
The Journal of Clinical Investigation   C L I N I C A L  M E D I C I N E

1

Introduction
Antiretroviral therapy (ART) significantly suppresses HIV-1 to an 
undetectable level in the blood, improves immune function, delays 
progression of the disease, and decreases mortality in patients 
infected with HIV-1 (1). However, some HIV-1 replication-compe-
tent proviruses comprise a latent reservoir, which is quite stable, 
with a half-life of 44 months, requiring nearly 73.4 years for com-
plete clearance (2, 3). In almost all individuals infected with HIV-1, 
plasma viral rebound predictably occurs within days after treatment 
interruption, resulting in the lifelong requirement for ART (4). To 

achieve durable suppression of viremia without daily therapy, var-
ious strategies have been proposed, including long-acting antiret-
roviral drugs (LA-ARVs), broadly neutralizing antibodies (bNAbs), 
and chimeric antigen receptor (CAR) T cells (5). In human clinical 
trials, viremic individuals who received bNAb therapies showed sig-
nificant reductions in viremia (6–8). Moreover, individuals infected 
with HIV-1 who received multiple infusions of VRC01 or 3BNC117, 
2 related bNAbs that target the CD4+ binding site on the HIV-1 enve-
lope (Env) spike, showed significant viral suppression for 5.6 or 9.9 
weeks, respectively, during analytical treatment interruption (ATI) 
of ART (9, 10). Furthermore, a combination therapy of 3BNC117 
and 10-1074 maintained the suppression of virus rebound for a 
median of 21 weeks (11). These findings suggest that immunothera-
py with CAR T cells, if HIV-1–specific and bNAb-derived, may also 
prevent virus rebound after ATI in individuals infected with HIV-1.

The CAR moiety is typically generated by coupling an anti-
body-derived, single-chain Fv domain to an intracellular T cell 
receptor zeta chain and costimulatory receptor-signaling domains. 
The clinical usage of CAR T cells resulted in complete remission 
in approximately 83% of patients with lymphocytic leukemia/lym-
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ART, and the engineered resistance to triple inhibitory receptors, 
including PD-1, Tim-3, and Lag-3, prevented CAR T cell exhaus-
tion and improved their efficacy in vivo (22, 27).

Here, we report the results of a phase I clinical trial to investi-
gate the effect of a single administration of bNAb-derived CAR T 
cells on virus rebound after the discontinuation of suppressive ART. 
We examined whether the adoptive transfer of bNAb-derived CAR 
T cells is safe and feasible, leads to long-term immune surveillance, 
and acts as a potential alternative to antiretroviral drugs to suppress 
viremia rebound after the discontinuation of ART.

Results
bNAb-derived CAR T cell treatment is safe and well tolerated. The 
clinical trial was divided into 4 parts: blood drawing and CAR T 
cell preparation, CAR T cell infusion, ATI, and ART reinitiation 
after viral rebound (Figure 1). The study enrolled 15 participants 
with chronic HIV-1 infection, all of whom were male, with a 

phoma (12). Compared with CAR T cells targeting tumor-associat-
ed antigens, such as CD19+ and CD20+, which are also expressed 
in normal B lymphocytes, the HIV-1–specific CAR T cells target 
the HIV-1 Env protein, which is only expressed on the surface of 
virus-producing cells (13–15). Previously, a strategy that fuses the 
extracellular domain of CD4+ with the intracellular domain of the 
CD3ζ chain (CD4ζ-CAR) was shown to be safe and feasible in indi-
viduals infected with HIV-1. However, the antiviral efficacy was 
modest, and durable control of viral replication in clinical trials was 
not observed (16–20). In recent years, third and fourth generation 
intracellular CAR moieties have been developed (12). Moreover, 
a number of preclinical studies on bNAb-derived HIV-1–specific 
CAR T cells, in vitro and in animal models, have shown the sup-
pression of viral replication or the reduction of virus-producing 
cells (21–26). In particular, we previously found that the VRC01-de-
rived CAR T cells effectively reduced the reactivated viral reservoir 
isolated from individuals infected with HIV-1 who were receiving 

Figure 1. Schematic of the clinical study. The clinical trial was divided into 4 parts: blood drawing and CAR T cell preparation, CAR T cell infusion, ATI, and 
ART reinitiation after viral rebound. The safety laboratory values and HIV-1 viral load were monitored at regular intervals throughout the study.

Table 1. Baseline clinical characteristics of enrolled participants

ID Age Sex Race Years since  
HIV-1 dx

Years since  
first ART

ART at  
screeningA

Reported CD4  
nadir

CD4 count  
(Scr)

HIV-1 RNA  
(cp/mL) (Scr)

Weeks to  
viral rebound

001 40 M Asian 7.4 7.5 TDF+3TC+RAL 272 551 <20 –
002 31 M Asian 4.0 3.9 TDF+3TC+EFV 267 842 <20 10
003 29 M Asian 2.1 2.1 TDF+3TC+DTG 342 407 <20 4
004 29 M Asian 4.8 4.6 AZT+3TC+EFV 160 416 <20 5
005 35 M Asian 6.6 4.0 TDF+3TC+EFV 343 441 <20 5
006 31 M Asian 6.7 4.4 TDF+3TC+LPV/r 52 620 <20 3
007 30 M Asian 4.8 4.6 TDF+3TC+EFV 277 597 <20 –
008 47 M Asian 5.5 5.6 TDF+3TC+EFV 253 709 <20 –
009 39 M Asian 9.4 5.7 TDF+3TC+EFV 211 440 <20 –
010 37 M Asian 7.1 4.7 3TC+LPV/r 83 693 <20 –
011 36 M Asian 4.0 3.9 TDF+3TC+EFV 63 380 <20
012 30 M Asian 7.4 2.8 TDF+3TC+EFV 285 729 <20 –
013 26 M Asian 3.1 3.1 TDF+3TC+EFV 378 467 <20 –
014 29 M Asian 3.5 3.5 TDF+3TC+EFV 353 752 <20 –
015 26 M Asian 2.1 1.8 TDF+3TC+EFV 465 684 <20 5
AAntiretroviral therapy was as follows: TDF, tenofovir disoproxil fumarate; AZT, zidovudine; 3TC, lamivudine; EFV, efavirenz; LPV/r, lopinavir/ritonavir;  
DTG, dolutegravir; RAL, raltegravir.
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tinuation of ART is favorable to evaluate the antivirus effect of the 
CAR T cell therapy. Considering the potential risks for ATI, the 
ATI was performed when the several criteria were achieved and 
at least 4 weeks after CAR T cell administration (see Methods). 
Six participants (patients 002, 003, 004, 005, 006, and 015) met 
the requirements of ATI and consented to temporary suspension 
of ART. Notably, they showed significant reductions of cell-asso-
ciated viral RNA and relatively high levels of in vivo CAR T cell 
persistence (Supplemental Figure 5 and Supplemental Table 4). 
Patients 001, 007, 010, and 013 also had significant reduction of 
cell-associated viral RNA and met the other requirements such as 
CAR T cell persistence and CD4+ T cell count; however, they dis-
sented to interrupt ART (Supplemental Figure 5 and Supplemental 
Table 5). The cell-associated viral RNA in patients 008, 009, 012, 
and 014 had not shown significant reduction in the majority of 
testing points, therefore, the investigators decided not to proceed 
with the ATI for these participants, and they all agreed to maintain 
ART regimes (Supplemental Figure 5 and Supplemental Table 5). 
In 6 participants chosen for ATI, ART was reinitiated on confirma-
tion of viral rebound (the plasma viral load exceeding 200 copies 
per milliliter), and their plasma viremia was suppressed again. No 
acute immune response was observed after the infusion of CAR T 
cells. The CD4+ T cell counts and the ratio of CD4+ to CD8+ T cells 
were maintained in the normal range at month 6 after adoptive 
transfer, while HIV-1 infection was under control with ART (Sup-
plemental Figure 6). During the ATI, the peripheral CD4+ T cell 
counts decreased in patients 003 and 004, and the same trend 
was observed in the ratio of CD4+ cells to CD8+ T cells in patient 
004 (Supplemental Figure 6).

CAR T cell treatment delayed the viral rebound after ATI. In this 
clinical trial, 6 participants met the requirements of ATI and con-
sented to temporary suspension of ART. Notably, they showed 
significant cell-associated viral RNA reduction and relatively high 
levels of in vivo CAR T cell persistence (Supplemental Table 4). 
After ATI, the inhibition of HIV-1 rebound in plasma was sus-
tained as long as 10 weeks (patient 002). However, the therapy 
did not lead to long-term suppression of viremia. Viral rebound 
to more than 200 copies per milliliter occurred after ATI in all 6 
participants, with a median time to rebound of 5.3 weeks (range 
3–10 weeks). The longest time of viral suppression was in patient 
002 (10 weeks), while the shortest was in patient 006 (3 weeks) 
(Figure 2, B and C). To determine whether the participants who 
received an infusion of CAR T cells had a delay in viral rebound 
after ATI, we introduced a historical control from ATI studies of 
the AIDS Clinical Trial Group (ACTG) (Supplemental Table 6). 
This historical control included 155 chronically infected partici-
pants with HIV-1 whose viral rebound data were captured in 4 ATI 
studies without additional immunologic interventions (ACTG 371, 
A5024, A5068, and A5197) (28–32). The control was selected on 
the basis of similar inclusion criteria to our study. As compared 
with 2.3 weeks to plasma viral rebound (HIV RNA level ≥200 cop-
ies per milliliter) in historical controls from the noninterventional 
ATI studies (28), the CAR T cell administration led to a longer time 
to rebound (≥200 copies per milliliter), and 67% of the partici-
pants versus 32% of the controls had viral suppression at week 4 
(P < 0.0001 by a 2-sided χ2 test), and 17% versus 6%, respectively, 
had viral suppression at week 8 (P = 0.015 by a 2-sided χ2 test) (28). 

median CD4+ T cell count, at enrollment, of 597 cells/μL (range 
380–842 cells/μL), and a median duration, from the initiation of 
ART to study entry, of 4 years (range 1.8–7.5 years) (Tables 1 and 2 
and Supplemental Table 1; supplemental material available online 
with this article; https://doi.org/10.1172/JCI150211DS1). All par-
ticipants have not undergone any additional immunotherapeutic 
intervention besides ART and there were no conditioning regi-
mens before CAR T cell administrations.

CAR T cells were successfully generated for 14 of the 15 
enrolled patients by infecting the CD8+ T cells with a lentiviral 
vector expressing the VRC01-28BBz-shPTL CAR moiety (Figure 
2A). The transduction efficiency ranged from 34.9% to 77.8%, and 
the doses of transferred CAR T cells ranged from 26.2 × 106 to 63.6 
× 106 (Supplemental Table 2). patient 011 was ineligible to receive 
an infusion, because the cells failed to expand adequately (Sup-
plemental Figure 1). Notably, CD8+ Fab+ CAR T cells had signifi-
cantly less PD-1 expression compared with CD8+ Fab–cells, which 
suggested that the shRNA cluster can efficiently downregulate the 
expression of immune checkpoint (Supplemental Figures 2 and 3). 
The ex vivo–expanded CAR T cells exerted HIV-1 gp160-specif-
ic cytotoxicity in vitro, and some participant CAR T cells, such as 
those of patients 001, 005, 012, and 015, showed more effective 
lysis of HIV-1NL4-3 gp160-expressing cells than others at baseline 
(Supplemental Figure 4).

The treatment regimen was generally well tolerated in all 
patients, and no serious adverse events occurred. Complete data 
on adverse events are provided (Supplemental Table 3). Discon-

Table 2. Baseline demographics of participants

Characteristics of the participants at baseline
Sex, n (%) Male 15 (100)

Female 0 (0)

Age, median, years (range) 31 (26–47)

Race or ethnic group, n (%) Asian 15 (100)
Other races 0 (0)

HIV-1 RNA (screen), n (%) <20 copies/mL 15 (100)
≥20 copies/mL 0 (0)

Nadir CD4+ T cell count, n (%) <200 cells/μL 4 (26.7)
200–500 cells/μL 11 (73.3)
>500 cells/μL 0 (0)
Unknown 0 (0)

CD4+ T cell count (screen), n (%) <200 cells/μL 0 (0)
200–500 cells/μL 6 (40)
>500 cells/μL 9 (60)
Unknown 0 (0)

Years after diagnosis, median (range) 4.8 (2.1–9.4)

Years on ART, median (range) 4.0 (1.8–7.5)

ART regimen, n (%) 2 NRTI + 1 NNRTI 11 (73.3)
2 NRTI + 1 PI 1 (6.67)
NRTI + 1 PI 1 (6.67)
2 NRTI + 1 INSTI 2 (13.3)

NNRTI, nonnucleoside reverse transcriptase inhibitor; NRTI, nucleoside 
reverse transcriptase inhibitor; PI, protease inhibitor; INSTI, integrase 
strand transfer inhibitor.
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Additionally, protective HLA-I alleles were detected in 6 
participants including 001 (B*58:01; B*27), 003 (B*52:01), 005 
(B*58:01; B*27), 010 (B*13:02), 013 (B*51), and 014 (B*51) (Sup-
plemental Table 7) (33). The durations of viral suppression in par-
ticipants 003 and 005 harboring protective HLA-B alleles were 4 
and 3 weeks, respectively. They did not show longer durations of 
viral rebound.

Long-term in vivo persistence of CAR T cell after adoptive transfer. 
In order to assess the duration of in vivo CAR T cell persistence, 
quantitative real-time PCR, using primers specific for the VRC01-
28BBz-shPTL CAR transgene, was performed on genomic DNA 
from various time points after CAR T cell infusions. As previously 
described, we also detected the in vivo persistence of CAR T cells 
at an earlier time in some patients (Figure 3A and Supplemental 
Figure 9) (34, 35). The peak level of modified CAR T cells detected 
was 5.7% to 0.5% among CD8+ T cells for the 14 patients imme-
diately after the infusions, and subsequently dropped to less than 
0.2% (Figure 3A and Supplemental Figure 9). Nevertheless, the 
modified CAR T cells were persistently detectable for more than 
44 weeks in all patients (Figure 3A).

To further assess the persistence of HIV-1 Env-specific CAR 
T cells after adoptive transfer, interferon gamma (IFN-γ) ELIS-
pot assays were performed by incubating the purified CD8+ T 
cells from participants infected with HIV-1 with the HIV-1NL4-3 
Env-expressing cell line at a 1:1 ratio without any additional anti-
genic peptide addition. As shown in Supplemental Figure 10, the 
numbers of IFN-γ–secreting T cells from all 14 participants after 
CAR T cell administrations were much higher than those from 
pre-CAR T cell treatment, suggesting that they could develop 
HIV-1 Env-specific but MHC-I–independent T cell responses after 
adoptive transfers. With the extension of the observation period 
to more than 30 weeks after CAR T cell administrations, although 
the numbers of IFN-γ–secreting T cells were decreased compared 

Meanwhile, as the ART was still used after the CAR T cell infu-
sions, the plasma HIV-1 levels in the non-ATI group were lower 
than the detection limit during the observation period.

To further analyze other relevant factors impacting viral 
rebound, we stratified the ART regimens at screening, 4 of the 6 
ATI participants (002, 004, 005, and 015) received NNRTI-con-
taining regimens (2 NRTI + 1 NNRTI) (Table 1). Their percentag-
es of virologic suppression (plasma viral load <200 copies/mL) 
after ATI were 100% and 25% at week 4 and week 8, respective-
ly. Correspondingly, the percentages of virologic suppression in 
historical control (n = 99) receiving NNRTI-containing regimens 
were 44% and 9% at week 4 and week 8, respectively, at the 
same viral load threshold (28). When we directly compared the 
proportions of virologic suppression in our study with historical 
control receiving NNRTI-containing regime by χ2 test and Fish-
er’s exact test, the results still showed a significantly higher pro-
portion of virologic suppression after CAR T administration in 
the NNRTI-receiving group than in historical control at week 4 (P 
< 0.0001) and week 8 (P < 0.0001) (Supplemental Figure 7). In 
participants 003 and 006, who were receiving non-NNRTI regi-
mens at screening, the plasma viral rebound occurred at week 4 
or week 3, respectively. Those receiving CAR T cell infusions on 
NNRTI background seemed to have a longer timing of virologic 
suppression. The reason might be associated to the prolonged 
half-life of NNRTIs. As the ATI cases are limited, we cannot con-
clude significant differences in durations of viral rebound among 
different ART regimes. When we compared the proportions of 
virologic suppression in our study (67% at week 4) to historical 
control by treatment during acute (28% at week 4, n = 32) or early 
infection (29% at week 4, n = 48), the results showed a signifi-
cantly higher proportion of virologic suppression than in either 
the acute (P < 0.0001) or early (P < 0.0001) treatment group 
(Supplemental Figure 8).

Figure 2. Plasma viremia after discontinuation of ART in patients infected with HIV-1. (A) Schematic representation of the lentiviral vectors carrying a 
gp120-specific CAR moiety containing CD28 and 4-1BB (CD137) costimulatory domains, followed by a herpes simplex virus-1 thymidine kinase (TK) and a trun-
cated CD19 gene as the suicide genes. A combination of shRNAs, including sh-PD-1, sh-Lag-3, and sh-Tim-3, for preventing exhaustion and increasing the in 
vivo persistence of CAR T cells, was inserted into the vector. (B) Plasma viremia of participants in the study after the ATI of ART (n = 6). The limit of detection 
of HIV-1 RNA level in this assay was 20 copies/mL. (C) Kaplan-Meier curve of plasma viral suppression (< 200 copies/mL) after ATI in the trial participants.
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with those at week 3, the HIV-1 Env-specific but MHC-I–indepen-
dent T cell responses were still higher than that of pre-CAR T cell 
treatment (Supplemental Figure 10). Considering there were nei-
ther antigen presenting cells (APCs) nor any antigenic peptide in 
the coculture system, the MHC-I–independent secretion of IFN-γ 
was not ascribed to CTL response but the HIV-1 Env-specific CAR 
T cell response. Collectively, the PCR-based CAR assays and func-
tion-based analyses both showed that the long-term in vivo surviv-
al of anti–HIV-1 CAR T cells.

CAR T cell treatment effectively decreases the viral reservoir. It 
has been shown that HIV-1 unspliced (US) RNA represents intra-
cellular transcripts to estimate the viral reservoir size and is usu-
ally much more abundant than the multiply spliced RNA (36–39). 
Therefore, the cell-associated viral US RNA (CA-RNA) was evalu-
ated, using qRT-PCR, in peripheral CD4+ T cells (Figure 3, A and B, 
and Supplemental Figure 5). We compared the levels of CA-RNA 
between 14 participants prior to the infusions in our study and 
HIV-positive volunteers who were receiving ART-. There was no 
significant difference in CA-RNA between the 2 groups (Supple-
mental Figure 11A). We found that the levels of CA-RNA in samples 
from 2 weeks before adoptive transfers were not significantly dif-
ferent from those from week 0. However, they were significantly 
reduced 3 to 4 weeks after CAR T cell administration (Figure 4A). 
In particular, the CA-RNA was reduced approximately 100-fold 
after 4 weeks of CAR T cell administration in patient 002 (Figure 
4A). These results suggested that CAR T cells effectively reduced 
these HIV-1 reservoirs. As the CA-RNA increased and the measur-
able plasma viruses rebounded during the periods of ART discon-
tinuation, the transferred CAR T cells expanded accordingly (Fig-
ure 3, A and B). Unfortunately, CAR T cells failed to control viral 
rebound after ATI. The rebound viruses were suppressed again 
after ART was reintroduced, and the CAR T cell levels also grad-
ually decreased (Figure 3A). Moreover, the increase in CA-RNA 
preceded the measurable plasma viral rebound in the periods of 
ART discontinuation, suggesting that it could serve as a sensitive 
marker to predict the viremia rebound during HIV-1 treatment 
interruption (Figure 3B). With the extension of the observation 
period to more than 30 weeks after CAR T cell administration, the 
CA-RNA levels had wide variance among different participants. 
However, the CA-RNA levels at week 30+ were still significantly 
lower than those at pre–CAR T cell time points (P = 0.0135) (Fig-
ure 4A, left panel). In 6 participants from ATI group, the CA-RNA 
levels at week 30+ were higher than those at week 3 or week 4 (Fig-
ure 4A, right panel). In contrast, in the non-ATI group, except in 
participant 007, further reductions of CA-RNA at week 30+ were 
observed in other 7 non-ATI participants compared with those at 
week 3 (Supplemental Figure 12). We followed up with 3 ART-re-

ceiving patients without any immunologic interventions. Their 
CA-RNA levels remained fluctuating but we did not detect a sig-
nificant reduction over observation periods (Supplemental Figure 
13). Therefore, the observations of reductions on CA-RNA in our 
study were most likely ascribed to CAR T cell infusions.

Through a newly developed intact proviral DNA assay (IPDA) 
based on droplet digital PCR, we quantitatively analyzed the 
intact proviruses and defective proviruses in viral reservoirs from 
the clinical samples before and after CAR T cell administration, 
and found that intact proviruses were also significantly reduced 
at week 3 after CAR T cell administration (Figure 4, B and C, 
Supplemental Figure 14) (40). The same phenomena were also 
observed in both the ATI group and the non-ATI group (Figure 
4C and Supplemental Figure 15). Interestingly, with the exten-
sion of the observation period to more than 30 weeks after CAR 
T cell administration, intact proviruses were further decreased 
compared with those at week 3 in 14 participants (Figure 4C and 
Supplemental Figure 15). Moreover, there was no difference in the 
levels of intact proviral DNA between 14 participants prior to CAR 
T cell infusions in our study and ART-receiving HIV-infected vol-
unteers (Supplemental Figure 11B). Given that CAR T cells can be 
persistently detectable in peripheral blood for as long as 44 weeks, 
both CA-RNA and intact proviral DNA levels can be observed as 
decreased even 6 months after CAR T cell infusions. These results 
suggest that the long-term persistence of CAR T cells has the 
potential to undermine the viral reservoir.

CAR T cell treatment genetically restricts the rebound viruses. 
To characterize the rebounding viral populations, single-genome 
sequencing of HIV-1 env genes from CD4+ T cell samples was per-
formed before CAR T cell administration and the first and second 
weeks after detectable viremia (available in 6 participants). Previ-
ous studies have suggested that without any additional interven-
tion besides ART, viral rebound after ATI is consistently polyclonal 
because of the reactivation of multiple latent viruses (41–43). In con-
trast, the CD4 binding site-directed neutralizing antibodies exert 
ongoing selection pressure on the conserved epitope of HIV-1 Env 
and rebound viruses clustered into relatively low-diversity lineages 
(44–46). Genetic evidence of CAR T cell–mediated restriction of viral 
rebound was assessed by analyzing the clonality of rebound virus or 
by enumerating genetically distinct virus populations composed of 
rebound viruses. In patients 002, 004, 006, and 015 (patients with 
chronic infection), the cell-associated viruses from pre–CAR T cell 
treatment formed characteristic diverse phylogenetic trees. In con-
trast, rebound viruses in cells were significantly distinct from those 
of pre–CAR T cell treatment and clustered into relatively low-diver-
sity lineages (Figure 5 and Supplemental Figure 16). Additionally, 
the genetic diversities of full-length Env sequences from the post–
CAR T cell sample were also significantly lower than those from 
the pre–CAR T cell sample in a non-ATI participant (patient 007) 
(Supplemental Figure 17). These findings suggested that HIV-1–spe-
cific CAR T cells were able to exert pressure on rebound viruses and 
that they reduced the number of HIV-1 intact proviruses at different 
locations, resulting in the emergence of genome-distinct viral muta-
tions. In contrast, the rebound viruses in patient 003 clustered into 
multiple genetically distinct lineages that aligned throughout the 
pre–CAR T cell treatment virus phylogeny, indicating possible pre-
existing resistance (Figure 5) (41, 42).

Figure 3. Cell-associated viral RNA and in vivo CAR T cell persistence 
before and after adoptive transfer. (A) Measured CAR+ cell concentrations 
(per million CD8+ T cells) for the 14 enrolled patients are shown in blue 
(log10 scale on left), and CA-RNA levels after adoptive transfer (per million 
CD4+ T cells) are shown in red (log10 scale shown on right). ATI period is 
shown by shades of gray. (B) HIV-1 RNA levels in plasma (copies/mL) are 
shown in black (log10 scale shown on right) and CA-RNA levels after ATI 
(per million CD4+ T cells) are shown in red (log10 scale shown on left). ATI 
periods are shown by shades of gray.
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CAR T cell treatment leads to the generation of resistant viruses. 
According to previous reports, the VRC01 antibody–binding foot-
print was represented by Env residues in loop D, CD4+ binding sites, 
β20/β21 regions, and the base of the V5 loop, which are known as 
VRC01 contact residues, and many VRC01 antibody–resistant 
strains were identified in chronically infected patients (46–53). 
We generated sequence alignment and modified longitudinal logo 
plots to reveal mutations in the predicted VRC01 antibody–binding 

regions between pre–CAR T cell treatment and rebound virus pop-
ulations (54). We also found a number of mutations in the rebound 
viruses in or near the VRC01 antibody–binding epitopes, mainly 
in the inner domain, V2 loop, loop D, CD4-binding site, and the 
V5 loop, from 5 of the 6 participants (Figure 6A). In patient 002, 
a change was found at position 197, a potential N-linked glycosyla-
tion (PNLG) site in the V2 region, where serine (S) was replaced by 
asparagine (N) (47). In patient 004, mutations were found at posi-

Figure 4. CAR T cell treatment decreased the CA-RNA and intact HIV-1 proviruses. (A) Panels show the comparison of CA-RNA before and after adminis-
tration of CAR T cells at indicated time points. Each point represents the mean of triplicate values. CA-RNA: 14 participants infected with HIV-1. CA-RNA 
(ATI): 6 ATI participants. P values were calculated using the Wilcoxon matched pairs signed-rank test. (B) Representative IPDA results from patients 002 
and 015. Boxed areas are expanded to show individual positive droplets. (C) IPDA results in CD4+ T cells from 14 participants infected with HIV-1 (Intact 
proviral DNA) and 6 ATI participants (Intact proviral DNA [ATI]), before and after CAR T cell administration. P values were calculated using the Wilcoxon 
matched pairs signed-rank test.
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growth of replication-competent viruses from pre–CAR T cell 
latent reservoir and rebound reservoir. PBMCs were isolated from 
healthy donors and divided into 2 populations, the CD8+ T lym-
phocytes were used to generate bNAb-derived CAR T cells, while 
the CD4+ T lymphocytes were used as target cells for outgrown 
HIV-1 infection. Six days after HIV-1 infection, the antiretroviral 
compounds were added to the CD4+ T cell culture to inhibit virus 
production and prevent further infection events. After approxi-
mately 8 days, the virus production substantially  decreased to the 
lower limit for p24 detection, and infected CD4+ T cells were close 
to quiescence (22). We then withdrew anti–HIV-1 drugs to mimic 
the in vivo viral rebound process, and added autologous bNAb-de-

tion 186 on the V2 loop and positions 279 and 280 on loop D (46, 47, 
53). In patient 006, glycine (G) was replaced by alanine (A) at posi-
tion 281 on loop D, isoleucine (I) was replaced by N at the PNLG 
site at position 461, and the residues 463–466 were also changed 
in the V5 loop (50, 53). These outcomes suggested bNAb-derived 
CAR T cell–mediated selective pressure on rebound viruses (Figure 
6A and Supplemental Figure 18). However, in patient 003, some 
signature substitutions, such as threonine 278, of resistant strains 
were found in the viruses from pre–CAR T cell treatment, also sug-
gesting a possible preexisting resistance (46).

To further validate the HIV-1–specific CAR T cell–mediated 
selective pressure on rebounding viruses, we examined the out-

Figure 5. Genetic comparison of the circulating latent reservoir 
and rebound viruses. Panels show maximum likelihood phylogenetic 
trees of single-genome sequencing–derived Env sequences from cell 
samples before CAR T cell administration and cell/plasma samples 
from the first and second weeks of detectable viremia. Sequences from 
pre-CAR T cell treatment are shown in blue, and the sequences from 
week 1 or week 2 of rebound viremia are shown in red. Genetic distance 
scale bars are shown for each tree; the bootstrap consensus trees were 
constructed based on HIV-1 sequences obtained from the correspond-
ing patients. Sequences from before CAR T cell treatment were not 
available in patient 005.
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Figure 6. Rebound virus clonality and resistance to bNAb-derived CAR T cell–mediated cytotoxicity. (A) Clonal Env mutations on inner domain, V2 loop, loop 
D, CD4-binding site, and V5 loop after viral rebound in patients 002 and 006. All sequences were compared with the consensus of the rebound viruses. The 
residue numbers are based on HIV-1 HXB2 sequence. The top line shows amino acid differences in the pre–CAR T cell sequences from the rebound consensus. 
(B) PBMCs were isolated from healthy donors and divided into 2 populations. The CD8+ T lymphocytes were used to generate CAR T cells while the autologous 
CD4+ T cells were infected with outgrown HIV-1 from pre–CAR T cell latent reservoir (LR) or rebound reservoir (RD) (1 ng/mL p24). Six days after HIV-1 infection, 
antiretroviral compounds (azidothymidine and lopinavir) were added to the CD4+ T cell culture to inhibit virus production. Then the anti–HIV-1 drugs were 
withdrawn and CAR or control CD8+ T cells were mixed at a 1:1 ratio. Every 2 days the cultures were tested for the presence of p24 in the supernatant, using 
ELISA. Gray shade represents the addition of antiviral drugs. (C) HIV-1 Env derived from pre–CAR T cell latent reservoir or rebound reservoir was ectopically 
expressed on the HEK293T cell line. These target cell lines were compared for changes in sensitivity to CAR T cell–mediated specific cytotoxicity. Env derived 
from HIV-1NL4-3 served as the positive control. Direct killing of target cell lines was tested after 24-hour coculture by detecting LDH release. A 2-sided P value for 
the estimated difference in pre–CAR T cell and rebound resistance was calculated. Data represent the mean of triplicate values, and error bars represent SEM. 
P values were calculated using the 2-tailed unpaired Student’s t test with equal variances.
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(56). Additionally, it is inadequate for long-term follow-up to per-
form the Q2VOA, which requires a large number of CD4+ T cells 
from patients. In order to measure the effect of CAR T cell thera-
py on the viral reservoir, we chose CA-RNA and IPDA as the bio-
markers to measure HIV-1 reservoir size (39, 40). The CA-RNA 
has received much attention in recent years as a surrogate mea-
sure of the efficiency of HIV cure–related clinical trials and HIV-1 
latency reversion (39). We notice that the levels of CA-RNA were 
relatively high and fluctuating in some of the participants, the 
wide variance of CA-RNA may be related to several aspects, such 
as infection time before diagnosis, treatment time, immunolog-
ic characteristics, and different ART regimes. The intermittent 
fluctuation and slight increase in viral RNA level may not lead to 
plasma viral rebound in participants without ATI, because a part 
of the transcripts is defective and production of infectious virions 
is regulated by multiple posttranscriptional levels (57). IPDA has 
recently been described as a more accurate method of measuring 
the HIV-1 reservoir that separately quantifies intact and defec-
tive proviruses, and there are strong correlations between IPDA 
and Q2VOA measurements in the same infected individuals (40). 
According to a previous study, the half-life of the intact provirus 
is 7.1 years under ART (58). In our clinical study, intact provirus-
es were significantly reduced at week 3 and further decreased at 
week 30+ after CAR T cell administration. These findings sug-
gested that CAR T cell therapies could accelerate HIV-1 reservoir 
depletion based on ART regimes. Since the DNA samples of the 
ART-receiving HIV-infected volunteers from long-term follow-up 
visits were not available, we were unable to perform parallel com-
parison between participants receiving CAR T cells and a control 
cohort at multiple time points, which is a limitation of our current 
study. More quantitative IPDA analysis at multiple time points 
regarding the decay of viral reservoir under the pressure of cellu-
lar therapies merits further investigation.

Although we did not check the binding affinity of every single 
envelope protein from rebound viruses to VRC01-scFv, we found 
that at least several strains among the rebound viruses turned to 
resistance against the CD8+ CAR T cell–mediated cytotoxicity 
(Figure 6, B and C). As for whether the binding to escaped enve-
lope may still occur or what level of binding affinity will be suffi-
cient to trigger killing by the CAR T cells, further investigation and 
related research are required and will contribute to CAR design 
and cure-directed therapeutic strategies.

In our clinical study, participant 002 with the highest CD4+ 
T cell count had the longest time to viral rebound and participant 
006 with minimal nadir CD4+ T cell count had the earliest viral 
rebound. The results suggest that the higher CD4+ T cell counts 
might lead to a longer time to viral rebound due to a kind of collab-
oration between CD4+ T cells and CD8+ CAR T cells (59–61). How-
ever, as the ATI cases are limited, we cannot conclude significant 
correlations in the study. A previous ATI study showed that viral 
rebound generally occurs quickly after treatment interruption 
and confirmed the rarity of posttreatment controllers, and there 
were no significant differences in screening CD4+ T cell count by 
timing of viral rebound (28). Nevertheless, the CD4+ T cell counts 
and the ratio of CD4+ to CD8+ T cells represent important indica-
tors of the immune reconstitution. Increased CD4+ T cell counts 
during ART treatment were positively correlated with CD8+ T cell 

rived CAR T cells. As shown in the groups infected by viruses from 
pre–CAR T cell latent reservoirs of patients 002, 004, and 015, 
viral production was significantly suppressed following coculture 
with CAR T cells (Figure 6B, left panel). However, in the groups 
infected by viruses from rebound reservoirs of the same patients, 
the CAR T cells exhibited only a limited inhibitory effect on viral 
propagation (Figure 6B, right panel). This experiment further val-
idated the capacity of bNAb-derived CAR T cell therapy to drive 
resistant viruses during ATI. Moreover, the CAR T cells failed 
to inhibit viral propagation even in the CD4+ T cells infected by 
viruses from the pre–CAR T cell latent reservoir of patient 003, 
suggesting a possible preexisting resistance (Figure 6B, left panel). 
Notably, regardless of the time to rebound, resistance to HIV-1–
specific CAR T cells occurred in 2 of 3 participants, as determined 
with a specific cytotoxicity assay (Figure 6C). Collectively, the 
sequence- and function-based analyses showed that the CAR 
T cell–resistant viruses could be preexisting or CAR T cell treat-
ment–driven during ATI.

Discussion
CAR T cell therapy was introduced to HIV-1 clinical care in 1994, 
but little, if any, antiviral efficacy and durable control of viral repli-
cation were observed (16–20). However, these earlier studies were 
performed using CD4+ or less potent antibody-derived Fv as the 
extracellular domain. Additionally, CARs from the first generation 
had no costimulatory domains. Here, we investigated whether 
the bNAb-based third generation CAR T cell therapy can reduce 
the HIV-1 reservoir and maintain viral suppression during ATI in 
individuals infected with HIV-1. We found that a single adoptive 
transfer of bNAb-derived CAR T cells generated long-term in vivo 
persistence for more than 44 weeks in all 14 patients, and no safety 
concerns were identified. In chronically infected individuals with 
HIV-1 who were undergoing ATI, CAR T cell therapy delayed plas-
ma viral rebound as compared with historical controls.

The viral reservoir is dynamically changed under the pressure of 
antiretroviral drugs or immune systems. At the early time, the CAR 
T cells expand in vivo and could efficiently reduce viral reservoir, 
consequently leading to a substantial  decrease of CA-RNA. In the 
ATI group, as the replication-competent provirus could complete 
a life cycle after ART discontinuation, the viral escape mutations 
have the opportunity to quickly develop. When the plasma viremia 
rebounded due to the emergence of CAR T cell–resistant variants 
during the periods of ATI, the CA-RNA also significantly increased 
accordingly. Even several months after the plasma viral load was 
lower than the detection limit again after ART reinitiation, the levels 
of CA-RNA were still higher than the pre-ATI time points. However, 
within the non-ATI group, the development of resistant variants is 
quite difficult because the replication-competent provirus is unable 
to complete its replication. The surviving CAR T cells could keep 
cleaning the target cells, which occasionally express gp120 on the 
surface of latently infected cells, which could lead to the eventual 
decrease of CA-RNA and intact proviruses. 

Although quantitative and qualitative viral outgrowth 
assays (Q2VOAs) have been frequently used to analyze the rep-
lication-competent latent viral reservoir in individuals infected 
with HIV-1 (55), these Q2VOA underestimate the reservoir size, 
because one round of activation does not induce all proviruses 
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of anti–HIV-1 CAR T cells. In such situations, CAR T cells could 
function as a “living drug”. It is anticipated that superior scFv-
based CAR T cells will be generated by improving the CAR moiety 
design, either by selecting specific scFvs targeting various sites of 
viral Env, or enhancing their capability of self-renewal, exhaustion 
prevention, and tissue distribution. Moreover, good manufactur-
ing practice, manufacturing protocol compliancy, clinical safety, 
and efficacy require further optimization (70). We expect that the 
cellular therapies, in combination with application of bNAbs or 
LA-ARVs, would eradicate the persistent HIV-1–producing cells, 
by enhancing immune surveillance and maintaining a long-term 
viral suppression without the continuation of ART.

Methods
Study oversight. The study was designed to mainly assess the safety and 
feasibility of the adoptive transfer of gp120-specific bNAb-derived CAR 
T cells into patients positive for HIV-1. This clinical trial recruited par-
ticipants who had chronic HIV-1 infection with fully suppressed plasma 
viremia while receiving ART (clinically stable on ART regimen for at 
least 12 months with undetectable HIV-1 RNA level; screening CD4+ T 
cell count ≥ 350 cells/μL within 14 days prior to study entry). Detailed 
inclusion and exclusion criteria are listed in the clinical protocol in the 
Supplemental Material. Study participants were not prescreened for 
sensitivity of the infected cells to CAR T cell cytotoxicity and did not 
undergo any additional immunotherapeutic interventions besides ART.

Genetic modification and CAR T cell preparation. Autologous 
PBMCs were collected from 50–60 mL peripheral blood of patients 
infected with HIV-1 and separated on the basis of CD8+ expression 
using the CliniMACS system (Miltenyi Biotec) following the manu-
facturer’s instructions. The sorted population was more than 95% 
CD8+ T cells. CD8+ T cell products were stimulated with paramagnet-
ic antibodies (anti-CD3 and anti-CD28) and 130 IU IL-2 (SL Pharma 
Labs), then the cells were transduced with the VRC01-28BBz-shPTL 
transgene to express a gp120-specific bNAb-derived CAR containing 
CD28 and 4-1BB (CD137) costimulatory domains (22), followed by a 
herpes simplex virus-1 thymidine kinase (TK) and a truncated CD19 
gene as the suicide genes (71). A combination of sh-PD-1, sh-Lag-3, 
and sh-Tim-3 was also inserted into the vector (27). Twelve hours 
after infection, the CAR-transduced CD8+ T cells were washed by 
saline and resuspended in Immuno-Cult-XF T cell Expansion medi-
um (STEMCELL Technologies) with 130 IU IL-2 (SL Pharm) and the 
concentration of cells was maintained at 106 cells/mL. Every 2 days, 
the volume of the culture was adjusted according to the cell concentra-
tion (106 cells/mL) and supplemented with IL-2. The CAR autologous 
T cells were then expanded in flasks until the targeted cell dose was 
reached. The CAR T cells were infused after 2 to 3 weeks of expansion 
ex vivo, and the target cell dose range was at least 5 × 107 CD3+ CD8+ 
cells. Release criteria for the expanded CD8+ T cells were as follows: 
sterility, negative fungal and mycoplasma testing, negative Gram 
stain, endotoxin less than 5 EU/mL, more than 90% viability by Try-
pan Blue exclusion, CD3+ CD8+ T cells ≥ 95%, transduction efficien-
cy (CAR+ CD8+) ≥ 30%, and gp120-specific cytotoxicity of more than 
40% lysis at 100:1 E/T ratio. The doses of total transferred cells were 
between 5.00 × 107 to 1.00 × 108.

Treatment procedures, study objectives, and study outcomes. Fifteen 
participants were enrolled in this study and 14 of them received sin-
gle administration of bNAb-derived CAR T cells (5.00 × 107 to 1.00 × 

counts/function and HIV-1 DNA reduction (59). Thus, the correla-
tions between the CD4+ T cell counts and the time of viral rebound 
during CAR T cell therapy need further exploration.

Both sequence-based and -specific cytotoxicity analyses seem 
to indicate that the rebound viruses after adoptive transfer are 
CAR T cell–resistant, suggesting that CAR T cells could effective-
ly function by restricting viral replication, and force them to gen-
erate escape mutations. Alternatively, as mutations create HIV-1 
resistance to CAR T cell therapy, future clinical trials may consid-
er the administration of a combination of CAR T cells recognizing 
multiple distinct regions on the HIV-1 Env to potentiate their long-
term surveillance on the viral reservoir. Additionally, the efficacy 
of CAR T cell therapy in chronically infected patients with HIV-1 
will be dependent in part on whether the patients have resistant 
strains to that extracellular scFv of CAR moiety in persistent viral 
reservoirs. A preclinical screening to select appropriate patients 
may be necessary. Moreover, a combination with other testing 
methods is needed for an accurate measurement of viral reservoir 
size during HIV cure–related clinical trials, such as Q2VOA, HIV 
total, and integrated DNA and induced p24 SIMOA. (62).

Several clinical studies reported that infusion of CCR5 
gene-edited hematopoietic stem and progenitor cells (HSPCs) or 
CD4+ T cells in individuals infected with HIV-1 (63–65). These 
studies showed that the replacement of part of the immune system 
through genetic engineering to produce CD4+ T cells resistant to 
HIV-1 infection was a feasible strategy. In contrast to replacement 
of the immune system, we used a different strategy to rebuild 
immune surveillance in patients infected with HIV-1 through adop-
tive transfer of ex vivo–expanded HIV-1–specific CD8+ CAR T cells, 
which can directly target virus-producing cells. Of note, in a nonhu-
man primate model of ART-suppressed HIV-1 infection, the inves-
tigators optimized CAR T cell production to maintain central mem-
ory subsets and further boosted robust in vivo expansion through 
supplemental infusion of HIV-1 Env or immune checkpoint block-
ade (66). The modifications significantly delayed viral rebound 
compared with controls and would provide guidance for future 
CAR T cell clinical studies aimed at HIV functional cure. Although 
so far only a modest delay in the time to viral rebound relative to 
historical controls was achieved by either therapy, the results pro-
vided certain directions for further investigation of therapeutic 
interventions. Given that the CCR5 gene-edited CD4+ T cell infu-
sion could augment preexisting HIV-specific immune responses, 
the collaboration of CCR5 gene-edited CD4+ T and HIV-1–specific 
CD8+ CAR T cells might be developed as a therapeutic modality for 
eradicating viral reservoir in a clinical setting (65, 67).

The establishment of potent HIV-1–specific immune sur-
veillance is a feasible approach for long-term suppression of the 
reactivated latent viral reservoir without continuation of ART. 
Although bNAb treatment, especially the combination of 2 bNAbs 
targeting different sites on gp120, has achieved durable control 
over the viral reservoir, it cannot persistently remain in vivo. In 
contrast, single administration of CAR T cells can potentially 
maintain long-term survival in vivo (68, 69). It has been reported 
that the half-life of CD4ζ CAR T cells in vivo could be as long as 
10 years (19). Although we have no direct evidence yet for the role 
played by triple knockdown of PD-1, Tim-3, and Lag-3 with shRNA 
in CAR T cells, our data also suggested a long-term in vivo survival 
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C1000 Touch Thermal Cycler (BIO-RAD CFX96 Real-Time System) 
(22). Copy numbers per microgram of genomic DNA, generated from 
a standard curve of 10-fold serial dilutions of purified plasmid, were 
used to calculate the percentage of CAR+ cells among CD8+ T cells, 
assuming 1 copy per cell.

Quantitative real-time RT–PCR analysis. Primary human CD4+ 
T cells were obtained from PBMCs by negative magnetic selec-
tion through BD IMag Human CD4+ T Lymphocyte Enrichment 
Set-DM (BD Biosciences). Total RNA was isolated with Trizol 
reagent (Life Technologies) and then subjected to cDNA synthe-
sis using the PrimeScript RT reagent kit (Takara). All primers were 
annealed at 37°C and RT was processed at 42°C. Quantitative PCR 
was performed with SYBR Premix ExTaq II Kit (Takara) follow-
ing the manufacturer’s instructions. The expressions of HIV-1 US 
RNAs were determined by real-time qRT-PCR with the primer pair 
SK38 (5′-ATAATCCACCTATCCCAGTAGGAGAAA-3′) and SK39 
(5′-TTTGGTCCTTGTCTTATGTCCAGAATGC-3′). An in vitro–syn-
thesized HIV-1 RNA, after quantification, was used as the external 
control for measuring CA-RNA (72). Quantification was normalized 
to the housekeeping gene GAPDH or β-actin.

Intact proviral DNA assay. The procedures for IPDA described pre-
viously were followed with minor modifications (40, 73). In general, 
the IPDA is performed on DNA from 2 × 106 CD4+ T cells. Genomic 
DNA is extracted using the AllPure Total DNA/RNA Micro Kit (Magen) 
with precautions to avoid excess DNA fragmentation. Quantification 
of intact, 5′ deleted, and 3′ deleted and/or hypermutated proviruses 
was carried out using primer/probe combinations optimized for sub-
type B HIV-1. The primer/probe mix consists of oligonucleotides for 
2 independent hydrolysis probe reactions that interrogate conserved 
regions of the HIV-1 genome to discriminate intact from defective 
proviruses (Supplemental Table 8). HIV-1 reaction A targets the pack-
aging signal (ψ) that is a frequent site of small deletions and is includ-
ed in many large deletions in the proviral genome. The ψ amplicon is 
positioned at HXB2 coordinates 692–797. This reaction uses forward 
and reverse primers, as well as a 5′ 6-FAM-labeled hydrolysis probe. 
Successful amplification of HIV-1 reaction A produced FAM fluores-
cence in droplets containing ψ, detectable in channel 1 of the droplet 
reader. HIV-1 reaction B targets the rev-responsive element (RRE) of 
the proviral genome, with the amplicon positioned at HXB2 coordi-
nates 7736–7851. This reaction used forward and reverse primers, as 
well as 2 hydrolysis probes: a 5′ VIC-labeled probe specific for WT pro-
viral sequences, and a 5′ unlabeled probe specific for APOBEC3G/H 
hypermutated proviral sequences (Supplemental Material). Success-
ful amplification of HIV-1 reaction B produced a VIC fluorescence in 
droplets containing a WT form of RRE, detectable in channel 2 of the 
droplet reader, whereas droplets containing a hypermutated form of 
RRE were not fluorescent.

Droplets containing HIV-1 proviruses were scored as follows. 
Droplets positive for FAM fluorescence only, which arises from ampli-
fication, were scored as containing 30 defective proviruses, with the 
defect attributable to either APOBEC3G-mediated hypermutation or 
3′ deletion. Droplets positive for VIC fluorescence only, which arise 
from WT RRE amplification, were scored as containing 5′ defective 
proviruses, with the defect attributable to 5′ deletion. Droplets positive 
for both FAM and VIC fluorescence were scored as containing intact 
proviruses. Double-negative droplets contained no proviruses or rare 
proviruses with defects affecting both amplicons.

108). There were no conditioning regimens before CAR T cell admin-
istrations. After the CAR T cell transfer, 6 participants discontinued 
ART and were followed at weekly intervals until they had a confirmed 
CD4+ T cell count of less than 350 cells/μL or viral rebound, which was 
defined as an HIV-1 RNA level of 200 copies or more per milliliter. On 
confirmation of viral rebound or a decrease in CD4+ T cells, partici-
pants reinitiated ART and were followed at weekly intervals until the 
HIV-1 viral load was less than 20 copies/μL.

The primary objective of the study was to assess the safety and 
side-effect profile of a single dose of bNAb-derived CAR T cells 
administered to individuals with viremia suppressed to below detect-
able levels. The secondary objective was to evaluate the pharmacoki-
netic characteristics of CAR T cell products. Key exploratory objectives 
were the size of the HIV-1 reservoir after CAR T cell administration 
and the genetic and phenotypic characterization of the rebound virus-
es. Post hoc analyses of the sequence diversity at the time of viremia 
rebound and the cytotoxic capacity of CAR T cells against autologous 
HIV-1 before and after adoptive transfer were performed.

Antiretroviral therapy interruption. With informed consent from 
the patients, analytical interruptions of ART were performed to inves-
tigate the antivirus effect of bNAb-derived CAR T cell therapy. The 
ART interruption was performed when the following criteria were 
achieved: written informed consent was provided by the patient; no 
adverse events at the time of interruption; CD4+ T cell counts were 
maintained in a normal range (> 400 cells/μL peripheral blood); 
plasma viral load was under the detectable level (< 20 copies per mil-
liliter); CA-RNA was reduced at least 50%; in vivo CAR T cells were 
persistently detectable (> 100 copies per million CD8+ T cells). To pre-
vent the risk of efavirenz monotherapy and the emergence of resistant 
strains after stopping ART, the individuals whose regimens contained 
efavirenz stopped taking it 1 week before discontinuing the other 
agents. The individuals with integrase inhibitor–based or protease 
inhibitor–based regimes discontinued 3 ART agents simultaneously. 
When all the ART agents were discontinued, the time of plasma viral 
suppression was measured.

To protect the patient from adverse events induced by virus rebound, 
antivirus treatment would be reinitiated when any of the following crite-
ria was met: plasma viral load exceeded 200 copies per milliliter; CD4+ 
T cells decreased under 350 cells/μL; any AIDS-related opportunis-
tic infections were observed; occurrence of severe CAR T cell–related 
adverse events; request for reinitiation of ART by the patient.

Quantitative PCR to detect CAR T cells. Patient PBMCs collected at 
baseline and at serial time points after CAR T cell infusions were col-
lected and separated by Ficoll centrifugation and then cryopreserved. 
Batched cells were thawed and primary human CD8+ T cells were 
obtained from PBMCs by positive magnetic selection through BD 
IMag Human CD8+ T Lymphocyte Enrichment Set-DM (BD Biosci-
ences). The genomic DNA was harvested using an AllPure Total DNA/
RNA Micro Kit (Magen). The CAR transgene was detected by perform-
ing quantitative PCR as previously described, using either a primer 
amplifying the fragment spanning the junction of the CD3ζ domain 
and adjacent Flag domain (forward primer: 5′-GCCTTTACCAGG-
GTCTCA-3′, reverse primer: 5′-ACTTATCGTCGTCATCCTTG-3′), 
or a primer amplifying the fragment of VRC01 scFv (forward prim-
er: 5′-ATTTTTTGGCCAGGGGACC-3′, reverse primer: 5′-AGGAT-
TCTCCTCGACGTCACC-3′) (22). Quantitative real-time PCR was 
performed in triplicate using SYBR Premix ExTaq II Kit (Takara), in a 
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Sequence and phylogenetic analysis. Nucleotide alignments of 
intact env sequences were translation-aligned using MEGA 7 (https://
megasoftware.net/). Sequences with premature stop codons and 
frameshift mutations that fell in the gp120 surface glycoprotein 
region were excluded from all analyses. The sequences from each 
group were aligned using MUSCLE. We computed the genetic dis-
tance of every single clone in the population based on the average of 
the relevant entire population by MEGA7. The phylogenetic bootstrap 
trees were generated for each sample using maximum likelihood 
method with 1000 bootstrap replications implemented in MEGA 7 
to depict the global landscape of HIV-1 diversity. Logograms were 
generated using the Weblogo 3.0 tool. To analyze changes between 
latent reservoir and rebound viruses, Env sequences were aligned at 
the amino acid level to a HXB2 reference using BioEdit. Nucleotide 
sequences have been submitted to GenBank.

Cytotoxicity determination. The specific killing activity of prestim-
ulated CD8+ T cells towards Jurkat or HEK293T cells expressing HIV-1 
Env glycoprotein at indicated ratios was measured after coculture for 
8 hours by lactate dehydrogenase assay using the CytoTox 96 nonra-
dioactive cytotoxicity kit (G1781, Promega), as described previously 
(22, 27). The manufacturer’s instructions were followed. Absorbance 
values of wells containing effector cells alone and target cells alone 
were combined and subtracted as background from the values of the 
cocultures. Wells containing target cells alone were mixed with a lysis 
reagent for 30 minutes at 37°C and the resulting luminescence was set 
as 100% lysis. Cytotoxicity was calculated by using the following for-
mula: % Cytotoxicity = (Experimental — Effector spontaneous — Tar-
get spontaneous) / (Target maximum — Target spontaneous) × 100.

Cell lines. HEK293T and Jurkat cell lines were obtained from 
ATCC. Jurkat-gp160NL4-3 cells were established by the infection of Jur-
kat cells with recombinant lentiviruses carrying HIV-1NL4-3 Env-IRES-
GFP moiety, followed by sorting GFPhi cells.

Statistics. We used the Pearson’s χ2 test or the Fisher’s exact test 
(2-sided) as appropriate to analyze differences in proportions of viro-
logic suppression between the CAR T cell infusion group and historical 
controls. P less than 0.05 was considered significant. First, CA-RNA or 
IPDA values were assessed for whether they conformed to normal dis-
tribution by Shapiro-Wilk test. Since not all of the variables conformed 
to normal distribution, we used the multiple Wilcoxon matched pairs 
signed rank test to compare the data. Two-way ANOVAs were per-
formed with Bonferroni’s correction for multiple comparisons. We 
have adjusted P values for multiple comparisons using Bonferroni’s 
corrections. Other P values of statistical analyses such as CAR T cell–
mediated cytotoxicity were calculated using the 2-tailed unpaired Stu-
dent’s t test with equal variances. We generated graphics with Graph-
Pad Prism 5.0 software.

Study approval. This clinical trial was approved by the IRB of 
Guangzhou Eighth People’s Hospital and Sun Yat-sen University (pro-
tocol 201803040002). Written informed consent was obtained from 
all patients prior to their enrollment in the clinical trial. This clinical 
trial is registered at ClinicalTrials.gov (NCT03240328). The study 
was conducted in accordance with legal and regulatory requirements, 
as well as the general principles set forth in the International Ethi-
cal Guidelines for Biomedical Research Involving Human Patients, 
Guidelines for Good Clinical Practice, and the Declaration of Helsinki. 
In addition, the study was conducted in accordance with the protocol 
and applicable local regulatory requirements and laws.

Viral outgrowth. Recovery and amplification of replication-compe-
tent viruses were previously described (55, 74). Briefly, 1 × 106 CD4+ T 
cells from individuals infected with HIV-1 were stimulated by 1 × 107 
irradiated allogeneic PBMCs from uninfected donors and 1 μg/mL 
PHA-M at day 1. Typically, 3 additions of 5 × 106 activated CD4+ lym-
phoblasts from uninfected donors as target cells were added for HIV-1 
outgrowth at day 2, day 7, and day 14, respectively. The cells were cul-
tured in RPMI-1640 media with IL-2 (10 ng/mL, recombinant human; 
R&D Systems) all the time. After 14 days of coculture, the recovered 
viruses were harvested and tested for HIV-1 p24 protein.

In vitro HIV-1 infection and drug withdrawal model. In vitro HIV-1 
infection model was previously described with minor modifications 
(22). Briefly, the PBMCs from healthy donors were stimulated by add-
ing 1 mg/mL PHA and 10 ng/mL IL-2 to the conditioned RPMI 1640 
media with 10% heat-inactivated fetal bovine serum and antibiotics 
for 2 days before isolation of CD4+ T cells. CD4+ T cells were infected 
with an outgrown HIV-1 from patients (p24 titer of 1 ng/mL). Three 
hours after infection, the culture media was changed by centrifuga-
tion. The infected CD4+ T cells were cultured in basal media with IL-2 
(10 ng/mL, recombinant human; R&D Systems) and further incubat-
ed at 37°C in a humidified incubator with 5% CO2. Six days after HIV-1 
infection, azidothymidine (Zidovudine, Sigma-Aldrich) and lopinavir 
(Sigma-Aldrich) were added into the CD4+ T cell culture (both at 50 
μM) to inhibit virus production and prevent further infection events. 
The cells were then cultured in the presence of a low concentration 
of IL-2 (1 ng/mL). Anti–HIV-1 drugs were withdrawn when the viral 
production was substantially decreased to the marginal level for p24 
detection (about 6–8 days after adding the drugs). Then, 0.5 × 106 
CD4+ T cells were mixed with autologous CAR T cells or control CD8+ 
T cells at 1:1 ratio in the conditioned media plus IL-2 (10 ng/mL) 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 following the manu-
facturer’s instructions (KEY-BIO Biotech).

Genetic diversity analysis of activated HIV-1 viruses. HIV-1 RNA 
extraction and single-genome amplification were performed as previ-
ously described (11, 75, 76). In brief, HIV-1 RNA was extracted from 
cell and plasma samples followed by first-strand cDNA synthesis using 
a HiScript II 1st Strand cDNA Synthesis KIT (Vazyme). cDNA synthesis 
for cell/plasma-derived HIV-1 RNA was performed using the antisense 
primer envB3out 5′-TTGCTACTTGTGATTGCTCCATGT-3′. The 
gp160 was amplified using envB5out 5′-TAGAGCCCTGGAAGCATC-
CAGGAAG-3′ and envB3out 5′-TTGCTACTTGTGATTGCTCCAT-
GT-3′ in the first round, and envB5in 5′-CACCTTAGGCATCTCCTAT 
GGCAGGAAGAAG-3′ and envB3in 5′-GTCTCGAGATACTGCTC-
CCACCC-3′ in the second round with nested primers. PCRs were per-
formed using Phanta Max Super-Fidelity DNA Polymerase (Vazyme) 
and run at 94°C for 2 minutes; 35 cycles of 94°C for 15 seconds, 55°C 
for 30 seconds, and 68°C for 4 minutes; and 68°C for 15 minutes. Sec-
ond-round PCR was performed with 1 μL of the PCR product from 
the first round as template and Phanta Max Super-Fidelity DNA Poly-
merase (Vazyme) at 94°C for 2 minutes; 45 cycles of 94°C for 15 sec-
onds, 55°C for 30 seconds, and 68°C for 4 minutes; and 68°C for 15 
minutes. Amplicons were run on precast 1% agarose gels (BIOWESTE) 
and the PCR products proceeded to deoxyadenosine (A), tailing at the 
3′ end, using Ex Taq DNA polymerase (Takara) without thermal cycling 
as follows: 95°C for 5 minutes; 72°C for 30 minutes. The A-tailed PCR 
products were TA- ligated into pMD-18 T vector (Takara).
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