacturer’s protocol. The following antibodies
were used: anti-Eps15, anti-Rab7, anti-lysosome-associated membrane
protein 1 (anti-LAMP1), and anti-IRF-1 (Cell Signaling); anti-Stx7 (R&D
Systems); anti-VAMP7 (ProSci); anti-Stx17 (Abgent), anti-APOL1, anti-
actin, and antitubulin (Sigma-Aldrich); anti-Alix, anti-CD81, anti-CD63,
and anti-APOBEC3A (Santa Cruz Biotechnology); anti-Samhd1 (Ab-
cam); and anti-Tsg101 (GeneTex). TFEB-GFP was purchased from Add-
gene. Antibodies against Vif (2221), Nef (2949), and Gag p17 and p24
were obtained through the NIH AIDS Research and Reference Reagent
program, Division of AIDS, NIAID, NIH. Western blot analysis was per-
formed as described previously (20).

Confocal microscopy. 293T cells were transfected on a 6-well plate,
and 5 h after transfection, the cells were trypsinized and seeded in 2-well
chamber slides (Lab-Tek II) precoated with collagen. The cells were trans-
fected with plasmids expressing HIV-1 89.6 and APOL1-myc (see Fig. 1C)
or TFEB-GFP and APOL1-dsRed (see Fig. 6). One microgram of HIV-1
89.6 and TFEB-GFP and 0.5 �g of APOL1 vector DNA were used for
transfection (adjusted to 2 �g with pcDNA3). Lysosome staining was
performed before cell fixation by incubation with 100 nM LysoTracker
red DND-99 (Invitrogen) for 30 min at 37°C. For staining of intracellular
Gag and APOL1-myc, cells were fixed with 4% paraformaldehyde (PFA)
for 10 min at room temperature. After washing, the cells were permeab-
ilized with 0.3% Triton X-100 in fluorescence-activated cell sorting
(FACS) buffer (5% normal goat serum and 1% bovine serum albumin
[BSA] in phosphate-buffered saline [PBS]) for 5 min and blocked in FACS
buffer for 30 min at room temperature. Gag and APOL1-myc were stained
with primary rabbit anti-p17 and mouse anti-myc, respectively, for 1 h at
room temperature, washed, and incubated with goat anti-rabbit Alexa
Fluor 488 (for Gag staining) and goat anti-mouse Alexa Fluor 647 (for
APOL1-myc staining) for 1 h at room temperature, washed, and mounted
with SlowFade with 4=,6-diamidino-2-phenylindole DAPI (Invitrogen).
The cells were observed under a laser scanning confocal microscope
(Nikon TE2000) and images processed using Adobe Photoshop.

Endocytosis assays and FACS analysis. (i) Fluorescent dextran up-
take. Eighteen hours after transfection, 293T cells were incubated in com-
plete medium (DMEM–10% FBS) with 250 �g/ml of lysine-fixable 10-
kDa Oregon Green 488 dextran (Life Technologies) for 4 h at 37°C,
followed by 2 h in dextran-free complete medium. After washing with
PBS, live cells were imaged on a fluorescence microscope using standard
filter sets. The cells were subsequently trypsinized, washed, and analyzed
on a FACSCalibur (Becton, Dickinson). Data analysis was performed by
using CellQuest Pro software (Becton, Dickinson).

(ii) DQ-Green BSA uptake. Conditions for the DQ-Green BSA uptake
assay were identical to those described for dextran uptake. Since DQ-
Green BSA acquires fluorescence only after dequenching through proteo-
lytic enzyme cleavage, this assay visualizes lysosomes with proteolytic ac-
tivity. To establish the size of lysosomal fraction positive for DQ-Green
BSA, 100 nM LysoTracker red DND-99 (Life Technologies) was added to
the cell culture media 30 min before the end of a 2-h chase in DQ-Green
BSA-free media. After washing with PBS, the cells were imaged on a flu-
orescence microscope and monitored by trypsinization, washing, and
FACS analysis as described above.

Lysosomal-pool analysis. Lysosomal-pool analysis was conducted by
incubating 293T cells with 100 nM LysoTracker red DND-99 for 30 min at
37°C and then washing them with PBS. Cells were then trypsinized,
washed with PBS, and analyzed by FACS. Increasing pools of lysosomes in
cells expressing APOL1 correlated with the increased expression of lyso-
somal marker LAMP1, as determined by immunoblotting with rabbit
anti-LAMP1 antibody. Protein band intensities were quantitated by den-
sitometry (Bio-Rad).

Preparation and characterization of microvesicles. 293T cells were
grown in complete medium supplemented with 10% FBS depleted of
endogenous exosomes (also called microvesicles) as described previously
(20). Microvesicles were collected by filtering the supernatant through a
0.45-�m polyvinylidene difluoride (PVDF) filter, diluted with PBS, and
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ultracentrifuged at 100,000 � g for 1 h. The pelleted microvesicles were
lysed in SDS-PAGE loading buffer and analyzed by immunoblotting for
exosome-specific markers (20).

Quantification of HIV-1 Gag RNA. Total cellular RNA was extracted
using an RNeasy kit (Qiagen), and the cDNA was prepared using an
iScript cDNA synthesis kit (Bio-Rad). Real-time PCR was performed on
CFX96 (Bio-Rad) using conditions and HIV-1 p24 primers as described
previously (24). HIV-1 Gag RNA levels were normalized against GAPDH
mRNA.

HIV-1 Gag pulse-chase analysis. 293T cells were transfected with
1GA NL4-3 and APOL1 or pcDNA3 constructs (HIV-1DNA/APOL1
DNA ratio, 2:1) and subjected to [35S]Met-Cys pulse-chase analysis as
described previously (25). Gag myristoylation mutant 1GA NL4-3 did not
released virions, and thus, all HIV-1 Gag accumulated intracellularly (22).
HIV-1 Gag was immunoprecipitated from cell lysates collected at various
chase times using rabbit anti-p17 antibody (NIH AIDS Reagent Program)
and protein A/G-Plus (Santa Cruz Biotechnology). Complexes were re-
solved by 10% SDS-PAGE, and gels were soaked for 90 min in En3Hance
(Perkin-Elmer), dried, and exposed to X-ray film. Intensities of the Gag
bands were quantified using Bio-Rad ChemiDoc Imager and Quantity
One software. Gag half-life values (t1/2) in cells cotransfected with APOL1
or pcDNA3 were calculated using regression analysis.

Statistical analysis. All experiments were repeated at least twice, with
similar results. Unless otherwise indicated, the variation in one experi-
ment was expressed by calculating standard deviation (SD) from the trip-
licates and the result presented as the mean value � the SD.

RESULTS
APOL1 inhibits HIV-1 replication. Since APOL1 expression is
strongly upregulated in human primary macrophages by IFN-�
(18, 26), we investigated the role of APOL1 in antiviral activity. To
test the anti-HIV activity of APOL1, we analyzed the production
of T cell-tropic (NL4-3 and NL4-3 �Vif), macrophage-tropic
(AD8 and JR-CSF), and dually tropic (89.6) HIV-1 in 293T cells
cotransfected with an APOL1 expression vector. As determined by
densitometric analysis, APOL1 reduced the steady-state levels of
HIV-1 Gag p55 and p24 by over 90% in cells transfected with all
tested HIV-1 constructs (Fig. 1A). Reduction of the levels of pel-
letable virions (measured by p24 enzyme-linked immunosorbent
assay [ELISA]) ranged approximately from 60 to 70% for NL4-3
and AD8 to more than 90% for HIV-1 JR-CSF and HIV-1 89.6.

In addition to an APOL1-mediated reduction of the steady-

FIG 1 APOL1 inhibits HIV-1production and infectivity. (A) 293T cells were seeded in 6-well plates and transfected with the indicated combination HIV-1
proviral construct DNA (1 �g), A3G (1 �g), and APOL1 (1 �g) expression vectors. Twenty hours after transfection, the whole-cell lysates (50 �g/lane) and
pelleted viruses were separated by 10% SDS-PAGE, transferred to nitrocellulose membranes, and analyzed by immunoblotting for HIV-1 protein expression. (B)
APOL1 inhibits intracellular accumulation of HIV-1 Vpu. 293T cells were cotransfected with the indicated HIV-1 proviral DNA and APOL1 or pcDNA3.1
vectors. The whole-cell lysates were analyzed by immunoblotting for the expression of Vpu, APOL1, and actin. (C) APOL1 depletes cellular HIV-1 Gag and
stimulates accumulation of lysosomes. 293T cells were transfected with 1 �g of HIV-1 89.6 and 0.5 �g of pcDNA3.1 (control) or 0.5 �g of APOL1-myc vector
(APOL1). Five hours later, the cells were trypsinized and a fraction of transfected cells was transferred into 2-well chamber dishes. Twenty hours after
transfection, the cells were incubated for 30 min with LysoTracker red (100 nM), followed by fixation, permeabilization, and staining with rabbit anti-p17 Gag
and goat anti-rabbit Alexa 488. For APOL1 labeling, the permeabilized cells were stained with mouse anti-myc and goat anti-mouse Alexa 647 antibodies. The
cells were mounted with SlowFade with DAPI to stain nuclei (blue) and subjected to confocal microscopy. Number of lysosomes/cell (red fluorescent puncta)
were determined and are presented as means � SDs from 10 control cells and from 10 cells expressing APOL1 (pink). (D) APOL1 reduces HIV-1 infectivity. 293T
cells were transfected with NL4-3 or JR-CSF alone or in combination with A3G and APOL1 (1 �g of DNA each). Cell supernatants containing released viruses
were filtered, and equal amounts of HIV-1 (normalized by p24 ELISA) were added to TZM-bl indicator cells in triplicate. The relative infectivity of viruses was
determined by a luciferase assay. Infectivity of the virus produced by cells transfected with HIV-1 proviral DNA only was set as 1.0 (control). Error bars
indicate SDs.
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state levels of Gag, the levels of Vif and Nef were reduced by 70 to
90% (Fig. 1A). Similarly, APOL1 reduced the steady-state levels of
Vpu, with about 60% reduction of AD8 Vpu and over 95% reduc-
tion of Vpu expressed by NL4-3, JR-CSF, and 89.6 (Fig. 1B). These
results suggest that APOL1 may reduce HIV-1 infectivity by de-
creasing levels of viral factors essential for optimal virus infectiv-
ity. Thus, the observed reduction of cellular Vif could potentially
lead to increased incorporation of A3G into budding virions and
reduce virus infectivity. To test this possibility, virus constructs
were cotransfected with APOL1 and/or A3G (Fig. 1A). In the ab-
sence of APOL1, A3G was notably depleted from cells, with the
exception of cells expressing vif-negative NL4-3 (NL4-3�Vif).
However, coexpression of APOL1 and Vif-positive HIV-1 con-
structs prevented depletion of A3G, resulting in A3G levels similar
to that observed in cells expressing NL4-3 �Vif. Thus, blocking of
A3G depletion by APOL1 in cells expressing Vif-positive HIV-1
may decrease the infectivity of progeny virions. Detection of ele-
vated levels of A3G in pelleted virions produced in the presence of
APOL1 (Fig. 1A) supports this hypothesis.

Confocal microscopy confirmed that in 293T cells transfected
with APOL1 DNA, the 89.6 Gag signal was nearly undetectable
(Fig. 1C). Interestingly, expression of APOL1 coincided with an
increased signal from LysoTracker red (Fig. 1C), suggesting that
APOL1 increases the lysosome pool in transfected cells. Indeed,
quantification of LysoTracker-labeled lysosomes showed about a
2.2-fold increase in number of lysosomes in 293 T cells expressing
APOL1, compared to control cells transfected with pcDNA3
(Fig. 1C).

APOL1 reduces HIV-1 infectivity. Increased levels of A3G de-
tected in cells expressing Vif-positive HIV-1 and APOL1 was ac-
companied by accumulation of A3G in pelleted virions, suggest-
ing that virions would be less infectious. Thus, to determine the
effects of APOL1 expression on HIV-1 infectivity, virus superna-
tants were normalized by p24 and tested using TZM-bl indicator
cells (Fig. 1D). A3G reduced infectivity of wild-type NL4-3 by 67%
and JR-CSF by 85%. The lower infectivity of JR-CSF may be re-
lated to higher levels of A3G detected in pelleted JR-CSF virions
(Fig. 1A). The values for the inhibitory effect of APOL1 on the
infectivity of wild-type NL4-3 and JR-CSF were 72 and 77%, re-
spectively. Further, in the presence of A3G and APOL1, the infec-
tivity of NL4-3 virus was decreased to about 9% of control NL4-3
values, while JR-CSF was essentially noninfectious. Although the
precise mechanism by which APOL1 reduces HIV-1 infectivity is
presently unknown, we speculate that depletion of Vif and Nef by
APOL1 (Fig. 1) contributes to reduced virus infectivity.

APOL1 inhibits HIV-1 RNA expression. The observed reduc-
tion of HIV-1 protein expression in the presence of APOL1 may,
at least in part, result from inhibition of HIV-1 transcription.
Thus, to assess an effect of APOL1 on the levels of intracellular
HIV-1Gag RNA, 293T cells were transfected with 1GA NL4-3 de-
fective in viral particle assembly and release (22). This approach
simplifies the analysis of HIV-1 RNA, since the cells release no
extracellular viral RNA. Real-time PCR analysis showed reduction
of intracellular HIV-1 Gag RNA accumulation in an APOL1 dose-
dependent manner (Fig. 2A), suggesting that APOL1 inhibits
HIV-1 transcription. No detectable changes were observed in the
expression of cellular actin or glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) RNA (data not shown), and only a moderate
reduction of EGFP expressed from a cotransfected CMV-EGFP
vector was observed, indicating that the observed inhibition of

HIV-1 Gag expression does not result from nonspecific global
suppression of protein synthesis by APOL1 (Fig. 2B). In fact, we
observed accumulation of LAMP1 protein (see Fig. 5D) and the
expression of several lysosome-associated mRNAs (see Fig. 6C) by
APOL1.

APOL1 reduces stability of HIV-1 Gag protein. Inhibition of
HIV-1 transcription by APOL1 does not rule out the possibility
that APOL1 also affects the stability of HIV-1 Gag, especially when
the levels of APOL1 only moderately inhibit HIV-1 transcription.
To determine whether APOL1 stimulates HIV-1 Gag degradation,
we performed a pulse-chase stability assay (Fig. 3) as described
previously (25). In this experiment, 293T cells were transfected
with 1GA NL4-3 and APOL1expression vector at concentrations
that inhibit HIV-1 Gag RNA expression by about 60% (Fig. 2A).
The half-life of HIV-1 Gag proteins (p55 and p24) in control cells
transfected with pcDNA3 was 3.6 h (Fig. 3B), similar to that in
previous reports. In contrast, Gag was rapidly degraded in the
presence of APOL1, with an estimated half-life of about 1.1 h. In
addition, about a 40% decrease in total Gag synthesis was ob-
served during the 30-min [35S]methionine-cysteine pulse period
in cells transfected with APOL1 (Fig. 3A), consistent with Gag
expression also being affected at the transcriptional level. To-
gether, these results suggest that in addition to inhibition of HIV-1
Gag expression at the transcriptional level (Fig. 2A), APOL1 tar-
gets Gag for degradation.

APOL1 depletes Vif by secretion in microvesicles and lyso-
somal degradation. Depletion of Vif by APOL1 prevented A3G
degradation and thus could lead to increased encapsidation of
A3G and reduced infectivity of HIV-1 virions. To examine the
mechanism by which APOL1 depletes Vif from cells, we used
the subgenomic HIV-1 vector pNL-A1, which expresses Vif (23).
The cellular accumulation of Vif was reduced over 95% in the
presence of APOL1 (Fig. 4A), which could in part result from
decreased HIV-1 transcription (Fig. 2). However, in cells express-

FIG 2 APOL1 inhibits HIV-1 Gag RNA expression. (A) 293T cells were trans-
fected in triplicate with 1GA NL4-3 (22) in the absence or presence of the
indicated amounts of APOL1 DNA expression vector. After 24 h, the total
cellular RNA was extracted and cDNA synthesized. The expression of HIV-1
Gag RNA was analyzed by real-time qPCR analysis using HIV-1 p24 primer
sets (24). The HIV-1 Gag RNA levels were normalized against GAPDH mRNA.
(B) 293T cells were transfected with HIV-1 proviral construct DNA (1 �g),
pEGFP-N1 (1 �g), and the indicated amounts of APOL1 expression vector.
Twenty hours after transfection, the whole-cell lysates (40 �g per lane) and
pelleted viruses were separated by 10% SDS-PAGE, transferred to nitrocellu-
lose membranes, and analyzed by immunoblotting for the expression of Gag,
APOL1, enhanced GFP (EGFP), and actin. Intensities of Gag and EGFP signals
were obtained by densitometry. The expression of total Gag and EGFP was
normalized against the expression of actin and presented as Gag/actin and
EGFP/actin ratios. Error bars indicate SDs.
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ing APOL1 and treated with the calcium chelator BAPTA-AM
[1,2-bis(2-aminophenoxy)ethane-N,N,N=,N=-tetraacetic acid tet-
rakis(acetoxymethyl ester)], which sequesters calcium and inhib-
its fusion events in the endolysosomal and exocytic pathways (27),
the level of intracellular Vif was upregulated and reached about
40% of the Vif level detected in the absence of APOL1 (Fig. 4A),
suggesting that the reduction of cellular Vif is only partly due to
inhibition of HIV-1 transcription by APOL1. However, inhibition
of lysosomal degradation by cell-permeative lysosomal protease
inhibitors E64d, an inhibitor of cathepsins B, H, and L, and pep-
statin A, an inhibitor of cathepsins D and E (28) (Fig. 4A), was less

effective than BAPTA-AM treatment and resulted in a moderate
increase in intracellular Vif level in cells expressing APOL1. These
results led us to hypothesize that only a fraction of Vif was de-
graded in lysosomes, while a majority of intracellular Vif could be
released from cells using an exocytic pathway inhibited by
BAPTA-AM. To investigate this possibility, we isolated mi-
crovesicles released into culture media by cells transfected with Vif
in the absence or presence of APOL1. We observed that although
Vif accumulated intracellularly to high levels in the absence of
APOL1, it was not detectably released in microvesicles. However,
in the presence of APOL1, a significant fraction of Vif was released
in association with Alix and CD81-positive microvesicles (Fig. 4A,
“Microvesicles”). Treatment with BAPTA-AM totally inhibited
APOL1-mediated Vif release and resulted in intracellular accu-
mulation of Vif. Treatment with E64d and pepstatin A was less
efficient than treatment with BAPTA-AM in recovery of Vif in the
presence of APOL1, but in contrast to BAPTA-AM, lysosomal
inhibitors moderately stimulated release of Vif in microvesicles.
To investigate further the contribution of the endolysosomal
pathway in Vif depletion, we exploited the role that Rab7A plays in
promoting fusion of late endosomes with lysosomes (29). Deple-
tion of Rab7A with siRNA resulted in a 35% increase of the steady-
state levels of Vif in the absence of APOL1 and partial recovery of
Vif in the presence of APOL1 (Fig. 4B, “Cell”); this suggests that
Vif is partly degraded by a Rab7A-dependent pathway. A partial
recovery of Vif in the presence of APOL1 in Rab7A-depleted cells
prompted us to examine if Vif was released in microvesicles. In-
deed, in the presence of APOL1, Vif was secreted and cosedi-
mented with microvesicle-specific markers Alix and Tsg101 (Fig.
4B, “Microvesicles”). We have also detected APOL1 released in
association with these extracellular vesicles. Furthermore, APOL1
stimulated a 3- to 4-fold secretion of Vif by Rab7A knockdown
cells, compared to Vif levels released by control cells expressing
Rab7A (Fig. 4B). Interestingly, depletion of Rab7A resulted in Vif
secretion even in the absence of APOL1, but at an approximately
3-fold-lower level. Taken together, these observations suggest that
depletion of Rab7A, which suppresses fusion events between en-
dosomes and lysosomes, may redirect endosomes to the plasma
membrane for fusion and the release of Vif into the extracellular
space.

APOL1 stimulates endocytosis. In a majority of cells, HIV-1

FIG 3 APOL1 reduces stability of HIV-1 Gag. (A) 293T cells were transfected
with 1GA NL4-3 and APOL1 expression vector at a ratio of 2:1. Control cells
were transfected with 1GA NL4-3 and pcDNA3. Eighteen hours after transfec-
tion, cells were labeled for 30 min with [35S]methionine-cysteine (25). Cell
lysates were collected at the indicated chase times, and HIV-1 Gag was immu-
noprecipitated using rabbit anti-p17 antibody and protein A/G-Plus. Com-
plexes were resolved by 10% SDS-PAGE and gels exposed to X-ray film. (B)
Intensities of the Gag p55 and p24 bands were quantified using Bio-Rad
ChemiDoc Imager and Quantity One software. Total Gag half-life values were
normalized to chase time zero values. Gag half-life values in cells cotransfected
with APOL1 or pcDNA3 were calculated using regression analysis.

FIG 4 APOL1 depletes intracellular Vif by lysosomal degradation and stimulating its secretion in microvesicles. (A) 293T cells were transfected with Vif-
expressing pNL-A1 vector alone or in combination with APOL1 expression vector. Five hours after transfection, the cells were treated with E64d (10 �g/ml) and
pepstatin A (10 �g/ml). After 24 h, whole-cell lysates and pelleted microvesicles were separated by 10% SDS-PAGE and analyzed by Western blotting for the
expression of Vif, APOL1, and microvesicle markers Alix and CD81. Secretion of microvesicles was inhibited by incubation of transfected cells with the calcium
chelator BAPTA-AM (10 �M) for 16 h. (B) Depletion of Rab7A with siRNA inhibited lysosomal degradation of Vif and potentiated APOL1-mediated release of
Vif in microvesicles. 293T cells were transfected twice with Rab7A siRNA, followed by transfection with pNL-A1 alone or with APOL1 vector. After 24 h,
whole-cell lysates and pelleted microvesicles were separated by 10% SDS-PAGE and analyzed by Western blotting for the expression of Vif, APOL1, and Rab7 and
microvesicle markers Alix and Tsg101. Co, control.
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Gag was shown to assemble at the plasma membrane (30–33).
Since APOL1 decreased steady-state levels of HIV-1 Gag (Fig. 1),
we investigated whether APOL1 inhibited virus particle formation
by rerouting Gag from the plasma membrane into the lysosomal
compartment. We considered the possibility that APOL1 depletes
Gag from the plasma membrane assembly sites by stimulating
endocytosis. Thus, to investigate whether APOL1 stimulates en-
docytosis, we monitored internalization of Oregon Green 488
dextran, a marker of fluid-phase endocytosis (34). Fluorescence
microscopy showed a significant increase in accumulation of flu-
orescent dextran in the endosomal-lysosomal compartment in the
presence of APOL1 (Fig. 5A). FACS analysis confirmed a 3.9-fold
increase in the uptake of fluorescent dextran in cells expressing
APOL1 (Fig. 5A). To confirm this observation, we also measured
the uptake of DQ-Green BSA, which labels enzymatically active
lysosomes since self-quenched DQ-Green BSA fluoresces only
when partly degraded in a lysosomes (35). In the presence of
APOL1, the number of fluorescent puncta corresponding to DQ-
Green BSA in lysosomes was increased 3.6-fold over control cells,

as determined by FACS analysis (Fig. 5B and C). Moreover, in
APOL1-expressing cells, about 84% of lysosomes were labeled
with DQ-Green BSA during a 5-h incubation period; in contrast,
only 35% of lysosomes colocalized with DQ-Green BSA in control
cells (Fig. 5B). FACS analysis showed that in the presence of
APOL1, the number of LysoTracker-labeled lysosomes increased
about 3.2-fold over control cells (Fig. 5C). Stimulation of lyso-
some accumulation in the presence of APOL1 was indirectly con-
firmed by Western blotting, in which we observed an APOL1
concentration-dependent accumulation of lysosome-associated
membrane protein 1 (LAMP1) (Fig. 5D).

APOL1 stimulates lysosomal biogenesis by promoting nu-
clear localization of TFEB and expression of TFEB target genes.
To investigate the mechanism of the APOL1-mediated expansion
of the lysosomal compartment, we examined whether APOL1
stimulates lysosomal biogenesis. Most lysosomal genes exhibit co-
ordinated transcriptional activation by TFEB, which translocates
from the cytoplasm to the nucleus when activated (36–38). Using
293T cells transiently transfected with TFEB-GFP, we showed that

FIG 5 APOL1 stimulates endocytosis and increases lysosome accumulation. (A) 293T cells in 6-well plates were transfected with pcDNA3.1 (control) (1 �g) or
APOL1 expression vector (APOL1) (1 �g). Transfection efficiency in 293T cells was determined by transfecting the APOL1-GFP construct (1 �g) and counting
GFP-positive cells by fluorescence microscopy. We observed more than 90% GFP-positive cells (data not shown). Sixteen hours after transfection, the cells were
incubated with Oregon Green 488 dextran (250 �g/ml) for 4 h at 37°C, followed by 2 h in dextran-free complete medium. After a washing with PBS, live cells were
imaged by fluorescence microscopy. To quantitate the uptake of fluorescently labeled dextran by cells, the cells were trypsinized, washed, and analyzed by FACS.
A representative experiment is shown. (B) 293T cells transfected as for panel A were incubated with DQ-Green BSA (250 �g/ml) for 2 h at 37°C followed by 1 h
in DQ-Green BSA-free complete medium. After a washing, the cells were incubated for 30 min in medium containing LysoTracker red (100 nM) and then
washed, and images were obtained by fluorescence microscopy. (C) The uptake of DQ-Green BSA into lysosomes and the mass of LysoTracker red-positive
lysosomes were quantitated by FACS as described for panel B, with the exception that DQ-Green BSA was used at 25 �g/ml. (D) 293T cells were transfected with
increasing amounts of APOL1 vector (transfected DNA was balanced with pcDNA3.1), and after 18 h, the cell lysates were analyzed by immunoblotting for the
expression of LAMP1, APOL1, and actin. Intensities of protein signals were obtained from densitometric scanning. The expression of LAMP1 was normalized
against the expression of actin and presented as the LAMP1/actin ratio. In cells transfected with pcDNA3.1 only, the LAMP1/actin ratio was used as a reference.
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approximately 75% of TFEB-GFP localized to the cytoplasm in
the absence of APOL1 (Fig. 6B). We observed a dramatic differ-
ence when cells were transiently transfected with APOL1 and
TFEB-GFP. Less than 10% of TFEB-GFP remained in the cyto-
plasm, and the majority of TFEB-GFP translocated into the nu-
cleus (Fig. 6A and B). Real-time PCR analysis confirmed increased
expression of TFEB target genes encoding lysosomal proteins
LAMP1, LAMP2, and CD63 and a moderate expression of TFEB
(Fig. 6C). Together, these results indicate that APOL1 stimulates
lysosomal biogenesis, at least in part, via activation of TFEB and
induction of the lysosomal transcriptional program.

A functional endocytic pathway is necessary for inhibition of
HIV-1 replication by APOL1. We hypothesized that APOL1-me-
diated stimulation of endocytosis inhibits HIV-1 particle produc-
tion by diverting Gag from the plasma membrane assembly sites
to the expanded pool of lysosomes. To test this hypothesis, we
knocked down several genes that play critical roles in endocytosis
by transfecting 293T cells with specific siRNAs. The cells were
subsequently cotransfected with a doubly tropic HIV-1 (89.6) and
APOL1 expression constructs, and the levels of intracellular Gag
and released virions were analyzed by immunoblotting (Fig. 7).
First, we evaluated the effect of depletion of Eps15, which inhibits
clathrin-mediated endocytosis (39). In the absence of APOL1, de-
pletion of Eps15 led to a modest (25 to 30%) increase in intracel-
lular and virion-associated Gag (Fig. 7A). Similarly, depletion of
Rab7 and syntaxin7 (Stx7), which localize to late endosomes (29,
40, 41), as well as VAM7, present on lysosomes (42), moderately
increased virus production (Fig. 7B to D). In contrast, depletion of

syntaxin 17 (Stx17), an autophagosomal SNARE (soluble N-eth-
ylmaleimide-sensitive factor attachment protein receptor) essen-
tial for fusion of autophagosomes with endosomes and lysosomes
(43), had no effect on intracellular Gag and virus production (Fig.
7E). This observation suggests that in the absence of APOL1, Gag
is not detectably targeted for degradation in lysosomes through an
autophagosomal pathway. Together, these data indicate that in
293T cells a small fraction of synthesized Gag is endocytosed and
degraded in lysosomes. However, in cells expressing APOL1,
knockdown of Eps15, Stx7, Rab7, and VAMP7 stimulated virus
production from 7.1-fold (Eps15 siRNA) to 11.4-fold (Stx7
siRNA), compared to virus produced by cells transfected with
control siRNA and APOL1. In contrast, knockdown of Stx17 did
not restore virus production (Fig. 7E), supporting the concept
that macroautophagy does not play a significant role in APOL1-
mediated degradation of Gag in 293T cells. Taken together, these
results indicate that genes that play a crucial role in the endocytic
pathway are necessary for APOL1-mediated suppression of HIV-1
replication.

APOL1 expression is inducible by IFN-� in differentiated
human monocytic U937 and THP-1 cells and in primary macro-
phages. We next examined whether cells targeted by HIV-1 ex-
press endogenous APOL1. We found that APOL1 protein was not
detectably expressed in unstimulated or PMA-stimulated SupT1
or Jurkat T cells (Fig. 8A). Moreover, treatment of PMA-stimu-
lated T cells with IFN-�, which was shown to induce APOL1
expression in human endothelial cells (16), did not stimulate ac-
cumulation of APOL1. Similarly, undifferentiated or PMA-differ-

FIG 6 APOL1 promotes nuclear localization of TFEB and stimulates expression of lysosomal genes. (A) 293T cells were transfected with TFEB-GFP (1 �g) and
APOL1-DsRed (APOL1) (1 �g) or pcDNA3 (control) (1 �g), and 5 h after transfection, a fraction of transfected cells was transferred into 2-well chamber dishes.
Twenty-four hours after transfection, the cells were fixed, mounted in SlowFade with DAPI to stain nuclei (blue), and subjected to confocal microscopy. (B)
Quantification of the subcellular distribution of TFEB-GFP in the absence (control) and presence of APOL1-DsRed (APOL1). The percentages of cells with
cytoplasmic (C) or nuclear (N) localization of TFEB-GFP or both (C � N) is shown. ***, P 	 0.001 for comparison of differences between nuclear TFEB-GFP
([N] � [C � N]) in cells transfected with TFEB-GFP (bar 1) and TFEB-GFP with APOL1-DsRed (bar 3). Nuclear localization of TFEB in the presence of 100 �M
chloroquine (CLQ) was used as a positive control (36). (C) Real-time PCR analysis of TFEB target gene expression. 293T cells were transfected in triplicate with
indicated increasing amounts of APOL1, total RNA was isolated, and synthesized cDNA was subjected to qPCR to detect expression of endogenous LAMP1,
LAMP2, CD63, and TFEB RNAs (64). Gene expression was normalized to GAPDH mRNA expression. Error bars indicate SDs.
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entiated monocytic THP-1 or U937 cells did not express APOL1.
However, in contrast to T cells, treatment of PMA-differentiated
THP-1 and U937 cells with IFN-� stimulated expression of en-
dogenous APOL1. To investigate whether human primary mac-
rophages express APOL1, PBMC were isolated from the buffy
coats of healthy blood donors and monocytes were isolated by
plastic adherence and differentiated for 7 days into monocyte-
derived macrophages (MDM) (17, 19, 44). MDM from the first

donor were either left untreated or stimulated for 18 h with 2
different doses (25 or 50 ng/ml) of IFN-� to polarize MDM into
macrophages displaying the M1 phenotype (17, 19, 44). The ex-
pression of APOL1 was detected only in MDM stimulated with
IFN-� and not in resting MDM or PBMC (Fig. 8B, left side). As
previously reported, expression of transcription factor IRF-1 was
strongly stimulated in MDM treated with IFN-� (45). To investi-
gate the effect of IFN-� on APOL1 expression, MDM were stim-

FIG 7 Inhibition of endocytosis by depletion of Eps15, Stx7, Rab7, or VAMP7 restores virus production in cells expressing APOL1. 293T cells were transfected
on day 1 and day 2 with control siRNA (Co) or siRNAs that specifically target Eps15 (A), Stx7 (B), Rab7 (C), VAMP7 (D), or Stx17 (E). Twenty-four hours later,
the cells were transfected with HIV-1 89.6 proviral DNA in the presence or absence of APOL1 vector. After an additional 24 h, pelleted virus from culture
supernatants and corresponding cell lysates were collected and analyzed by immunoblotting for the expression of Gag, APOL1, and proteins targeted by siRNA.
(E) Depletion of the autophagosomal marker Stx17 did not restore virus production by cells overexpressing APOL1.

FIG 8 IFN-�-stimulated expression of APOL1 in differentiated U937 monocytes contributes to inhibition of HIV-1 production. (A) APOL1 expression is
inducible by IFN-� in differentiated human monocytes (THP-1 and U937) but not in CD4� T cells (SupT1 and Jurkat). The cells were stimulated for 24 h with
PMA (50 ng/ml) or were left untreated (control). After a washing, PMA-treated cells were cultured in media alone (PMA) or were treated for another 24 h with
IFN-� (20 ng/ml) (PMA/IFN-�). As an additional control, 293T cells were transfected with APOL1 vector (0.5 �g). Cell lysates (50 �g/lane) were analyzed by
immunoblotting for the expression of APOL1 and actin. (B) (Left side) Seven-day differentiated MDM were either left untreated or stimulated for 18 h with 2
different doses (25 or 50 ng/ml) of IFN-�. Cell lysate proteins (50 �g/lane) were resolved by 10% SDS-PAGE, and the levels of APOL1, IRF-1, and Samhd1 were
analyzed by Western blotting. Expression of transcription factor IRF-1 served as a positive control for IFN-� treatment (45). (Right side) Seven-day differentiated
MDM were either left untreated (control) or stimulated for 18 h with IFN-� or IFN-� at 100 ng/ml. Cell lysate proteins were resolved by 4 to 12% gradient
SDS-PAGE, and the levels of APOL1, IRF-1, A3A, and Samhd1 were analyzed by Western blotting. (C) U937 clones expressing control shRNA (control) or
APOL1 shRNA (APOL1) were stimulated for 24 h with PMA (50 ng/ml), followed by treatment with IFN-� (20 ng/ml) as indicated. After 24 h, the cells were
rinsed and exposed to HIV-1 89.6 (50 ng of p24 per 106 cells) pseudotyped with VSV-G. After 4 h of incubation, the cells were washed and cultivated for another
48 h, followed by collection of supernatants and cell lysates. Pelleted virus and lysates were analyzed by immunoblotting for the expression of HIV-1 Gag, APOL1,
and actin. Virus production was determined by the expression of pelletable p24. Protein signals were obtained from densitometric scanning. Virus released from
PMA-treated U937-CoshRNA cells (control) was used as a reference (100%).
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ulated with IFN-� or IFN-� (Fig. 8B, right side). We also con-
firmed that untreated MDM do not express APOL1 (Fig. 8B).
However, APOL1 was potently induced in MDM by IFN-�. In
comparison, treatment of MDM with IFN-� only marginally
stimulated APOL1. However, IFN-� but not IFN-� induced ex-
pression of Apobec3A (A3A), as recently reported (46). In con-
trast, the levels of Samhd1 in MDM did not change significantly
upon treatment with IFN-� or IFN-�, confirming recent observa-
tions (47). In conclusion, IFN-� is a specific and potent stimulator
of APOL1 expression in human primary macrophages.

Expression of endogenous APOL1 in PMA-differentiated
U937 inhibits production of HIV-1. To investigate whether
endogenous APOL1 inhibits HIV-1 production in differentiated
monocytes, we established U937 cell lines expressing APOL1
shRNA (U937-APOL1shRNA) or control shRNA (U937-
CoshRNA). While APOL1 was induced by IFN-� in PMA-differ-
entiated U937-CoshRNA cells, expression of APOL1 in U937-
APOL1shRNA cells stimulated with IFN-� was reduced by
approximately 84% compared to that in U937-CoshRNA cells
(Fig. 8C). To examine whether endogenous APOL1 affected
HIV-1 production, the cells were first stimulated with phorbol
myristate acetate (PMA) and 24 h later were treated with IFN-� to
induce endogenous APOL1. Since IFN-� treatment partly inhibits
virus replication by downregulating HIV-1 entry receptors (48),
U937 clones were infected with vesicular stomatitis virus glyco-
protein (VSV-G)-pseudotyped HIV-1 NL4-3, and virus produc-
tion was monitored by immunoblotting of pelletable Gag released
into the cell supernatant. In the absence of IFN-�, U937-
CoshRNA and U937-APOL1shRNA cells produced almost iden-
tical amounts of Gag p24. Stimulation of U937-CoshRNA cells
with IFN-� resulted in a 53% reduction of virus production com-
pared with that of unstimulated cells. In contrast, stimulation of
U937-APOL1shRNA cells with IFN-� reduced virus production
by only 23% compared to that of unstimulated U937-
APOL1shRNA cells. Under these conditions, we observed an ap-
proximately 6-fold reduction in APOL1 expression. Together,
these results suggest that induction of APOL1 in U937 cells con-
tributes to reduced virus production by the cells.

DISCUSSION

In this study, we demonstrated that APOL1 inhibits HIV-1 repli-
cation by reducing HIV-1 transcription and by targeting HIV-1
Gag for degradation. In addition, a pulse-chase stability assay
showed that HIV-1 Gag became significantly less stable in the
presence of suboptimal APOL1 levels that incompletely inhibited
HIV-1 transcription. Consistent with this observation, we found
that APOL1 stimulated endocytosis and significantly expanded
the lysosomal compartment. Interestingly, the increased number
of lysosomes in the presence of APOL1 may facilitate proteolytic
degradation of endocytosed Gag and viral accessory proteins.
Whether accumulation of lysosomes results solely from the stim-
ulation of lysosome biogenesis or, additionally, from the inhibi-
tion of autophagosomal flux, which consumes a significant pool of
lysosomes, is unclear. Here we show that APOL1 stimulates lyso-
somal biogenesis by promoting nuclear localization of TFEB, a
master regulator of lysosomal biogenesis (36, 37), and expression
of TFEB target genes coding for lysosomal proteins LAMP1,
LAMP2, and CD63. Interestingly, expansion of the lysosomal
compartment was recently shown in Trex1-deficient CD4� T cells
and macrophages, which coincided with enhanced nuclear trans-

location of TFEB (49, 50). This lysosomal expansion was hypoth-
esized to be intimately involved in the antiviral phenotype of
Trex1-deficient cells. Moreover, induction of Trex1 by IFN-� in
mouse macrophages (51) suggests that if Trex1 is similarly in-
duced by IFN-� in human macrophages, it may reduce lysosomal
biogenesis induced by APOL1 and possibly modulate anti-HIV-1
effects of APOL1. Thus, it would be worth evaluating how these
two factors intersect in macrophages to control HIV-1 replication
and regulate innate immune responses to HIV-1.

Remarkably, Trex1-deficient cells have reduced mammalian
target of rapamycin (mTOR) activity. Suppression of mTOR-de-
pendent phosphorylation of TFEB promotes its activation and
nuclear translocation. This suggests that APOL1 expression could
also inhibit mTOR activity. Consistent with this hypothesis,
APOL1 has been implicated in autophagy, another process that is
activated by suppression of mTOR activity (15, 16). Interestingly,
mTOR has been shown to also control NF-
B activity (52), hence
providing a potential explanation for the APOL1 inhibition of
HIV-1 transcription.

Downregulation of key components of the endocytic pathway
that mediate fusion between late endosomes (Stx7 and Rab7) and
lysosomes (VAMP7) moderately increased virus production and
steady-state accumulation of Gag in cells, indicating that endocy-
tosis does not significantly influence virus production in 293T
cells (30, 33). However, the expression of APOL1 in cells in which
endocytic flux was perturbed by downregulation of Eps15, Rab7,
Stx7, or VAMP7 significantly restored virus production, suggest-
ing that a functional endocytic pathway is necessary for APOL1-
mediated inhibition of HIV-1 replication.

In addition to potent inhibition of virus production, APOL1
also decreased virus infectivity. We observed that APOL1
downregulated viral accessory proteins Vif, Nef, and Vpu,
which counteract host restriction factors. Thus, we propose
that APOL1 reduces HIV-1 infectivity by depleting viral acces-
sory proteins and preventing degradation of host restriction
factors. For example, the cellular cytidine deaminase A3G po-
tently inhibits replication of vif-deficient HIV-1 in human cells
(53). However, unrestricted replication of wild-type HIV-1 in
A3G-positive cells is attributed to viral accessory protein Vif,
which eliminates A3G either by proteasome-mediated degra-
dation (54–57) or by degradation-independent mechanisms
(58). Here, we show that APOL1 prevents degradation of A3G
in cells expressing wild-type HIV-1 partly by inhibiting HIV-1
gene expression as well as by targeting Vif for lysosomal degra-
dation and secretion in microvesicles. Thus, depletion of Vif by
APOL1 restores intracellular A3G levels sufficiently to reduce
infectivity of wild-type progeny viruses, possibly by enhancing
incorporation of A3G into virions.

To investigate whether APOL1 affects HIV-1 replication in
cells that are natural targets for HIV-1, we analyzed the expression
of APOL1 in T cells and monocytic cells. We have found that only
differentiated monocytic THP-1 and U937 cells expressed detect-
able levels of APOL1 protein when stimulated with IFN-�. This
finding is especially intriguing since IFN-�-polarized M1 macro-
phages inhibit HIV-1 replication (17, 59) and also express APOL1
transcripts and proteins (18, 26). We have confirmed these results
and showed that only primary macrophages stimulated with
IFN-� expressed APOL1. In contrast, treatment with IFN-� only
marginally stimulated APOL1. Although expression of restriction
factor Samhd1 in macrophages (60, 61) was not significantly af-
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fected by treatment with IFN-� or IFN-� in macrophages as re-
ported previously (47), antiviral activity of Samhd1 can be regu-
lated posttranscriptionally by phosphorylation (62). Thus, we
cannot rule out the possibility that APOL1 acts together with
Samhd1 or other factors to restrict HIV-1 in IFN-�-polarized
macrophages. These observations prompted us to examine
whether endogenous APOL1 expressed in differentiated and IFN-
�-stimulated U937 cells contributes to anti-HIV-1 activity. How-
ever, interferon-stimulated macrophages express a multitude of
restriction factors and microRNA (miRNAs) that affect HIV-1
replication (63), and thus, it may be challenging to elucidate the
contribution of APOL1 under such conditions. Nevertheless, we
have established U937 cell lines that stably express APOL1 shRNA.
While IFN-� stimulation of U937 cells expressing control shRNA
reduced HIV-1 production by approximately 53%, cells express-
ing APOL1 shRNA were more permissive and reduced virus pro-
duction only by 23%. Importantly, in the absence of IFN-�, the
two cell lines showed almost identical levels of permissiveness to
HIV-1, indicating that the observed difference in HIV-1 produc-
tion is due to differential expression of APOL1 between cell lines.
Thus, analysis of the effect of APOL1 on HIV-1 replication in
human primary macrophages is warranted.

Based on the evidence presented in this work, we propose that
APOL1 inhibits virus replication partly by reducing HIV-1 tran-
scription and stimulating endocytosis targeting HIV-1 Gag for
degradation in an expanding lysosomal compartment. A sche-
matic of this model is shown in Fig. 9. APOL1-mediated degrada-
tion and secretion of viral accessory protein Vif in microvesicles
produce virions with decreased infectivity. The combined effects
of these pathways significantly limit virus replication. Further un-
derstanding of the mechanism by which APOL1 cooperates with
other restriction factors in macrophages to limit HIV-1 infection
will have implications for the design of novel therapeutic ap-
proaches against HIV-1.
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