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Combination antiretroviral therapy (cART)
inhibits HIV replication but does not lead to
viral eradication in people living with HIV
(PLWH) because of the latent reservoir.1

Several studies have shown that interven-
tions that dramatically reduce the number
of latently infected CD4+ T cells do not
lead to a cure.2–5 Thus, other therapies
may need to be used in conjunction with
strategies that target the reservoir if a cure
is to be achieved. In this issue of Molecular
Therapy, Maldini et al.6 employ CD4+

T cells expressing HIV-specific chimeric an-
tigen receptors (CARs; CAR 4 T cells) and
show that some of these engineered cells
reduce the magnitude of viremia when
cART is discontinued in HIV-infected hu-
manized mice. The CAR 4 T cells proliferate
effectively in vivo and also enhance the
function of CD8+ T cells expressing CARs
(CAR 8 T cells). The study suggests that
combinations of CAR 4 T cells and CAR 8
T cells may play an important role in
combinatorial strategies designed to cure
HIV (Figure 1).

CAR T cells represent a form of personalized
medicine, where patients’ CD4 or CD8 T cells
are transduced to express a CAR engineered
to recognize a specific cell target. Recently
finding successful application in antitumor
therapy,7 CARs are “chimeric” because both
antigen-binding and T cell-activating func-
tions are combined into a single receptor. In
the case of HIV, early CARs consisted of
CD4 as the external antigen-binding moiety
attached to the zeta chain of the CD3 mole-
cule, which enables T cell activation.8–10

When these CAR T cells engage their target
cells, the CD4 protein binds to the viral
gp120 envelope protein expressed on infected
cells, leading to activation of the CAR T cells
and killing of the infected target cells. These
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early CARs have been improved over time:11

T cells require additional co-stimulatory sig-
nals beyond CD3 signaling to persist after
activation and specific effector functions can
be directed through the incorporation of cus-
tomizable costimulatory molecules.12 In this
new study, Maldini et al.6 compared the func-
tion of CAR 4 T cells incorporating
the costimulatory molecules CD27, OX40,
4-1BB, ICOS, or CD28. CD27, OX40, and
4-1BB are members of the same tumor necro-
sis factor superfamily, and CD28 and ICOS
are members of the CD28 superfamily.
T cell stimulation through CD28 can elicit
the production of various cytokines. In vitro
studies using CAR 4 T cells incorporating
the different costimulatory molecules co-
cultured with HIV-infected CD4 cells showed
that CD28-costimulated CAR4 T cells were
particularly efficient at generating polyfunc-
tional cytokine responses. These cells were
also effective at inhibiting viral replication in
a suppression assay and actually eliminated
infected CD4+ T cells as effectively as CAR
8 T cells. This is surprising because CD4+

T cells in general are not effective at killing
target cells. However, this could be potentially
explained by the high levels of the effector
proteins granzyme A and granzyme B that
were expressed by these CAR 4 T cells. Gran-
zymes are serine proteases normally released
by cytoplasmic granules within cytotoxic
T cells and natural killer (NK) cells.

Even more compelling are the data from the
in vivo studies, in which the effect of various
CAR 4 T cells on viral rebound after cART
cessation was measured in HIV-infected hu-
manized mice. In this case, Maldini et al.6

used highly immunodeficient NSG (NOD-
SCID IL2Rg�/�) mice reconstituted, or “hu-
manized,” with CD8-depleted peripheral
blood mononuclear cells from healthy donors
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and infused with HIV-infected CD4 T cells in
the context of ART, after which ART treat-
ment was then interrupted and HIV-resistant
CAR 4T cells were infused. Establishing dura-
ble HIV-resistance in CAR 4 T cells is a
crucial step before any CAR 4 T cells can be
considered as a viable therapeutic for HIV
cure. Maldini et al.6 utilized a 34 amino acid
insert into the amino terminus of the HIV
co-receptor, CXCR4, that was pioneered by
Leslie et al.13 This process allows for retention
of normal physiologic chemotaxis while abro-
gating HIV-1 entry. Surprisingly, the CD28-
costimulated CAR 4 T cells that were so effec-
tive in controlling HIV replication in vitro
were not able to significantly prevent viral
rebound in the mice. In contrast, 41BB-costi-
mulated CAR 4 T cells, which demonstrated
limited efficacy in controlling HIV replication
in vitro, were the most effective at reducing
the magnitude of rebound viremia when
ART was discontinued. This was probably
due to the fact that these cells expanded effi-
ciently in vivo and expressed the lowest levels
of the inhibitory molecules PD-1 and TIGIT,
which normally provide negative feedback
signals to activated T cells. Furthermore co-
infusion of CD28- or 4-1BB-costimulated
CAR 8 T cells with 4-1BB-expressing CAR 4
T cells dramatically increased the prolifera-
tion and persistence of these CAR 8 T cells
compared to the proliferation of CAR 8
T cells when they were infused alone. This
enhanced persistence of CAR 8 T cells was
associated with improved virologic control
when cART was discontinued.

The data presented by Maldini et al.6 repre-
sent findings that could be important for
HIV cure strategies utilizing CAR T cells;
however, there is still further work to be
done before they are ready for use in clinical
trials. And, as demonstrated by the incon-
gruent performance of 4-1BB-costimulated
CAR 4 T cells in vitro compared to successful
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Figure 1. Dual Function of CAR 4 T Cells

41BB-costimulated CAR 4 T cells recognize the HIV

envelope expressing infected cells through the CD4

protein, which constitutes part of the CAR. These cells

can directly kill infected target cells through the

secretion of perforin and granzyme A and B. The cy-

tokines produced by these CAR 4 T cells also lead to

the enhanced survival, proliferation, and effector

function of CAR 8 T cells.
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expansion and HIV elimination in vivo,
further studies need to include additional an-
imal models. In particular, although human-
ized mice offer the advantage of in vivo work
at relatively low cost compared to primate
studies, “humanized mice” is an umbrella
term encompassing a wide variety of mouse
models, each with their own unique advan-
tages and disadvantages. In this case, Maldini
et al.6 used a fairly straightforward, and rela-
tively inexpensive, mouse model utilizing
commercially available NSG mice, which
are both B and T cell deficient and lacking
functional NK cells, that were then reconsti-
tuted with healthy mature peripheral blood
cells. The disadvantages of this humanized
mouse model include extremely high levels
of immune activation of engrafted cells and
the inevitable development of graft versus
host disease, in which engrafted activated
human cells attack native mouse tissues. It
is also challenging to study HIV latency in
the presence of so much immune activation,
as the authors acknowledged. Because all
humanized mouse models can only provide
a facsimile of a normal functional human
immune system, studies utilizing more
1562 Molecular Therapy Vol. 28 No 7 July 202
sophisticated humanized mouse models
and longer analytical treatment interrup-
tions are warranted.

The first generation of HIV-specific CAR
T cells had inconsistent effects on viremia
and/or the viral reservoir in PLWH.8–10 The
HIV-resistant 4-1BB-costimulated CAR4
T cells generated in this study should be
more effective at controlling viral replication
and could potentially be given in clinical trials
in conjunction with latency reversal agents. In
this context, they could possibly eliminate
HIV-infected CD4+ T cells that would be
stimulated to express HIV gp120 on their sur-
face. However, to be truly effective, these
effector cells will likely need to persist at
high frequencies for many years so that they
will be capable of eliminating any residual
reservoir cells that become activated over
time after cART is discontinued. This may
be analogous to the potent HIV-specific
CD8+ T cell responses that control replica-
tion-competent virus present in some patients
who maintain undetectable viral loads
without cART (elite suppressors).14,15 4-
1BB-costimulated CAR4 T cells may be
particularly effective at this task given their
proliferative capacity and their ability to
both directly kill infected cells and to enhance
the cytotoxic potential of CAR 8 T cells.
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