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Despite the success of combination antiretroviral therapy (cART) for suppressing 
HIV and improving patients’ quality of life, HIV persists in cART-treated patients 
and remains an incurable disease. Financial burdens and health consequences of 
lifelong cART treatment call for novel HIV therapies that result in a permanent cure. 
Cellular immunity is central in controlling HIV replication. However, HIV adopts 
numerous strategies to evade immune surveillance. Engineered immunity via genetic 
manipulation could offer a functional cure by generating cells that have enhanced 
antiviral activity and are resistant to HIV infection. Recently, encouraging reports 
from several human clinical trials using an anti-CD19 chimeric antigen receptor (CAR) 
modified T-cell therapy for treating B-cell malignancies have provided valuable 
insights and generated remarkable enthusiasm in engineered T-cell therapy. In this 
review, we discuss the development of HIV-specific chimeric antigen receptors and the 
use of stem cell based therapies to generate lifelong anti-HIV immunity.

First draft submitted: 5 October 2016; Accepted for publication: 24 February 2017; 
Published online: 30 March 2017
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Chimeric antigen receptors & lessons 
from cancer immune therapies
The primary purpose of a chimeric antigen 
receptor (CAR) is to direct or redirect a T cell 
to specifically target an antigen of interest. 
CARs are hybrid receptors consisting of an 
extracellular antigen-binding domain linked 
to an intracellular T-cell receptor (TCR) stim-
ulatory domain, most commonly CD3-ζ [1–4]. 
The target-binding domain is often made up of 
a single chain variable fragment (scFv) derived 
from a monoclonal antibody. However, the 
target-binding domain is not restricted to scFv 
as long as it offers recognition and ligand bind-
ing to target cells. Examples of these non-scFv 
target-binding domains include the use of the 
CD4 molecule, which is the primary receptor 
for HIV envelope protein, gp120 binding [5,6] 
and the use of an IL-13 mutein that can bind 
to the IL-13 receptor on the target cell [7,8].

Genetic modification of T cells with a 
synthetic chimeric TCR was first reported in 
1989. Cytotoxic T cells were made to express a 
receptor containing an antibody portion that 
recognized the 2,4,6-trinitrophenyl hapten, 
enabling these T cells to become activated 
and kill 2,4,6-trinitrophenyl expressing tar-
get cells in an MHC-independent manner [2]. 
This paved the way for generating T cells with 
a desired specificity using chimeric receptors 
and testing their efficacy in the clinical set-
ting, such as, cancer and HIV. Today, there 
are three generations of CARs that have been 
developed so far (Figure 1). The first genera-
tion consists of an extracellular antigen rec-
ognition ectodomain derived from an scFv, a 
transmembrane domain and an intracellular 
signaling endodomain containing the signal-
ing portion of the CD3-ζ chain [1,3,9,10]. Upon 
engagement of the ectodomain to its ligand, 
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the signal is transmitted to the intracellular signaling 
domain of the CD3-ζ chain. The addition of a costimu-
latory molecule, such as, CD28 or CD137 (4–1BB) 
created the second generation of CARs and this proved 
to enhance CAR T-cell responses [11,12]. The third gen-
eration of CARs carry more than one costimulatory 
molecule in the endodomain [3] and have shown robust 
antitumor efficacy in preclinical models [13–15]. Third 
generation CARs have begun clinical trials testing for 
safety and therapeutic efficacy [16,17]. Whether second or 
third generation of anti-HIV CARs will have any a ntiviral 
 efficiency in clinical trials remains to be determined.

An important benefit of using a CAR to redirect 
immunity, as compared with molecularly cloned 
TCR, is that CAR-expressing T cells have the ability 
to become activated and kill targeted cells upon bind-
ing to its target surface antigen independent of the 
MHC [1,3,9]. Thus, an advantage of CAR T-cell ther-
apy is that it is less susceptible to escape mechanisms, 
such as, downregulation of MHC class I molecules, 
commonly used by tumor cells [18] and HIV-infected 
cells [19,20]. Because MHC class I recognition is not 
required for the engagement of CAR receptor, CAR 
T-cell therapy can be widely applied to patients of vari-
ous HLA subtypes.

Early studies in treatment of B-cell malignancy with 
first-generation CARs targeting the CD19 molecule, 
a common B-cell antigen that is expressed on both 
malignant and nonmalignant B cells, showed limited 
antitumor effects [10]. Second-generation CD28-con-
taining CD19 CARs had better success in the clinic [21] 
as did a 4–1BB-containing second-generation CD19 
CAR that was used to treat relapsed B-cell chronic 
lymphocytic leukemia [22,23]. The 4–1BB-containing 
CAR T cells had a greater than 1000-fold expansion, 
trafficked to bone marrow, and continued to express 
functional CARs at high levels for at least 6 months. 
As a result, impressive clinical outcomes were obtained, 
with two long-term complete remissions and one pro-
longed remission despite large tumor burdens. How-
ever, CD19 CAR T-cell therapy has reported significant 
adverse events in patients, including cytokine release 
syndrome, macrophage activation syndrome and B-cell 
aplasia [9,10,24]. The mechanism(s) by which CAR medi-
ates optimal T-cell activation remains incompletely elu-
cidated and it is conceivable that optimal CAR design in 
different clinical settings may require different combi-
nations of ligand binding, transmembrane, stimulatory 
and c ostimulatory domains to optimize efficacy and 
m inimize side effects [3,9].

Figure 1. Design of chimeric antigen receptor. CAR design consists of an ectodomain, transmembrane domain and 
an endodomain. Ectodomain is derived from either a single-chain variable fragment of heavy and light chains of 
a monoclonal antibody or the extracellular portion of the CD4 molecule for the CD4-based CAR. The endodomain 
contains the intracellular signaling portion of the receptor that is derived from the CD3-ζ chain of the T-cell 
receptor and either one (second generation) or two (third generation) costimulatory domains (*). 
CAR: Chimeric antigen receptor.
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The addition of a costimulatory domain in the 
design of the CAR has dramatically improved the effi-
cacy of certain CARs when expressed in T cells. More 
recently, a focus has been on exploring other ways to 
enhance CAR T-cell responses in vivo. The utilization 
of specific T-cell effector/memory subsets with better 
inherent abilities for proliferation and persistence can 
also enhance efficacy. A recent study using a murine 
model showed that CD19 CAR T cells derived from 
CD4+ naive and CD8+ central memory subsets con-
ferred the strongest antitumor effects compared with 
CD19 CAR T cells derived from peripheral blood 
mononuclear cells (PBMC) or from effector memory 
subsets [25]. These results led to a Phase I clinical trial 
using CD19 CAR T cells of defined CD4+ and CD8+ 
subset composition that resulted in promising clinical 
outcomes with 93% of adults with B-cell acute lympho-
blastic leukemia achieving bone marrow remission [26]. 
Moreover, using a subset composition of a defined 
CD4+:CD8+ T-cell ratio at a single low dose of 2 × 105 
T cells/kg was effective for patients with high tumor 
burden to undergo complete remission without high 
toxicity. It was discovered that patients who showed 
disease relapse due to loss of CAR-expressing T cells in 
the blood generated an immune response against the 
CD19 CAR, thus providing a possible mechanism for 
loss of CAR T cells seen in other clinical trials. This is 
the first clinical trial to report the use of defined T-cell 
subsets to manufacture CD19 CAR T cells and this is 
likely to be an important aspect of CAR-based therapy 
in the future.

Another subset of T cells that has shown great prom-
ise with in vivo persistence and antitumor potency are 
the ‘T memory stem cells’ (T

SCM
) [27]. Ex vivo culturing 

conditions using the cytokines, IL-7 and IL-15 in cul-
tures of patient PBMCs have found to provide better 
expansion than IL-2 alone and generate T cells with 
a more stem/central memory phenotype [28–32]. In a 
clinical setting utilizing CD19 CAR T cells cultured 
in IL-7 and IL-15, it was shown that the frequency of 
CD8+ T cells that phenotypically resembled T

SCM
 cor-

related with CAR T-cell expansion in patients with 
relapsed B-cell malignancies [28]. It still remains to be 
determined whether these T

SCM
 and their effectiveness 

to expand in vivo can lead to greater clinical outcome, 
but it is likely that further characterization of the use 
of different T-cell subsets in CAR-based therapy will 
optimize therapeutic strategies. Whether T

SCM
 will be 

an important subset to generate potent anti-HIV CAR 
T-cell responses for HIV still needs to be evaluated. 
However, it has recently been shown that CD4+ T

SCM
 

are permissive to HIV infection and can support long-
term HIV persistence even during suppressive anti-
retroviral therapy (ART) [33,34]. In addition, it has been 

recently found that HIV-1 specific CD8 T
SCM

 popula-
tions have shown to be compromised during chronic 
HIV infection, but restored during ART [35]. Moreover, 
HIV-1 specific CD8 T

SCM
 retained ability to produce 

IL-2 in response to viral antigen, however, there was 
no association between frequency of HIV-1 specific 
CD8 T

SCM
 and CD4 T-cell counts or viral load during 

untreated HIV infection, suggesting that they are not 
directly involved in antiviral immune defense [35]. Nev-
ertheless, the use of CD8 T

SCM
 in CAR T-cell therapy 

for HIV could be a beneficial subset to utilize in order 
to promote and maintain a memory pool of redirected 
CD8+ anti-HIV CAR T cells for lifelong control of 
viral replication and perhaps eradication of residual 
reservoirs.

CAR T-cell therapy for HIV infection: lessons 
from CD4-ζ CAR T-cell therapy
The development of CARs for HIV was first reported 
more than 20 years ago [5,6]. These studies initially 
created and characterized two different CARs, one 
containing an scFv derived from the anti-gp41 mono-
clonal antibody clone 98–6, while the other one con-
taining a CAR composed of the extracellular and 
transmembrane domains of a CD4 receptor fused to a 
CD3-ζ chain (termed the CD4-ζ CAR). Upon bind-
ing to HIV envelope protein, these CARs were capable 
of triggering T-cell activation, proliferation and cyto-
kine production in vitro. Most importantly, CAR-
modified CD8+ T cells showed similar killing ability 
of infected target cells as compared with other HIV-
specific cytotoxic T lymphocyte clones and were capa-
ble of suppressing diverse HIV-1 strains in p rimary 
l ymphocytes [5,6,36].

Gammaretroviral vector-based CD4-ζ CAR T-cell 
clinical trials were carried out to evaluate the efficacy of 
CD4-ζ CAR expressed in autologous CD4+ and CD8+ 
T cells in patients with active viremia or in patients 
who were on combination ART (cART) that had 
undetectable plasma viral RNA [37–39]. Importantly, 
these studies determined that CD4-ζ CAR therapy 
had minimal toxicities and no serious adverse events 
were reported. However, the infusion of gene-modified 
T cells resulted in no or very modest reductions of HIV 
plasma RNA or blood HIV DNA levels. Interestingly, 
decade-long follow-up studies of PBMCs collected 
from 43 subjects revealed that the transfused CD4-ζ 
CAR modified T cells had remarkably long half-lives 
(>16 years) [40]. This is in contrast to other first-gen-
eration CARs, which tended to have poor persistence 
of the gene marked transfused T cells. To account for 
this long-term, stable persistence of CD4-ζ CAR T 
cells in these patients, it was speculated that these cells 
periodically encountered HIV envelope during bursts 
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of viral replication and received continuous, low-level 
stimulation by binding to its low-affinity ligand, the 
MHC class II molecule [40].

Despite the persistent presence of CD4-ζ CAR T 
cells in the subjects, it was reported that there was no 
significant expansion of CD4-ζ CAR T cells upon 
infusion, even in viremic patients [37,38]. This likely 
explains the lack of antiviral efficacy. There remains 
a variety of ways to improve on these results to make 
this type of approach more efficacious. Inclusion of 
costimulatory domains and the development of the 
CD4-ζ CAR into second- and third-generation CARs 
may enhance proliferation and killing activity of these 
cells [3,9]. Also, better cell-handling procedures utilized 
today in the genetic modification of PBMCs would 
likely increase antiviral efficacy of these modified cells 
(see above). Interestingly, one overlooked issue with 
these studies was the expression of the CD4-ζ CAR on 
activated T cells can render them highly susceptible to 
HIV infection and subsequent viral-mediated elimina-
tion [41–43]. This may have been one of the major rea-
sons for the limited clinical efficacy observed in these 
studies. One strategy to solve this problem is to include 
anti-HIV reagents to protect CD4-ζ CAR T cells from 
HIV-1 infection. For example, the use of protective 
anti-HIV shRNAs can be engineered to be coexpressed 
from the same lentiviral vector expressing the CAR, 
resulting in protection of the cell from direct infection 
through the CD4 extracellular domain [41,44]. shRNA-
mediated knockdown of the HIV coreceptor, CCR5 
can also effectively be used to reduce CCR5 expression 
on CD4-ζ CAR T cells, therefore protecting the cells 
from infection with R5 tropic HIV-1 viruses [41,43]. 
Other anti-HIV reagents, such as, anti-HIV shRNAs 
and coexpression of the anti-HIV fusion peptide, C46 
can also be used in combination with the anti-CCR5 
shRNA to prevent infection by X4 tropic or dual tropic 
viruses [41,45,46].

Another strategy to prevent infection of CD4-ζ 
CAR T cells is to modify the antigen recognition 
part of the CAR molecule to prevent it from allowing 
HIV infection. To initiate entry, HIV envelope pro-
tein first attaches to the CD4 on the host cell, which 
leads to conformational changes in envelope that are 
necessary for coreceptor binding and subsequent viral 
fusion [45,47]. The first two domains of the CD4 extra-
cellular domains: D1D2 domain, primarily mediate 
HIV envelope binding to the CD4 molecule [47]. We 
found that simply deleting D3–D4 domains of CD4-ζ 
CAR can prevent CD4-mediated HIV infection of 
CD4-ζ CAR T cells but still allows envelope bind-
ing and signaling through the CD4 D1D2 domain 
(Figure 2). A recent report by Liu et al. [42] described 
a novel CD4-based bispecific CAR that consists of 

CD4D1D2 domain linked to an scFv of the 17b anti-
HIV envelope neutralizing human monoclonal anti-
body that recognized a highly conserved epitope on 
gp120. The authors tested different lengths of linker 
peptide between the CD4D1D2 and 17b and found 
that a ten-peptide linker (CD4–10–17b) CAR has the 
highest potency. Interestingly, both CD4–17b CARs 
tested were devoid of the unwanted property of CD4-ζ 
CAR rendering the transduced CD8+ T cells suscep-
tible to HIV infection [42]. However, in contrast to our 
results, they found the standard CD4D1D2 CAR was 
susceptible to HIV infection. Further studies need to 
be done to verify the susceptibility or resistance of a 
truncated CD4-based CAR to HIV infection in vivo.

Another way to improve a CAR approach to HIV 
infection is the modification of the ectodomain of 
CAR, which mediates antigen recognition. T cells 
expressing CARs containing high-affinity scFv appear 
to elicit superior effector functions than those contain-
ing low-affinity scFvs [9]. HIV-specific broad neutral-
izing antibodies, identified from HIV-infected non-
progressors, can elicit potent neutralizing responses 
against a variety of HIV strains [48]. These HIV-spe-
cific broad neutralizing antibodies can be engineered 
into single-chain antibodies and then fused with the ζ 
domain with or without second- and third-generation 
CAR costimulatory domains to target HIV infection. 
The growing number of HIV broadly neutralizing 
antibodies (bNAbs) offers alternative opportunities 
for creating novel CARs that can be potentially more 
active and effective. A recent report by Ali et al. con-
structed and tested seven HIV-specific CARs based on 
well-defined HIV-1 bNAbs. The authors found that 
each novel CAR conferred potent antiviral activities 
to transduced CD8+ T cells against HIV-infected cells 
in vitro [49]. A VRC01 HIV specific bNAb-based third-
generation CAR not only conferred antiviral activity 
to transduced CD8 T cells but also effectively induced 
cytolysis of reactivated latently infected CD4+ T cells 
isolated from infected individuals on cART treat-
ment [50]. This demonstrates the potential use of the 
CAR therapy for the eradication of reactivated latent 
HIV-1 reservoir by latency-reversing agents, which is 
also under intensive investigations.

Stem cell based CAR therapy for redirecting 
anti-HIV immunity
Hematopoietic stem cell (HSC) based therapy offers 
a promising alternative to adoptive T-cell therapies 
as it can provide long-term treatment that is cru-
cial for achieving a ‘functional cure’ for HIV infec-
tion. When engrafted successfully, modified HSCs 
can offer long-term, stable and continuous produc-
tion of genetically modified cells. Combination of 
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two d ifferent approaches has been applied utilizing 
HSC-based therapies targeted at eradicating HIV. 
One approach modifies developing immune cells to 
produce cells that are resistant to HIV infection while 
another redirects cells to target and kill HIV-infected 
cells. Multiple studies have attempted to modify HSCs 
and disrupt CCR5 expression in order to block HIV/
SIV infection [43,51–54]. When transplanted, the modi-
fied HSCs can differentiate into multiple lineages, 
including both CD4 and CD8 T cells that lack or have 
decreased expression of CCR5 receptor. This renders 
them resistant to R5 tropic HIV infection. Autologous 
transplant of these HSCs can lead to decreased or con-
trolled HIV-1 viral replication as well as a selection 
and expansion/reconstitution of HIV-resistant cells in 
a humanized mouse model of HIV infection [43].

To generate engineered immunity from HSCs, we 
and others showed that HSCs modified with a molecu-
lar clone of an HIV-specific TCR can successfully dif-
ferentiate into functional T cells that recognize HIV-
infected cells in the humanized mouse model [54–56]. 
In addition to achieving successful engraftment and 
T-cell development, introduction of a cloned exog-
enous TCR could shut down endogenous TCR rear-
rangement during thymopoiesis, thereby eliminating 
the risk of TCR mispairing between endogenous and 
exogenous TCRs and generation of self-activating 
T cells [56].

Recently, we found that anti-HIV immunity can be 
derived from HSCs modified with a protective CD4-ζ 
CAR that contains shRNAs against CCR5 and HIV-1 
LTR (Triple CD4-ζ CAR) [41]. Triple CD4-ζ CAR 
modified stem cells engrafted successfully in human-
ized mice and differentiated into multiple hematopoi-
etic lineages, including both CD4+ and CD8+ T cells, 
NK cells, B cells and monocytes. Naive Triple CD4-ζ 
CAR T cells that differentiated from modified HSCs 
are functional and resistant to HIV infection. When 
primed properly, Triple CD4-ζ CAR T cells prolifer-
ate and suppress HIV infection in vivo and develop 
into effector and memory T cells [41]. Similar to TCR-
modified HSCs, introduction of CD4-ζ CAR resulted 
in suppression of endogenous TCR recombination in 
some cells during thymopoiesis. This is likely caused 
by the extracellular CD4 domain interaction with 
HLA class II that is expressed by the thymic stroma, 
which triggers positive selection of the cells. We found 
that cells that express the highest levels of CD4-ζ CAR 
have the lowest level of CD3 and lower levels of the 
TCR excision circles than cells having lower or no 
CAR levels. Since CD3 expression is dependent on the 
expression of a functional TCR, this strongly suggests 
that the cells that had the strongest signaling via the ζ 
chain turned off endogenous TCR arrangement and Fi
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thus lacked TCR and CD3 expression on the surface. 
However, lack of CD3 expression on CAR-bearing 
T cells did not affect cytokine production of these 
cells, suggesting that signaling through the ζ was suf-
ficient for the CAR T cells to function [41].

In addition to the development of CD4-ζ CAR T 
cells, we detected CD4-ζ CAR NK cells that might 
have also contributed to viral suppression [41]. NK 
cells, in addition to T cells, express the intracellular 
signaling components to allow functional signaling 
through the ζ chain of the CAR molecule. Previous 
studies have shown that CD4-ζ CAR modified NK 
cells can be used to kill HIV-infected cells in vitro [57]. 
Therefore, the development of CD4-ζ CAR NK cells 
can provide a constant source of rapid innate responses 
against HIV-infected cells and further augment the 
anti-HIV immunity.

In summary, CAR-bearing T cells have been devel-
oped from genetically modified HSCs through natural 
thymopoiesis, which eliminated self-reactive T cells 
and limited off-target effects. Importantly, because 
naive CD4-ζ CAR T cells have a high ability to prolif-
erate under priming and antigen stimulation, it is not 
necessary to reconstitute the bone marrow with high 
levels of HSCs to achieve viral suppression. This is in 
contrast to HSC-based gene therapy protecting cells 
from infection, in which high level of HSCs replace-
ment and ultimate peripheral cell reconstitution with 
modified HSCs are necessary to have significant 
effects on viral replication and allow better immune 
r econstitution [53].

Conclusion & future perspective
Since the description of the CAR concept 25 years ago 
for cell-based therapy, many iterative modifications have 
been made based on the ‘first-generation’ CAR. This 
includes adding one or two costimulatory domain(s) 
(termed second- and third-generation CAR) to the ζ 
chain to improve the signaling intensity of the CAR 
molecule and the replicative and persistence of CAR-
modified T cells [9,58]. However, the effect(s) of a co-
stimulatory domain for CD4ζ CAR engineered stem 
cells remains to be tested. CD4-ζ CAR expressing T 
cells, which is the first-generation of CAR design, does 
not target MHC class II expressing cells due to the weak 
binding between CD4 and MHC II molecule. How-
ever, inclusion of costimulatory domains may lead to 
targeting of CD4-ζ CAR to MHC class II expressing 
cells, such as, APCs. In addition, having too strong of 
a signal may also impede CD4-ζ CAR modified stem 
cells from normal thymocyte development. T cells with 
extremely high avidity and binding for self-MHCs are 
eliminated from the thymus during negative selection. 
Thus, the addition of costimulatory domains for CD4-ζ 

CAR may lead to strong signaling from CD4 binding 
to MHC II molecule, resulting in loss of CD4-ζ CAR 
T cells during negative selection. Therefore, thorough 
testing is necessary when constructing second and third 
generation of CD4-ζ CAR for stem cell-based gene 
therapy.

bNAb-based CARs are potential alternatives to 
CD4-ζ CARs for stem cell based therapy. Since they 
do not bind to human natural antigens, the expression 
of the bNAb-based CAR will unlikely affect thymo-
poiesis. In addition, the expression of the bNAb-based 
CAR does not mediate infection on CD8 cells, unlike 
CD4-ζ CAR (Zhen, Carrillo, Kitchen; U npub-
lished data ), making them potentially superior can-
didates for CAR development against HIV infection. 
Problems with the use of antibody CAR include pos-
sible immunogenicity of antibody CAR and the devel-
opment of anti-idiotype antibodies that may inhibit its 
activity [9]. Second, since single bNAbs readily select 
HIV escape mutants [59,60], certain combination of var-
ious CARs based on distinct individual bNAbs target-
ing various region of viral envelope may be necessary to 
fully suppress viral replication.

HSCs have two important properties: the ability 
to self-renew and the ability to differentiate into mul-
tiple hematopoietic lineages, including those that have 
the capacity to kill HIV-infected cells (T cells and NK 
cells). Although these features are very important and 
beneficial from a regenerative standpoint, they do cre-
ate certain safety concerns. One particular concern is 
whether stem cells can lead to tumor formation them-
selves. When gamma retrovirus vector was used for 
modification and therapeutic expression of genes to 
autologous hematopoietic cells, the approach suffered 
from adverse effect caused by the vector integration 
of the cell genome [61,62]. Gamma retroviruses have a 
preference of transcriptional active sites for integration, 
and this increases the likelihood of activation of nearby 
proto-oncogenes by the powerful enhancers contained 
in the gamma virus [63]. Lentivirus-based vectors, on 
the other hand, transduce human HSCs effectively and 
display a superior safety profile [64,65]. However, careful 
clonal tracking of the lentivirus-modified HSCs should 
be included in preclinical and clinical studies to care-
fully document transplanted HSC behaviors [65]. Inclu-
sion of suicide gene in addition to cellular therapeutics 
can allow selective ablation of gene-modified cells and 
improve the safety of cell-based therapy [1,66]. Introduc-
ing features like cell type-specific expression of the CAR 
molecule in T cells and NK cells will likely improve the 
clinical safety of this approach.

Although cART has been very successful in control-
ling HIV replication, this lifelong treatment can have 
its own challenges including drug-related toxicities 
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and high cost of treatment [67,68]. CAR-based stem cell 
therapy for HIV infection can have beneficial clinical 
outcome for patients. It can potentially elicit a lifelong 
cellular immunity to generate complete viral suppres-
sion without antiretroviral drug treatment. CAR T-cell 
therapy for HIV will likely be more successful without 
treatment of cART, as this will allow viral production 
and therefore elevated levels of HIV envelope antigen to 
elicit effective CAR T-cell signaling to generate a robust 
anti-HIV CAR response and promote clearance of virus. 
It will also give an opportunity to see whether anti-HIV 
CAR cells can remain uninfected during an active HIV 
infection if given protection through knockdown of 
CCR5 for instance. In addition, utilizing latency reac-
tivators with CAR T-cell therapy can potentially enable 
CAR T cells to target latent reservoirs. A possible obsta-
cle in CAR-based therapy for HIV infection is expres-
sion of very low levels of viral envelope on the surface of 
HIV-infected cells. The development of TCR-like CARs 
that target and bind to peptide/MHC complexes much 
like natural TCRs can offer an alternative approach to 
target surface antigen limited cells [69]. TCR-like CARs 
combine the binding properties of TCR-like antibodies 
fused with costimulatory and TCR-activating domains, 
however, unlike scFv-based CARs, TCR-like CARs 
are HLA restricted [69,70]. Whether these TCR-like 
CARs can have any therapeutic effect in HIV infection 
remains to be determined.

Unlike CD19 CARs, it is yet to be determined 
whether CD4-based CARs may come with some 
risks, such as, cytokine storms and neurologic toxici-
ties. Early CD4-based CARs in clinical trials did not 
report any severe cases of off-target toxicities, in fact, 
these studies showed CD4-based CARs to be safe and 
persist for a very long time [37–40]. Another potential 
risk could be immune escape and generating HIV 
resistance to CAR T-cell therapy. Whether there is 

viral escape against the CD4-based CAR receptor, is 
not yet well known. It would be difficult for HIV virus 
to escape a CD4-based CAR due to the necessity of 
virus to bind to the CD4 molecule. If there are escape 
mutants, those mutants would likely render the virus 
less fit to replicate, because the mutations acquired 
would possibly compromise the e ffectiveness of the 
virus to bind to CD4.

The use of preclinical animal models for HIV infec-
tion is critical in testing the safety and efficacy of CD4 
and antibody-based CAR T-cell therapy. The human-
ized mouse model provides an in vivo analysis of human 
immune responses to HIV infection and other human 
diseases [71,72]. Although stem cell based CAR T-cell 
therapy against HIV has been proven feasible and suc-
cessful in a humanized mouse model [41], there are lim-
itations to the use of this model that include deficits in 
lymphoid structures and graft versus host disease [73]. 
An alternative approach to preclinical evaluation of 
CAR T-cell therapy in vivo is the use of nonhuman 
primates where infection with SIV and hybrid SHIV 
strains mimic HIV infection of humans [74]. Stem cell 
based CAR T-cell therapy in response to SHIV infec-
tion has already been tested in a nonhuman primate 
model and showed to be safe without any significant 
or life threatening side effects (manuscript in prepara-
tion). Thus, the feasibility and safety of stem cell based 
CAR T-cell therapy shown in preclinical animal mod-
els will likely translate to the clinic.

The persistence of HIV reservoir despite long-term 
combined ART remains as a major barrier to cur-
ing HIV infection. In addition to being a standalone 
therapy to suppress HIV replication, the CAR-based 
therapy can be potentially given alongside latency 
reactivators as a more effective way to eradicate latently 
infected cells as compared with patients’ own immu-
nity. In summary, CAR stem cell therapy offers a novel 

Executive summary

Chimeric antigen receptors & lessons from cancer immune therapies
•	 Chimeric antigen receptors (CARs) have been successfully employed for the treatment of several malignancies.
•	 Purification and specific utilization of certain T-cell subsets and refinements in cell handling and genetic 

modification procedures have resulted in markedly improved CAR T-cell responses against tumors.
•	 The lessons learned from CAR T-cell therapy in the treatment of cancer may be highly applicable toward the 

treatment of HIV.
CAR T-cell therapy for HIV infection: lessons from CD4-ζ CAR T-cell therapy
•	 Initial clinical trials for treatment of HIV infection with CD4 CAR modified T cells resulted in limited antiviral 

efficacy.
•	 CD4-ζ CAR T-cell treatment was safe and resulted in long-term engraftment.
•	 Strategies have been developed to improve CD4-based CARs for better therapeutic efficacy in the clinic.
Stem cell based CAR therapy for redirecting anti-HIV immunity
•	 Modified hematopoietic stem cells with CARs can potentially offer a functional cure for HIV infection by 

providing unlimited production of immune cells redirected to target and kill HIV-infected cells in vivo.
•	 We highlight key preclinical studies that have shown the feasibility and therapeutic efficacy of this approach 

to generate immune cells protected from HIV infection and, in turn, directed toward HIV-infected cells.
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and promising alternative approach to T-cell-based 
adoptive therapies to redirect and generate long-term 
and effective anti-HIV immunity.
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