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ABSTRACT

Despite the advent of combined antiretroviral therapy (cART), the persistence of viral reservoirs remains a major barrier to cur-
ing human immunodeficiency virus type 1 (HIV-1) infection. Recently, the shock and kill strategy, by which such reservoirs are
eradicated following reactivation of latent HIV-1 by latency-reversing agents (LRAs), has been extensively practiced. It is impor-
tant to reestablish virus-specific and reliable immune surveillance to eradicate the reactivated virus-harboring cells. In this re-
port, we attempted to reach this goal by using newly developed chimeric antigen receptor (CAR)-T cell technology. To generate
anti-HIV-1 CAR-T cells, we connected the single-chain variable fragment of the broadly neutralizing HIV-1-specific antibody
VRC01 to a third-generation CAR moiety as the extracellular and intracellular domains and subsequently transduced this into
primary CD8� T lymphocytes. We demonstrated that the resulting VC-CAR-T cells induced T cell-mediated cytolysis of cells
expressing HIV-1 Env proteins and significantly inhibited HIV-1 rebound after removal of antiviral inhibitors in a viral infectiv-
ity model in cell culture that mimics the termination of the cART in the clinic. Importantly, the VC-CAR-T cells also effectively
induced the cytolysis of LRA-reactivated HIV-1-infected CD4� T lymphocytes isolated from infected individuals receiving sup-
pressive cART. Our data demonstrate that the special features of genetically engineered CAR-T cells make them a particularly
suitable candidate for therapeutic application in efforts to reach a functional HIV cure.

IMPORTANCE

The presence of latently infected cells remains a key obstacle to the development of a functional HIV-1 cure. Reactivation of dor-
mant viruses is possible with latency-reversing agents, but the effectiveness of these compounds and the subsequent immune
response require optimization if the eradication of HIV-1-infected cells is to be achieved. Here, we describe the use of a chimeric
antigen receptor, comprised of T cell activation domains and a broadly neutralizing antibody, VRC01, targeting HIV-1 to treat
the infected cells. T cells expressing this construct exerted specific cytotoxic activity against wild-type HIV-1-infected cells, re-
sulting in a dramatic reduction in viral rebound in vitro, and showed persistent effectiveness against reactivated latently infected
T lymphocytes from HIV-1 patients receiving combined antiretroviral therapy. The methods used in this study constitute an
improvement over existing CD4-based CAR-T technology and offer a promising approach to HIV-1 immunotherapy.

HIV-1 replication can be efficiently suppressed with combined
antiretroviral therapy (cART). However, treatment must be

maintained throughout the lifetime of the patient, as this virus can
persist in a stable latent reservoir, constituting a major barrier to
the establishment of an HIV-1 cure. To date, many strategies have
been proposed for the eradication of HIV-1 reservoirs (1–3). Re-
cent efforts have focused on the reactivation of HIV-1-harboring
cells with special latency-reversing agents (LRAs), which expose
the virus-infected cells to the immune system without global T cell
activation. This modality is also known as the shock and kill strat-
egy (4–9). It is well known that HIV-1 can quickly acquire muta-
tions to evade immune recognition (10–12). Several studies have
indicated that CD8� T lymphocytes in infected patients on cART
lack HIV-1-specific or effective immune responses and cannot
completely eliminate latently infected cells, even after successful
reactivation (13, 14). Therefore, the reestablishment of potent an-
tiviral immunity is required for an ultimate kill strategy to eradi-
cate viral reservoirs (7).
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In recent years, chimeric antigen receptor (CAR)-modified im-
mune cells have emerged as a novel tool to kill cancer cells in a
high-affinity, T cell receptor-independent, and major histocom-
patibility complex (MHC)-unrestricted manner (15). Such spe-
cific targeting of cancer cells can be achieved through the adoptive
transfer of autologous immune cells genetically engineered to ex-
press a CAR molecule recognizing the natural antigen on malig-
nant cells (16–19). The clinical use of CARs against leukemia and
lymphoma has been shown to be highly effective and successful
(20–23).

This strategy has also been proposed for the treatment of viral
infection, including HIV-1, hepatitis B virus, and hepatitis C virus
(24, 25). Previous reports have described the generation of HIV-
1-specific CAR-T cells by connection of an extracellular antigen-
binding domain to intracellular T cell activation domains (e.g.,
CD3� and CD28). The former can be a single-chain variable frag-
ment (scFv) (26–30) or a natural molecule, such as CD4 (26, 27,
31–36), capable of directly inducing the death of cells expressing
the viral envelope glycoprotein (Env). However, it remains to be
determined whether these CAR-T cells can be used to kill the
reactivated HIV-1 latently infected cells from the infected individ-
uals receiving suppressive cART.

HIV-1 broadly neutralizing antibodies (bNAbs) have been well
characterized in recent years and include molecules such as
VRC01-03, 3BNC117, NIH45-46, and PGT125-131, among oth-
ers. By targeting several conserved sites in the glycoproteins gp120
and gp41, they are capable of neutralizing multiple HIV-1 strains
(37). These antibodies can protect against challenge with HIV-1 in
humanized mouse models and nonhuman primates (38–40).
They have also been shown to exert protection in a recent human
HIV-1 vaccine clinical trial (41).

In this report, we developed a novel MHC-independent
third-generation anti-HIV-1 CAR molecule (CD3�-CD28-
CD137). The extracellular domain consisted of an scFv region
derived from the bNAb VRC01 capable of redirecting the anti-
gen specificity of primary CD8� T cell populations against
gp120, which comprises the CD4 binding site (CD4bs) of var-
ious HIV-1 isolates (42, 43). We have also redesigned the CAR
cytoplasmic region, composed of a CD3� chain and multiple
signaling domains (CD28 and CD137) (44). We found that the
newly designed CAR-T cells, here referred to as VC-CAR-T
cells, were able to induce T cell-mediated cytolysis after cocul-
ture with gp120-expressing cells and wild-type HIV-1-infected
CD4� T cells. We also found that VC-CAR-T cells display su-
perior potency compared to the CD4-CAR described previ-
ously (26, 27, 31–36). Importantly, we have also confirmed that
they can effectively kill the reactivated HIV-1-infected CD4� T
lymphocytes isolated from HIV-1-infected patients.

MATERIALS AND METHODS
Patient cohort. This research was approved by the Ethics Review Board of
The Eighth People’s Hospital at Guangzhou (Guangzhou Infectious Dis-
ease Hospital, Guangzhou, China) and the Ethics Review Board of Sun
Yat-Sen University. HIV-1-infected patients were recruited at The Eighth
People’s Hospital at Guangzhou and gave written informed consent with
approval of the Ethics Committees. All patients were recruited on the basis
of prolonged continuous suppression of plasma HIV-1 viremia on cART
to below the limit of detection of standard clinical assays (�50 copies
HIV-1 RNA ml�1). Unidentified human peripheral blood mononuclear
cells (PBMCs) of healthy blood donors were provided by the Guangzhou

Blood Center. We did not have any interaction with these human subjects
or protected information; therefore, no informed consent was required.

Cell lines. HEK293T and HeLa cells were maintained in condi-
tioned Dulbecco’s modified Eagle medium (DMEM) (Gibco, Invitro-
gen, Carlsbad, CA) containing 10% fetal bovine serum (FBS) (Gibco,
Invitrogen, Carlsbad, CA). Jurkat-internal ribosomal entry site-green
fluorescent protein (IRES-GFP) and Jurkat-gp160-IRES-GFP strains,
including Jurkat-gp160NL4-3 and Jurkat-gp160BaL, which constitu-
tively express Env from different HIV-1 strains, such as NL4-3 and
BaL, were constructed and grown in conditioned RPMI 1640 (Gibco,
Invitrogen, Carlsbad, CA) medium plus 10% FBS and 2 mM Glu-
taMAX (Gibco, Invitrogen, Carlsbad, CA). All cell culture media con-
tained 100 U ml�1 penicillin and 100 �g ml�1 streptomycin (Gibco,
Invitrogen, Carlsbad, CA). All cell lines were maintained in an envi-
ronment of 37°C and 5% CO2.

Construction of CAR-encoding lentiviral vector. The scFv region
derived from HIV-1 broadly neutralizing monoclonal antibody VRC01
was used as the N-terminal region of the CARs directed against the CD4
binding site of envelope glycoprotein gp120. As shown in Fig. 1, the
VRC01-28BB CAR was comprised of scFv (VRC01) linked in frame to the
hinge domain, transmembrane region, and intracellular signal domains,
which contained CD28 (nucleotides 460 to 660; GenBank accession num-
ber NM_006139.3), CD137 (nucleotides 640 to 765; NM_001561.5), and
CD3� (nucleotides 160 to 492; NM_198053.2) in tandem with or without
a GGGS sequence inserted between each signaling domain. The trans-
membrane and intracellular signaling regions of VRC01-28BBZ-1 were
from the previous design (44). VRC01-28BBZ-2 contains a modified ver-
sion of a truncated CD28 transmembrane motif, and VRC01-28BBZ-3 is
redesigned with an insert linker (GGGS)3 between each signaling domain
(35, 45, 46). The third-generation CAR moieties were inserted into lenti-
viral vector pCPPT-IRES-mStrawberry. The construction of pCPPT-
IRES-mStrawberry is described in Fig. S1 in the supplemental material.
Meanwhile, scFv with extracellular domains of the human CD4 molecule
was substituted according to a previous description (35). All of the con-
structs were verified by sequencing, and the complete sequences of all of
the constructs are listed in Table S1.

Isolation and culture of primary human T lymphocytes. The PBMCs
derived from healthy donors or HIV-1-infected patients were isolated
from buffy coats by Ficoll-Hypaque gradient separation. Excess PBMCs
were cryopreserved until ready to use. Primary human CD4� and CD8�

T cells were obtained from PBMCs by negative magnetic selection
through human CD8� T lymphocyte enrichment set DM (BD-IMag).
The isolated T cells were stimulated for 2 days with anti-CD3 antibody at
1 �g ml�1 (R&D Systems), anti-CD28 antibody at 1 �g ml�1 (R&D Sys-
tems), and recombinant human interleukin-2 (IL-2) at 10 ng ml�1 (R&D
Systems) before wild-type HIV-1 or pseudovirus infection. The trans-
duced T cells were expanded in conditioned medium containing 90%
RPMI 1640 (Gibco, Invitrogen, Carlsbad, CA) supplemented with 10%
FBS (Gibco, Invitrogen, Carlsbad, CA) and 2 mM GlutaMAX (Gibco,
Invitrogen, Carlsbad, CA) at a concentration of 1 � 106 cells ml�1. Cells
were fed with IL-2 at 10 ng ml�1 and IL-7 at 10 ng ml�1 (R&D Systems)
every other day. The genetically modified T cells were used for functional
assay at 1 week after transduction. All cell culture media contained 100 U
ml�1 penicillin and 100 �g ml�1 streptomycin (Gibco, Invitrogen, Carls-
bad, CA), and cell cultures were maintained in an environment of 37°C
and 5% CO2.

Pseudovirus production and transduction. The day before transduc-
tion, HEK293T cells were seeded at 8 � 106 cells per 100-mm dish. Twen-
ty-four hours later, the pseudoviruses were generated by cotransfecting
HEK293T cells with pCPPT-IRES-mStrawberry plasmids encoding vari-
ous CAR moieties (13.5 �g), pMD.2G encoding VSV-G envelope (7.5
�g), and a packaging vector, psPAX2 (16.5 �g), using a phosphate trans-
fection system by following the manufacturer’s instructions. Superna-
tants were harvested after 48 h and filtered through a 0.22-�m mem-
brane to remove cell debris. Pseudoviruses were concentrated by
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centrifuging with a 30% volume of 50% polyethylene glycol 6000 and
a 13% volume of 4 M NaCl. For infection, on day 1, 106 purified and
anti-CD3� and anti-CD28 antibody-activated T cells were plated onto
a 24-well plate, followed by adding 2 ml of pseudovirus supernatant
plus Polybrene (Sigma) at 8 �g ml�1. The plates were centrifuged for
90 min at 350 � g and then incubated at 37°C. Twelve hours later, cells
were infected for the secondary round with the same procedure. At day
2 postinfection, pseudoviruses were replaced by the fresh culture me-
dia as described above.

Real-time qRT-PCR analysis. Total RNA was isolated with TRIzol
reagent (Life Technologies) and then subjected to cDNA synthesis using a
PrimeScript reverse transcription (RT) reagent kit (TaKaRa). All primers
were annealed at 37°C and RT was processed at 42°C. Quantitative PCR
was performed with a SYBR premix Ex Taq II kit (TaKaRa) by following
the manufacturer’s instructions. The primer sequences are listed in Table
S2 in the supplemental material. The expression of viral RNAs was deter-
mined by real-time quantitative reverse transcription-PCR (qRT-PCR)
with the primer pair SK38 (5=-ATAATCCACCTATCCCAGTAGGAG
AAA-3=) and SK39 (5=-TTTGGTCCTTGTCTTATGTCCAGAATGC-3=).
An in vitro-synthesized HIV-1 RNA, after quantification, was used as the
external control for measuring cell-associated viral RNA (47). Quantifi-

cation was normalized to the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) housekeeping gene or �-actin.

Western blotting. Thirty micrograms of protein was resolved by SDS-
PAGE and transferred to nitrocellulose blotting membranes (Bio-Rad,
Hercules, CA). The following antibodies and dilutions were used in these
experiments: rabbit-anti-Flag (1:1,000 dilution) (MBL) that recognizes
the C-terminal region of CARs, mouse anti-human �-actin (1:5,000 dilu-
tion) (MBL), goat-anti-rabbit-conjugated IRDye 800CW secondary
antibodies (1:5,000 dilution) (LI-COR Biosciences), and goat-anti-
mouse-conjugated IRDye 680RD secondary antibodies (1:5,000 dilution)
(LI-COR Biosciences). Blots were then detected by a Odyssey two-color
infrared scanner (LI-COR Biosciences).

Immunofluorescence. Cells were fixed with 4% paraformaldehyde.
After permeabilization with 0.1% Triton X-100, cells were incubated with
3% bovine serum albumin (BSA) to block nonspecific binding. Cells were
then stained with the primary antibody rabbit anti-Flag (MBL) (1:1,000
dilution) at 20°C for 2 h and then were probed with Dylight488 goat
anti-mouse secondary antibody (1:5,000 dilution) at 20°C for 2 h (Ab-
cam). Fluorescent signals were detected using a fluorescence microscope
(DMI6000B; Leica). 4=,6-Diamidino-2-phenylindole (DAPI) (Life Tech-
nologies) was used for nuclear staining.

FIG 1 Characterization of VRC01-28BBZ CAR-T cells. (A) Schematic representation of the VRC01-28BBZ CAR (not to scale). (B) Western blotting was
performed to detect the expression of VRC01-28BBZ with anti-Flag tag antibody in HEK293T cells by transfecting three pCPPT-IRES-VRC01-28BBZ-mStraw-
berry plasmids. The HEK293T cells transfected with pCPPT-IRES-mStrawberry empty vector served as a negative control. (C) Immunofluorescence staining was
performed to detect VRC01-28BBZ-3 CAR (VC-CAR) expression in HeLa cells with anti-Flag tag antibody. DAPI staining represents the nuclei. (D) Flow
cytometry was performed to detect the transduction efficiencies of VC-CAR and empty vector in human CD8� T cells by detection of mStrawberry fluorescence.
Transduced CD8� T cells were measured by detecting mStrawberry fluorescence and human Fab stained with goat antibody through flow cytometry. Untrans-
duced CD8� T cells served as a negative control. The CD4-CAR-transduced CD8� T cells were detected with anti-CD4 antibody through flow cytometry.
CD4-negative gating was set on untransduced control cells (data not shown).

Liu et al.

9714 jvi.asm.org November 2016 Volume 90 Number 21Journal of Virology

http://jvi.asm.org


LDH assay. The specific killing activity of VRC01-28BBZ CAR-trans-
duced T cells toward Jurkat cells expressing HIV-1 envelope glycoprotein
or HIV-1-infected primary CD4� T lymphocytes at different ratios (from
8:1 to 0.5:1) was measured after coculture for 24 to 48 h in a 96-well
U-bottom plate by lactate dehydrogenase (LDH) assay using the CytoTox
96 nonradioactive cytotoxicity kit (G1781; Promega). The manufacturer’s
instructions were followed. Absorbance values of wells containing effector
cells alone and target cells alone were combined and subtracted as the
background from the values of the cocultures. Wells containing target
cells alone were mixed with a lysis reagent for 30 min at 37°C, and the
resulting luminescence was set as 100% lysis.

IFN-� ELISpot assay. For enzyme-linked immunosorbent spot
(ELISpot) assay, VC-CAR or control effector CD8� T cells (105 cells) were
mixed with target cells at the indicated range of effector-to-target (E:T)
ratios and then added to the anti-gamma interferon (IFN-	) antibody-
precoated plates from the human IFN-	 ELISpot assay kit (DKW22-1000-
096s; Dakewe), along with a negative control (effector CD8� T cells alone)
or positive control (phytohemagglutinin [PHA] stimulation). Plates were
incubated for 16 to 20 h at 37°C and 5% CO2. The ELISpot assays were
then performed according to the manufacturer’s instructions. The plates
were scanned by an S6 ultra immunoscan reader (Cellular Technology
Ltd.), and the number of IFN-	-positive T cells was calculated by Immu-
noSpot 5.1.34 software (Cellular Technology Ltd.).

ELISA. VC-CAR or control effector CD8� T cells (105 cells) were
cocultured with Jurkat-based target cells on gradients from 1:1 to 1:8 (E:T
ratio) in 96-well round-bottom plates. Supernatants were collected after
20 to 24 h. Cytokine release by effector CD8� T cells in response to stim-
ulation with target cells was analyzed using granzyme B (Neobioscience)
and IL-2 enzyme-linked immunosorbent assay (ELISA) kits (Multi-
Sciences, Lianke BiotechCo., Ltd.) according to the manufacturer’s in-
structions. HIV-1 viral particle production in cell cultures was deter-
mined with an HIV-1 p24 ELISA kit by following the manufacturer’s
protocol (Clontech).

Flow cytometry. For intracellular HIV-1 Gag (p24) staining, surface
staining (CD3, CD8, or CD4) was performed, followed by intracellular
staining for HIV-1 p24 (Santa Cruz Biotechnology) with the transcription
factor buffer set, including fixation/permeabilization and fixation/wash
buffers (BD Biosciences), according to the manufacturer’s protocol. The
antibody used in surface staining of the VC-CAR moiety was goat F(ab=)2
anti-human IgG-F(ab=)2 (DyLight 488) (catalog number ab98600; Ab-
cam). Other surface antibodies were purchased from BD Biosciences.
Data were acquired on a BD FACSAria and were analyzed with FlowJo
software (Tree Star, Ashland, OR).

In vitro wild-type HIV-1 infection and drug withdrawal model. The
PBMCs from healthy donors were stimulated by adding 1 mg ml�1 PHA
and 10 ng ml�1 IL-2 to the conditioned RPMI 1640 medium with 10%
heat-inactivated fetal bovine serum and antibiotics for 2 days before iso-
lation of CD4� T cells. CD4� T cells were infected with laboratory virus
strain NL4-3 (p24 titer of 1 ng ml�1). Three hours after HIV-1NL4-3 in-
fection, the culture medium was changed by centrifugation. Infected
CD4� T cells were cultured in basal medium plus IL-2 (10 ng ml�1;
recombinant human; R&D Systems) and further incubated at 37°C in a
humidified incubator with 5% CO2. Six days after HIV-1NL4-3 infection,
azidothymidine (Zidovudine; Sigma-Aldrich) and lopinavir (Sigma-Al-
drich) were added to the CD4� T cell culture, both at 50 �M, to inhibit
virus production and prevent further infection events. The cells were then
cultured in the presence of low-concentration IL-2 (1 ng ml�1). Anti-
HIV-1 drugs were withdrawn when the viral production was significantly
decreased to the marginal level for p24 detection (about 6 to 8 day after
drugs adding), and then 0.5 � 106 CD4� T cells were mixed with autolo-
gous VC-CAR or control CD8� T cells at 1:2 or 1:4 ratios in the condi-
tioned medium plus IL-2 (10 ng ml�1) at 1 ml in a 24-well plate. Every 2
days the cultures were tested for HIV-1 p24 antigen with the HIV-1 p24
antigen assay kit by following the manufacturer’s instructions.

Viral outgrowth assay. Freshly purified CD4� T lymphocytes were
obtained from a single blood draw from HIV-1-infected patients receiving
suppressive cART. Coculture was performed to recover replication-com-
petent viruses as previously described, with some modifications (48).
Briefly, at day 1, 1 � 106 CD4� T lymphocytes from HIV-1-infected
patients were stimulated by coculture with 1 � 107 irradiated allogeneic
PBMC (5000R, Rs2000; Rad Source) from uninfected donors and 1 �g
ml�1 PHA-M (Sigma-Aldrich) or a combination of specific LRAs, includ-
ing 500 nM suberoylanilide hydroxamic acid (SAHA; Sigma-Aldrich) and
20 nM bryostatin-1 (Sigma-Aldrich), in the conditioned RPMI 1640 me-
dium containing 10% FBS and 10 ng ml�1 IL-2. At day 2, the cell culture
was mixed with autologous 1 � 106 VC-CAR or control CD8� T cells at a
1:1 ratio. At day 3, cell-associated viral RNAs were determined by qRT-
PCR, and 4 � 106 activated CD4� lymphoblasts from healthy donors
were added in fresh medium plus IL-2 (10 ng ml�1) to propagate repli-
cation-competent viruses in the culture wells. Typically, two additions
were made of CD4� lymphoblasts from uninfected donors as target
cells for HIV-1 outgrowth at days 3 and 7. At day 5, owing to the
proliferation of both lymphoblasts and patient cells, the culture me-
dium was changed. At day 7, all wells were split in half. Cells and media
were gently mixed, and half of each well was discarded. A second
addition of lymphoblasts was added to all wells. A total of 4 � 106

lymphoblasts were added to wells containing 1 � 106 patient CD4� T
cells. At day 10, wells again were fed with fresh medium as at day 5.
Supernatants from each well were tested for HIV-1 RNA and/or HIV-1
p24 protein at various time points by qRT-PCR and ELISA via an
HIV-1 p24 antigen ELISA kit.

RESULTS
Generation of VRC01-28BBZ CAR specifically targeting HIV-1
gp120. As shown schematically in Fig. 1A, we connected the scFv
sequence derived from the VRC01 bNAb active against genetically
diverse HIV-1 isolates to three analogous but different third-gen-
eration intracellular CAR moieties (42, 43). The transmembrane
and intracellular signaling regions of the first of these, VRC01-
28BBZ-1, were constructed as described in a previous report (44).
VRC01-28BBZ-2 contains a modified version of a truncated
CD28 transmembrane motif which is required for CD28 co-
stimulation signal, while VRC01-28BBZ-3 was redesigned with
an insert linker between each signaling domain (Fig. 1A; see
also Table S1 in the supplemental material) (35, 45, 46). Se-
quences encoding the three moieties, each with a FLAG tag
added to the C terminus, were then inserted into pCPPT-IRES-
mStrawberry lentiviral vectors, and the expression of all three
CARs was validated by Western blotting and immunofluores-
cence (Fig. 1B and C). Primary CD8� T lymphocytes were then
transduced with the lentiviral vectors. Flow cytometry further
demonstrated the high transduction efficiencies and cell sur-
face expression of the CAR moiety (
60%) using an antibody
against human Fab (antigen-binding antibody fragment), as
shown in Fig. 1D.

Selection of the most efficient CAR moiety. To identify the
optimal CAR for use in further experiments, CD8� T lymphocytes
transduced with lentiviral vectors encoding the above-mentioned
CAR moieties were mixed with Jurkat-derived target cells express-
ing HIV-1NL4-3 envelope glycoprotein and enhanced green fluo-
rescent protein (gp160-IRES-eGFP) (Fig. 2A). We compared the
cytotoxic potency of each group of CAR-expressing T cells by
detecting the release of lactate dehydrogenase (LDH) (49). All
three CAR-T cell types displayed specific and potent cytotoxicity
against Jurkat-gp160NL4-3 cells. Notably, the VRC01-28BBZ-3
group demonstrated higher cytotoxicity at 2:1 and 1:1 effector-to-
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target cell ratios than the other two CAR-T cell types tested, while
control effector cells showed negligible activity against their tar-
gets (Fig. 2B). The results of IFN-	 ELISpot assay also indicated
that VRC01-28BBZ-3 exhibited superior efficacy compared to

VRC01-28BBZ-1 and VRC01-28BBZ-2 in response to Jurkat-
gp160NL4-3 cells (Fig. 2C). Therefore, we chose to use VRC01-
28BBZ-3-expressing T cells, here referred to as VC-CAR-T cells,
for subsequent experiments. Previous studies have reported that

FIG 2 Selection of the most efficient CAR moiety. (A) qRT-PCR was performed to characterize the expression of HIV-1 Env and eGFP in Jurkat-based target cells. Jurkat
cells served as a negative control. (B) Cytotoxicity assays were performed using the CytoTox nonradioactive cytotoxicity kit, using as targets (T) Jurkat-gp160NL4-3 cells
constitutively expressing Env from HIV-1NL4-3. Cocultures were performed for 24 h with T cells expressing the indicated CARs (E, effector cells); the RFP-CD8� T cells
(Mock) served as a negative control. Shown are the cytotoxic effects of VRC01-28BBZ-transduced T cells on target cells at 2:1 and 1:1 (E:T) ratios for 24 h. (C)
Characterization of VRC01-28BBZ-transduced effector CD8� T cells after coculture with Jurkat-gp160NL4-3 or Jurkat-GFP cells at a 4:1 (E:T) ratio for 20 h by IFN-	
ELISpot assay. Effector cells alone served as the negative control (NC). The PHA-stimulated effector cells served as the positive control (PC). These data represent three
independent experiments. (D) Cytotoxic effect of VC-CAR-T cells and CD4-CAR-T cells on Jurkat-gp160NL4-3 at the indicated range of E:T ratios (24 h). (E) The CD8�

T cells expressing VC-CAR were challenged with cell-free HIV-1NL4-3 (p24 titer of 200 ng ml�1). Infection was analyzed at the indicated time points by staining for
intracellular p24 after gating the CD3� CD8� subpopulation. Untransduced CD8� T cells and CD8� T cells transduced with empty vector (mock) served as a negative
control, and CD4� T cells (gate CD3� CD8�) served as a positive control. The percent value in each histogram (left three panels) indicates the p24-positive population.
(A, B, and D) Data reflect means � standard errors of the means (SEM), and P values were calculated using the two-tailed unpaired Student’s t test with equal variances
(n � 3). *, P � 0.05; **, P � 0.01; ***, P � 0.001. Data shown in panel E represent two independent experiments.

Liu et al.

9716 jvi.asm.org November 2016 Volume 90 Number 21Journal of Virology

http://jvi.asm.org


CD4-based CAR-T cells, referred to here as CD4-CAR-T cells,
display direct cytotoxic activity against HIV-1 Env-expressing tar-
get cells (26, 27, 31–36). To compare the efficiency of CD4-CAR
and VC-CAR, we generated the former by replacing the VC-

CAR scFv with the human CD4 extracellular domain and trans-
duced this construct into CD8� T lymphocytes (Fig. 1A and
D). Cytolysis experiments indicated that VC-CAR-T cells were
much more effective than CD4-CAR-T cells over the indicated

FIG 3 Cytokine release of VC-CAR-T cells after coculture with Env-expressing Jurkat target cells. (A) Characterization of VC-CAR or control transduced
effector CD8� T cells cocultured with Jurkat-gp160NL4-3 or Jurkat-GFP cells at 2:1 and 4:1 (E:T) ratios for 20 h by IFN-	 ELISpot assay. The PHA-stimulated
effector cells served as the positive control (PC). Effector cells alone served as the negative control (NC). (B) Summary of IFN-	 ELISpot assays described for panel
A. The count number of the y axis was measured as spot-forming cells (SFCs)/104 CD8� T cells. (C) Characterization of VC-CAR or control transduced effector
CD8� T cells cocultured with Jurkat-gp160BaL cells. (D) Summary of IFN-	 ELISpot assay described for panel C. The count number of the y axis was measured
as SFCs/104 CD8� T cells. (E) Granzyme B production in cocultures of Jurkat-gp160NL4-3 target cells with VC-CAR-transduced effector CD8� T cells at the
indicated E:T ratios for 20 h. The effector cells expressing red fluorescent protein served as negative controls. (F) IL-2 production from triple VC-CAR or control
effector CD8� T cells cocultured with Jurkat-gp160NL4-3 cells for 18 h. (B, E, and F) Data reflects means � SEM. P values were calculated using the two-tailed
unpaired Student’s t test with equal variances (n � 3). *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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range of effector-to-target ratios (Fig. 2D). A potential mech-
anism to explain this observation is that the HIV-1 bNAb-
derived scFv could have a stronger affinity toward the gp120
subunit than the CD4 moiety.

Susceptibility of VC-CAR-T cells to HIV-1 infection. It is
concerning that the specific interaction between the scFv and
HIV-1 gp120 might result in CAR-T cells being susceptible to
HIV-1 infection (31, 32, 50). To examine this possibility, un-
modified CD8� T cells and those expressing VC-CAR or an
empty vector were challenged with wild-type HIV-1NL4-3 (X4).
The cells were analyzed by intracellular p24 staining at days 3,
6, and 10. Percentages calculated from histograms indicated
that the population of p24-positive CAR-T cells was not signif-
icantly different from those of control CD8� T cells and much
lower than that of the HIV-1 natural target CD4� T cells in
same period, indicating that they are not susceptible to HIV-1
infection (Fig. 2E).

Efficient in vitro cytokine secretion by VC-CAR CD8� T cells
following HIV-1 Env stimulation. To examine its functionality,
the VC-CAR construct was transduced into CD8� T cells with
lentiviral vector. We then cocultured these VC-CAR-T cells with
two HIV-1 Env-expressing target cell lines generated by ourselves,
named Jurkat-gp160NL4-3 and Jurkat-gp160BaL. We found that se-
cretion of IFN-	 was robustly increased compared to that ob-
served from cocultures with HIV-1 Env-negative cells (Jurkat-
GFP) (Fig. 3A to D). The specificity of these cells was also
demonstrated by the absence of IFN-	 secretion when HIV-1
Env-expressing target cell lines were cocultured with control ef-
fector cells (Fig. 3A and B). The functional potency of effector
VC-CAR-T cells in response to Jurkat-gp160NL4-3 cells was further
validated by the specific secretion of IL-2 and granzyme B in a
dose-dependent manner (Fig. 3E and F).

Specific cytotoxicity of HIV-1 Env-expressing Jurkat cells in-
duced by VC-CAR-T cells. We then tested VC-CAR-T cells for
specific killing activity against Env-expressing Jurkat cell lines by
detecting LDH release. VC-CAR-T cells displayed potent cyto-
toxic activity against two cell lines, Jurkat-gp160NL4-3 and Jurkat-
gp160BaL, which constitutively express the Env protein of different
HIV-1 isolates (Fig. 4A and B). In addition, the specificity of their
function was confirmed by the lack of killing activity exhibited by
control effector CD8� T cells and by the absence of Env-negative
Jurkat-GFP cell cytotoxicity (Fig. 4C).

Specific cytotoxicity of wild-type HIV-1-infected cells in-
duced by VC-CAR-T cells. To further characterize the effective-
ness of VC-CAR-T cells in eliminating cells infected by wild-type
HIV-1, activated CD4� T cells isolated from healthy donors were
infected with wild-type HIV-1NL4-3. Eight days after infection, the
cells were cocultured with autologous VC-CAR-T cells at ratios of
1:2 and 1:4 for 72 h, and cytotoxicity was analyzed using residual
CD3� CD8� Gag� T cells. VC-CAR-T cells efficiently killed in-
fected CD4� T cells and achieved an elimination rate of more than
92% at an E:T ratio of 4:1, while for control effector CD8� T cells
this figure was less than 38%, representing a significant difference
(Fig. 5A, left, and B). Although the close intercellular contacts
between the effector CD8� and infected CD4� T cells at the cyto-
toxic T-lymphocyte immunological synapse would likely foster
highly efficient cell-to-cell infection of effector cells, VC-CAR-T
cells remained HIV-1 Gag negative as control effector CD8� T
cells did, further confirming that they are not susceptible to HIV-1
infection (Fig. 5A, right). The functional potency of the specific

effector response of VC-CAR-T cells on wild-type HIV-1-infected
CD4� T cells was further validated by the secretion of IFN-	 and
release of LDH (Fig. 5C and D).

Effective suppression of HIV-1 rebound after withdrawal of
antiviral treatment in vitro. We withdrew antiviral treatment for
viral infection in vitro in an attempt to mimic the in vivo viral
rebound process. Peripheral blood mononuclear cells were iso-
lated from healthy donors and divided into two populations.
CD4� T lymphocytes were used as target cells for HIV-1 infection,
while CD8� T lymphocytes were used to generate VC-CAR-T
cells. Six days after wild-type HIV-1NL4-3 infection, antiretroviral
compounds (azidothymidine and lopinavir) were added to the
CD4� T cell culture to inhibit virus production and prevent fur-

FIG 4 Specific killing of Env-expressing cells by VC-CAR-transduced effector
CD8� T cells. Direct killing of target cell lines was performed using the Cyto-
Tox nonradioactive cytotoxicity kit with Jurkat-gp160NL4-3 (A), Jurkat-
gp160BaL (B), and Jurkat-GFP (C) cells as targets. Cocultures were performed
for 24 h with CD8� T cells expressing the VC-CAR (E, effector cells); the red
fluorescent protein-transduced CD8� T cells served as a negative control. Data
reflect means � SEM.
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ther infection events (Fig. 6A). Meanwhile, the cells were main-
tained in the presence of a very low concentration of IL-2. After
approximately 8 to 10 days, virus production had significantly
decreased to the lower limit for p24 detection, and infected CD4�

T cells were close to quiescence (Fig. 6B). We then withdrew anti-
HIV-1 drugs and added autologous VC-CAR or control CD8� T
cells concurrently (Fig. 6A). HIV-1 was seen to rebound very
quickly in CD4� T lymphocytes in the absence of coculture, and
control CD8� T cells exhibited only limited inhibitory action on
viral propagation (Fig. 6D). However, viral production was signif-

icantly and persistently suppressed following coculture with VC-
CAR-T cells (Fig. 6D). The level of cell-associated viral RNA in
infected CD4� T lymphocytes also substantially decreased by
nearly 50-fold (Fig. 6C), indicating effective elimination of virus-
producing cells. Furthermore, this inhibitory effect on viral re-
bound was enhanced by increasing the effector-to-target ratio to
4:1 (Fig. 6C and D, lower).

Elimination of reactivated HIV-1 latently infected CD4� T
lymphocytes from virus-infected individuals receiving cART. In
order to determine whether VC-CAR-T cells are able to recognize

FIG 5 Specific killing of HIV-1NL4-3-infected primary CD4� T cells by VC-CAR-transduced effector CD8� T cells. (A) Primary CD4� T cells were infected with
HIV-1NL4-3 (p24 titer of 200 ng ml�1). At day 8 postinfection, CD4� T cells were mixed with autologous VC-CAR or control transduced effector CD8� T cells
at a 1:2 or 1:4 ratio. Seventy-two hours after coculture, specific cytotoxicity was analyzed by flow cytometry for the intracellular staining of Gag� T cells gated on
CD3� CD8� or CD3� CD8� subpopulations, respectively, as indicated at the top. (B) Summary of residual CD3� CD8� Gag� T cells from the flow cytometry
analysis. (C) VC-CAR or control transduced effector CD8� T cells were cocultured with HIV-1NL4-3-infected primary CD4� T cells at a 2:1 (E:T) ratio for 20 h.
IFN-	 secretion was analyzed by ELISpot assay. The PHA-stimulated effector cells served as the positive control (PC). Effector cells alone served as the negative
control (NC). (D) Specific killing of HIV-1NL4-3-infected primary CD4� T cells by VC-CAR-transduced effector CD8� T cells. Cocultures were performed for
24 h. (B and D) Data reflect means � SEM from triplicates. P values were calculated using the two-tailed unpaired Student’s t test with equal variances (n � 3).
*, P � 0.05; **, P � 0.01; ***, P � 0.001.
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and kill activated infected CD4� T lymphocytes isolated from
HIV-1-infected patients receiving suppressive cART, we per-
formed a viral outgrowth assay in the presence of VC-CAR-T cells
(48). Figure 7A shows a schematic of this procedure. We first

activated the CD4� T cells isolated from HIV-1-infected patients
with PHA or a combination of specific LRAs, including a vorinos-
tat (SAHA), a histone deacetylase inhibitor (HDACi), and bryo-
statin 1, a protein kinase C/nuclear factor-B pathway activator.

FIG 6 Effective suppression of HIV-1 rebound after the withdrawal of antiviral treatment in vitro. The primary CD4� T cells were infected with HIV-1NL4-3 (1
ng ml�1 p24). (A) Experimental design. (B) The expression of the activation markers CD25 and HLA-DR on unstimulated and activated CD4� T cells and CD4�

T cells at day 14 postinfection. The percentage of cells in each quadrant is indicated. (C) After the withdrawal of antiviral drugs, 0.5 � 106 CD4� T cells were mixed
with autologous VC-CAR engineered or control CD8� T cells at a 1:2 or 1:4 ratio. On day 24, cells were collected and viral RNAs were isolated and amplified by
real-time RT-qPCR with primer SK38 and SK39. The cutoff for cell-associated viral RNA is 800 copies ml�1. (D) Every 2 days the cultures were tested for the
presence of p24 in the supernatant by ELISA. The dotted line represents the addition of antiviral drugs. (C and D) Data reflect means � SEM. P values were
calculated using the two-tailed unpaired Student’s t test with equal variances (n � 3). *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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One day following treatment, the activated CD4� T cells were
cocultured with VC-CAR-T or control effector cells generated
from autologous CD8� T lymphocytes. We found cell-associated
viral RNA levels to be significantly decreased by VC-CAR-T cells
in both PHA- and LRA mixture-activated CD4� T lymphocytes
(Fig. 7B), while control CD8� T cells from the same subjects
showed only minimal or significantly diminished effects (Fig. 7B).
When cocultures were maintained over a length of time, viral
replication was seen to be persistently and effectively inhibited by
VC-CAR-T cells (Fig. 7C). These results demonstrate that VC-
CAR-T cells can recognize and effectively eliminate autologous

reactivated HIV-1-infected CD4� T cells from patients receiving
suppressive cART.

DISCUSSION

Despite decades of effort, clinical progress in the treatment of
HIV-1 infection remains limited principally by high viral muta-
tion rates and the persistence of latently infected cells (51–53). In
the present study, we combined an extracellular domain derived
from the scFv of the HIV-1 bNAb VRC01 and a third-generation
CAR moiety to develop novel MHC-independent, anti-HIV-1
VC-CAR-T cells. These cells exhibited specific antiviral activity

FIG 7 Elimination of reactivated HIV-1 latently infected CD4� T lymphocytes from HIV-1-infected individuals receiving suppressive cART. (A)
Experimental design. (B) On day 0, CD4� T cells from HIV-1-infected patients were stimulated by PHA-M or by a combination of specific LRAs (SAHA
plus bryostatin-1). After 1 day, 1 � 106 CD4� T cells were mixed with autologous VC-CAR-engineered or control CD8� T cells at a 1:1 ratio. On day 3,
cells were collected and viral RNAs were isolated and amplified by real-time qRT-PCR with primers SK38 and SK39. The cutoff for cell-associated viral
RNA is 800 copies ml�1. (C) The cultures were further tested for the presence of p24 with viral outgrowth by ELISA at the indicated time points. (B and
C) Data reflect means � SEM. P values were calculated using the two-tailed unpaired Student’s t test with equal variances (n � 3). *, P � 0.05; **, P � 0.01;
***, P � 0.001.
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and induced broad T cell-mediated cytotoxicity against diverse
HIV-1 isolates. Importantly, the VC-CAR described here displays
augmented potency compared to previously described CD4-CAR
(Fig. 2D). This may be explained by differences in affinity toward
the gp120 subunit between the HIV-1 bNAb-derived scFv and the
CD4 moiety (42, 43). The third-generation CAR moiety, combin-
ing multiple intracellular signaling domains (CD3�-CD28-41BB),
offers improved amplification of activation signals and enhanced
T cell-mediated cytolysis of HIV-1-infected cells (17). To enhance
immune potency and thereby prevent viral entry, two groups have
used the previously described CD4-CAR system to express an scFv
of 17b, a monoclonal antibody targeting the coreceptor binding
region of gp120, and short hairpin RNAs specific to the coreceptor
chemokine (C-C motif) receptor 5 and the HIV-1 long terminal
repeat (35, 36). In the present work, our VC-CAR-T cells were not
susceptible to HIV-1 infection, perhaps because the interaction
between the VRC01 scFv and viral envelope gp120 did not lead to
the exposure of gp41 to the cell membrane, thus not fully permit-
ting viral entry into CD8� T lymphocytes.

The special features of the VC-CAR approach to genetically
engineering CD8� T cells make it a particularly suitable candidate
for the enhancement of HIV-1-specific immune surveillance.
Since the safety and feasibility of CAR-T cell therapy have been
established in several clinical trials (54–56), it seems reasonable to
develop therapeutic applications of this technique in the pursuit
of a functional HIV-1 cure (7). Our data indicate that VC-CAR-T
cells can significantly delay HIV-1 rebound in an in vitro system.
Importantly, the VC-CAR-T cells also effectively eradicated the
reactivated HIV-1-infected CD4� T lymphocytes isolated from
infected individuals receiving suppressive cART. Accordingly, the
next steps will focus on maintaining the self-renewal of reconsti-
tuted CAR-T cells to prolong their persistence in vivo after adop-
tive transfer (57, 58). In addition, a combination of CAR-T cells
recognizing several independent sites on the HIV-1 envelope
might further potentiate antiviral activity. Furthermore, based
upon our current work, the CAR-T cell therapy in combination
with highly efficient LRAs merits being evaluated in future clinical
trials (7).

Latent infection remains a major barrier to the realization of an
HIV-1 cure, although the shock and kill (also known as kick and
kill) strategy has been extensively discussed (59–63). However,
recent studies suggest that the latent reservoir size is 60 times
larger than previously estimated from patients on cART, and only
a small fraction of replication-competent viruses can be recovered
from this reservoir by LRAs (64). For this reason, the viral reser-
voir can be categorized into shallow and deep tiers, as we proposed
previously (7). The former consists of infected cells harboring
inducible proviruses (7). According to the shock and kill strategy,
when latent viruses are reactivated, potent reconstituted immune
surveillance, comprised of CAR-T cells, natural cytotoxic T lym-
phocytes, and bNAbs, could eradicate these HIV-1-producing
cells and persistently control viral replication without the contin-
uation of cART (7, 13). As for the deep reservoir that cannot be
activated by current methods, highly effective LRAs are urgently
needed to reduce its size to the greatest extent possible. Thereafter,
strategies such as the clustered regularly interspaced short palin-
dromic repeats (CRISPR)/Cas9 system, RNA interference, and
small-molecule approaches might be utilized to permanently ex-
tirpate these deeply silenced viruses (65–71). In any case, the
CAR-T cell method could be used to enhance and maintain im-

mune surveillance (7). As such, a long-term, even lifelong func-
tional HIV-1 cure may be achievable.
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