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persistence, trafficking, and viral control
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Adoptive cell therapy (ACT) using T cells expressing chimeric
antigen receptors (CARs) is an area of intense investigation in
the treatment of malignancies and chronic viral infections. One
of the limitations of ACT-based CAR therapy is the lack of
in vivo persistence and maintenance of optimal cell function.
Therefore, alternative strategies that increase the function
and maintenance of CAR-expressing T cells are needed. In
our studies using the humanized bone marrow/liver/thymus
(BLT) mouse model and nonhuman primate (NHP) model of
HIV infection, we evaluated two CAR-based gene therapy ap-
proaches. In the ACT approach, we used cytokine enhancement
and preconditioning to generate greater persistence of anti-
HIV CAR+ T cells. We observed limited persistence and expan-
sion of anti-HIV CAR T cells, which led to minimal control of
the virus. In our stem cell-based approach, we modified he-
matopoietic stem/progenitor cells (HSPCs) with anti-HIV
CAR to generate anti-HIV CAR T cells in vivo. We observed
CAR-expressing T cell expansion, which led to better plasma
viral load suppression. HSPC-derived CAR cells in infected
NHPs showed superior trafficking and persistence in multiple
tissues. Our results suggest that a stem cell-based CAR T cell
approach may be superior in generating long-term persistence
and functional antiviral responses against HIV infection.
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INTRODUCTION
Recent advancements in chimeric antigen receptor (CAR) T cell immu-
notherapy have led to the successful treatment of certain B cell malig-
nancies and renewed interest in CAR T cells for a functional cure for
chronic diseases such as HIV-1 infection.1–6 The first clinical trials in
HIV used peripheral T cells expressing a first-generation CD4-based
CAR that consisted of the HIV-binding CD4 molecule fused with the
CD3 zeta signaling domain (CD4CAR) to target HIV envelope (Env)-
expressing cells, resulting in minimal viremia control.4,5 The addition
of co-stimulatory domains such as CD28 or 4-1BB to create second-
generation CARs was key to improve CAR function and antitumor re-
sponses in vivo.7,8 Similarly, there have been new-generation designs of
anti-HIV CARs to improve persistence, trafficking, and antiviral effi-
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cacy of infused CAR T cells in vivo.9–17 Newer strategies featuring sec-
ond- and third-generation CAR approaches in which T cells express
either or both 4-1BB-zeta and CD28-zeta domain structures have
been developed for anti-HIV CARs.12,13 In HIV-infected, antiretroviral
therapy (ART)-suppressed humanized mice, infused dual CAR T cells
rapidly suppressed viral replication and reduced tissue viral burden.13

However, it remains to be determined whether adoptive transfer of
anti-HIV CAR T cells can have a significant impact on viral replication
long term in the absence of ART.Major challenges for adoptively trans-
ferred CAR T cells to be effective therapeutically include augmented
proliferation, function, and persistence after infusion.18Currently, these
limitations result in minimal or short-term antiviral or antitumor effi-
cacy, a major barrier that requires further optimization.13,19–23

An alternative to peripheral T cell-derived CAR T cells is the use of
CAR-modified hematopoietic stem/progenitor cells (HSPCs) capable
of differentiating into CAR-expressing immune cells.24–27 In animal
models of HIV and simian/human immunodeficiency virus (SHIV)
infection, we determined that HSPCs modified with CD4CARs
differentiated into CAR-expressing T cell, natural killer (NK) cell,
B cell, and monocyte lineages.26,27 Importantly, stem cell-derived
CD4CAR T cells expanded, trafficked to multiple tissues, suppressed
plasma viral loads, and lowered viral burdened in latent reservoir-
harboring tissues in humanized bone marrow/thymus/liver (BLT)
mice and nonhuman primate (NHPs) animal models.26–28 Moreover,
we identified a second-generation CD4-based CAR containing 4-1BB
(CD4CAR41BB) that outperformed the previous first-generation
CD4-based CARs in vivo in multiple ways in an HSPC-based
approach. These included greater HSPC engraftment, CAR T cell dif-
ferentiation, viral suppression, and generation of memory CAR
T cells.29 These studies confirmed the safety and feasibility of using
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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HSPCs for generating long-term engraftment and function of CAR-
modified cells for HIV immune surveillance and control of viral repli-
cation, thus overcoming the lack of long-term persistence and anti-
viral function of adoptive CAR T cell therapy.

In this study, we compared and evaluated the adoptive-transferred pe-
ripheral CAR T cell approach with the HSPC-based approach to target
HIV infection. We evaluated different methodologies to enhance the
persistence and function of adoptively transferred autologous periph-
eral T cells modified with first- and second-generation CD4CARs.29,30

Wehave optimizedCART cell cell processing and culturing conditions,
cytokine administration, and infusion of CART cells duringART treat-
ment.Weadditionally comparedproliferation and control ofHIVrepli-
cation in the plasma of infected BLT mice treated with adoptive anti-
HIV CAR T cells versus CAR-modified HSPCs. We observed greater
proliferation and suppression of plasma viremia in HSPC-derived
anti-HIV CAR T cells compared to adoptive anti-HIV CAR T cells in
HIV-infected BLT mice. Finally, we observed that SHIV-infected
NHPs treated with anti-HIV CAR-modified HSPCs had greater traf-
ficking and persistence of CAR-expressing cells in multiple tissues
compared to infected NHPs treated with adoptively transferred anti-
HIV CAR T cells. Altogether, these data suggest that stem cell-based
CAR T therapy can be a safe and effective approach that yields greater
expansion, function, and control ofHIV replication in vivo, and further-
more, be a platform that would be highly useful in treating chronic dis-
ease conditions that would require better persistence and function of
CAR-modified cells.

RESULTS
Culturing in interleukin-7 (IL-7) and IL-15 augments CAR cell

persistence in adoptively transferred autologous T cells

Numerous invaluable reports have iteratively optimized ex vivo
culturing conditions for improved CAR T cell efficacy and expansion
in vivowith autologous peripheral T cells.31–34 In cancer-specific periph-
eral CAR T cells and tumor antigen-specific T cells, cytokines such as
IL-7 and IL-15have been shown to be superior to IL-2 in increasing cen-
tral memory or stem-like memory differentiation, in vivo persistence,
and enhanced antitumor efficacy.35–39 We first asked whether these pa-
rameters would be similarly beneficial in the context of HIV infection in
peripheral T cells using our second-generation CD4CAR41BB (Fig-
ure S1A). Healthy human peripheral blood mononuclear cells
(PBMCs) were stimulated with anti-CD3 and anti-CD28 antibodies in
the presence of IL-2 or IL-7 and IL-15, and then transduced with
CD4CAR41BB lentiviral vectors, which contain two genes that protect
transduced cells from infection by the coexpression of C-C chemokine
receptor type 5 (CCR5) and HIV long terminal repeat short hairpin
RNAs(LTRshRNAs).26,40,41Cellswere then further cultured in thepres-
enceof either IL-2or IL-7/IL-15.After 10days of culture,CD4CAR41BB
T cells cultured in IL-7/IL-15 or IL-2 displayed cytokine responses
similar to that of HIV-1 Env-expressing ACH2 cells, confirming
that IL-7 and IL-15 do not impede antiviral function (Figure S1B). To
determine the benefit of this cell-processing methodology in vivo, we
generated autologous CAR T cells using splenocytes from uninfected
humanized BLT mice. Splenocytes were activated in the presence of
IL-2 or IL-7/IL15, transducedwithCD4CAR41BB lentiviruses, followed
by culturing with IL-2 or IL-7/IL15 for 7–8 days. We observed similar
transduction efficiency and memory populations of CAR-T cells
culturedwith IL-2 or IL-7 and IL-15 (Figures S1C andS1D). In addition,
we observed elevated levels of activation markers CD25 (IL-2R [recep-
tor] a chain) and to a lesser extent CD69 in IL-7/IL-15 cultured CAR
T cells (Figures S1E and S1F). We treated HIV-infected BLT mice
with these IL-2 or IL-7/IL-15 cultured autologousmock (untransduced)
or CD4CAR41BB transduced T cells stained with CellTrace (to track
in vivo engraftment and trafficking) at weeks 4, 5, and 7 post-HIV infec-
tion at 10million T cells (�20%CAR+)/mouse per dose (equivalent to 8
million CAR T cells/kg) (Figures 1A and S1G). As shown in Figure 1B,
we observed a minimal impact on plasma viremia after CAR T transfu-
sion as compared to mock T cell controls. After 3 infusions, low-level
(�1%) CAR+ T cells were detected in the peripheral blood among total
human CD3+ T cell populations; however, CAR+ levels dropped drasti-
cally after 2 weeks postthird infusion (Figure 1C). No differences in
CD4/CD8 ratios were observed between mock and CAR T cell-treated
mice in blood and spleen (Figures 1D and 1E). We were able to track
CellTrace+-infused T cells in the peripheral blood of HIV-infected
BLT mice for up to 6 weeks postinfusion at which CellTrace detection
levels were low compared to preinfusion levels (Figures S1H and
S1G). After 3 infusions, there was a slight increase in the percentages
of IL-7/IL-15-cultured CAR T cells in the peripheral blood among
CellTrace+-infused T cells compared to IL-2-cultured CAR T cells (Fig-
ure S1I). At the end of the study, CAR+ T cells were detectable in the
spleen among total human CD3+ T cell populations at low levels (Fig-
ure 1F). We were able to detect infused CellTrace+ cells in the spleen
and found marginally higher percentages of CAR+ cells from IL-7/IL-
15 animals relative to IL-2, especially among CD8+ T cells
(Figures 1G, S1J, and S1K). In addition, CAR+ T cells cultured in IL-2
or IL-7/IL-15 were mostly central memory populations at the time
of infusion and differentiated in vivo into effector memory
(CD45RA�CD62L�) and terminally differentiated effector memory
(EMRA) T cells (CD45RA+CD62L�) (Figure 1H). However, at the
endpoint of the study, IL-7/IL-15-cultured CAR T cells improved the
maintenance of central memory populations and expression of CD27,
a marker for memory T cells, relative to IL-2-cultured CAR T cells
(Figures 1H and 1I). Furthermore, we observed low levels of pro-
grammed cell death protein 1 (PD-1) expression in IL-7/IL-15- and
IL-2-cultured CAR T cells (Figure 1J). We also evaluated whether IL-7
and IL-15 culturing led to increased susceptibility to HIV infection in
T cells, as reported previously.42,43 Consistent with multistep blockade
of viral replications by anti-CCR5 and anti-HIV LTR shRNAs, we
observed only minimum infection of CAR T cells that were cultured
in either IL-7/IL-15 or IL-2 (Figure S1L). In summary, culturing anti-
HIVCARTcells in IL-7 and IL-15resulted inmodestly improvedpersis-
tence during chronic HIV infection in vivowhen compared to the older
methodology with IL-2 alone.

In vivo administration of IL-7 and IL-15 reduces cellular

exhaustion of autologous peripheral CAR T cells

To compare the impact of IL-7/IL-15 on ex vivoCART cell culturing to
in vivo efficacy, we next administered cytokines in vivo and measured
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Figure 1. Culturing anti-HIV CAR T cells in IL-7 and IL-15 increases persistence and central memory phenotype in vivo

(A) Experimental design: humanized BLTmice were infected with HIVNFNSXSL9 for 4 weeks, and then received 10million autologous T cells transduced with CD4CAR41BB

cultured in IL-2 or IL-7 and IL-15 and stained with CellTrace for tracking. A second round of CAR treatment was administered at week 5 of infection and a third round at week 7

of infection. (B) HIV-1 plasma viral loads in infected humanized mice after 3 administrations of CD4CAR41BB T cells cultured in IL-2 or IL-7/IL-15. (C) Representative

fluorescence-activated cell sorting (FACS) plot of CD3+CAR+ (GFP+) gating (left) and summary of percentage of human CD3+CAR+ (GFP+) cells in peripheral blood of infected

humanized mice after 3 administrations of CD4CAR41BB T cells cultured in IL-2 or IL-7/IL-15 (right). (D) Percentage of CD4/CD8 ratio in peripheral blood of mock- or CAR-

treated mice. (E) Percentage of CD4/CD8 ratio in spleens of mock- or CAR-treated mice at endpoint of study. (F) FACS plots representing CD3+ CAR+ (GFP+) gating (left) and

summary of percentage of human CD3+ CAR+ (GFP+) cells in spleen at endpoint of study (right). (G) Percentage of CD8+ CAR+ cells in CellTrace+ population in spleen. (H)

FACS plots showingmemory populations (naive, central memory [CM], effector memory [EM], and terminal differentiated effector memory [EMRA+]) in CAR+ T cells cultured in

IL-2 or IL-7/IL-15 before infusion and endpoint of study. (I) FACS plots showing CD27 expression in CAR+ (GFP+) cells cultured in IL-2 or IL-7/IL-15 in spleen. (J) FACS plots

showing PD-1 expression in CAR+ (GFP+) cells cultured in IL-2 or IL-7/IL-15 in spleen. Error bars represent SEM. n = 3–4 per group. Significance determined by Mann-

Whitney test. (C)–(I) measured by flow cytometry. (H)–(J) FACS plots showing CAR+ T cells from 3 to 4 CAR mice.
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Figure 2. Administration of IL-7 and IL-15 decreases chronic immune activation and immune exhaustion markers in adoptively transferred anti-HIV CAR

T cells

(A) Experimental design: humanized BLTmice were infected with HIVNFNSXSL9, and at 5 and 9 weeks of infection received i.v. injections of either 10million mock, CD4CAR, or

CD4CAR41BB transduced T cells with or without 200 mg/kg IL-7 and IL-15 intraperitoneally (i.p.). Three more rounds of IL-7 and IL-15 i.p. administrations were given at

weeks 6 and 10 of infection. (B) Percentage of CAR+ (GFP+) cells in the human CD45+ population in peripheral blood after CAR T cell and cytokine treatment. (C) Percentage

of CAR+ (GFP+) cells in the human CD45+ population in spleen at the endpoint of the study. (D) Representative FACS plot showing CellTrace gating (left) and summary of

percentage of CellTrace+ cells in the human CD45+ population in spleen at the endpoint of the study (right). (E) Representative FACS plot showing CAR+ gating in CellTrace+

population (left) and summary of percentage of CAR+ (GFP+) in the CellTrace+ population in spleen at the endpoint of the study. (F) Percentage of human CD8+ PD-1+ T cells

(legend continued on next page)
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the persistence and expansion of first-generation and second-genera-
tion adoptive CD4CAR T cells. We infected BLT mice with HIV and
at weeks 5 and 9 of infection treated mice with 10 million CellTrace-
stained mock, CD4CAR, or CD4CAR41BB transduced T cells
(�20%–50% CAR+) cultured in IL-7 and IL-15 with or without IL-7
(200 mg/kg) and IL-15 (200 mg/kg) administration. We administered
IL-7 and IL-15 or PBS 2 additional times at weeks 6 and 10 (1week after
CAR T cell administration) (Figure 2A). In vivo administration of CAR
T cell and IL-7 and IL-15 did not have a significant impact on the sup-
pression of plasma viral load compared to controls (Figure S2A). CAR+

T cells amonghumanCD45+ populationswere detectable in the periph-
eral blood until 4 weeks following the second mock/CAR T cell treat-
ment (Figures S2B and 2B). Although we did not observe improved
expansion or persistence of CAR T cells in mice treated with in vivo
IL-7 and IL-15, the levels of CAR T cells were augmented after the sec-
ond infusion in mice treated with CD4CAR41BB T cells, but not in
CD4CAR T cells without a co-stimulatory domain (Figure 2B). At the
endpoint of the study, we detected very low levels of CAR T cells in
spleen tissue andno significant difference inCART cell level comparing
different treatment groups (Figure 2C). We were able to detect
CellTrace-labeled cells in spleen: within the CellTrace+ population,
levels of CD4CAR and CD4CAR41BBB was similar with or without
IL-7/IL-15 administration (Figures 2D and 2E).We further investigated
the impact of IL-7 and IL-15 administration on human CD8+ CAR(�)
T cells. PD-1 levels in CD8+ CAR� T cells were slightly lower in blood
and spleen in mice that received IL-7 and IL-15 administrations
(Figures 2F and S2C).Moreover, we observed a difference in the expres-
sion of the immune activationmarker CD38 in CD8+CAR(�) T cells in
mice treated with IL-7 and IL-15; levels were slightly lower in blood and
significantly lower in spleen formock andCD4CARgroups (Figures 2G
and S2D). This was also seen in CD4+ CAR(�) T cells where a similar
trend of slightly lower PD-1 levels and significantly lower CD38 levels
in IL-7- and IL-15-treated groups was observed (Figures S2E and
S2F). Similarly, IL-7 and IL-15 treatment led to low levels of PD-1,
CD38, and human leukocyte antigen-DR (HLA-DR) expression in
CD4CAR+ and CD4CAR41BB+ T cells in blood, spleen, and bone
marrow tissues combined from multiple mice relative to CAR+ T cells
from PBS-treated groups (Figures 2H and 2I). Altogether, in vivo
administration of IL-7 and IL-15 did not have a significant impact on
expansion, persistence, and antiviral efficacy for adoptive anti-HIV
CAR T cells, but it did reduce the expression of immune activation
and exhaustion markers induced by chronic HIV infection.

Impacts of first- and second-generation CD4CAR T cells on

postanalytic treatment interruption (ATI) viral rebound

Wenext quantifiedCD4CART cell responses to recrudescentHIV-1 in
infected, ART-suppressed humanized mice. We used a triple knockout
(TKO) BLT mouse model to facilitate long-term analysis of ART sup-
(of CAR�population) in peripheral blood (left) and spleen (right). (G) Percentage of human

(H) FACS plots showing PD-1 expression in CD4CAR and CD4CAR41BB T cells treate

shows CAR T cells from 3 to 5mice from each group. (I) FACS plots showing CD38 expre

or IL-7 and IL-15 in vivo. Each FACS plot shows CAR T cells from blood, spleen, and bon

n = 4–6 per group with 2 independent experiments. Error bars bars represent SEM.
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pression and viral rebound without the complication of graft-versus-
host disease that is prominent in conventional NSG-BLT models.44

We injected 10 million total CellTrace-stained mock, CD4CAR, or
CD4CAR41BB transduced T cells that were 30% CAR+ into ART-
treated mice, and then interrupted ART 2 days later (Figure 3A). We
observed no differences in plasma viral rebound in all of the treatment
groups (Figure 3B). After an additional 2 rounds ofmock or CART cell
treatments, weobservedno effect onplasma viral load in all groups (Fig-
ure 3B).We followedCAR+ expansion in theperipheral bloodposttreat-
ment and were able to detect CAR T cells among human CD45+ popu-
lations above background levels (Figure 3C). We observed the
expansion of CD4CAR andCD4CAR41BBT cells only after the second
round of CAR treatments; however, CAR levels continued to drop even
after the third round of treatments (Figure 3C). Measurement of CAR+

T cells among CellTrace+-infused cells in the peripheral blood revealed
that CD4CAR41BB persisted at higher levels than the first-generation
CD4CAR T cells (Figure 3D). Among detected CellTrace+-infused
cells in the spleen, we observed slightly higher CAR+% among
CD4CAR41BBT cells thanCD4CAR, showing a similar trend of higher
CD4CAR41BB T cell persistence (Figure 3E). In addition, we observed
lower viral RNA burden in spleen tissue from CD4CAR41BB-treated
mice relative to mock control mice (Figure 3F). These results confirm
previously reportedfindings that the addition of a 4-1BB co-stimulatory
domain in anti-HIV CAR design enhances persistence in vivo.12 The
findings also confirm a recent report that anti-HIV CAR T cells equip-
ped with a dual CAR design had a minimal impact on plasma viral
rebound in a humanized BLTmousemodel.13 Thus,mimicking current
peripheral blood-based treatment strategies of HIV infection with CAR
T cells, we observed limited antiviral effects and CAR T cell persistence
in vivo in humanized mouse models.

Lymphodepletion through cyclophosphamide (CP)

preconditioning enhances autologous adoptive T cell

engraftment after infusion in SHIV-infected NHP animals

Concurrent with our studies in humanized mice, we also performed
studies inNHPsusing the pigtailedmacaquemodel of SHIV infection.45

In these studies, we sought to enhance the engraftment and function of
autologous T cells using CD4CAR-modified T cells in a model system
with intact immune anatomical structures and a more complete im-
mune system than the BLT mouse model. Furthermore, we sought to
test clinical methods of preconditioning regimens to enhance engraft-
ment of infused T cells. Preconditioning with lymphodepleting chemo-
therapy drugs such asCP followed by adoptive T cell transfer has shown
to be effective to reduce cytotoxic side effects and improve engraftment
and persistence.46,47 We hypothesized that preconditioning NHPs in-
fected with SHIV would enhance the engraftment and persistence of
adoptively transferred autologousCD4CART cells. Pigtailmacaque an-
imals first received stem cell transplantation withHSPCsmodified with
CD8+ CD38+ T cells (of CAR� population) in peripheral blood (left) and spleen (right).

d with PBS or IL-7 and IL-15 in blood, spleen, and bone marrow. Each FACS plot

ssion (left) and HLA-DR (right) in CD4CAR and CD4CAR41BB cells treated with PBS

e marrow; n = 1–5 mice from each group. *p < 0.05; **p < 0.01; Mann-Whitney test.



A

D E F

C

B

Figure 3. CD4CAR 41BB T cells do not reduce or delay plasma viral rebound but lower tissue viral burden

(A) Experimental design: humanized TKO BLT mice were infected with 200 ng HIVNFNSXSL9 for 4 weeks, and then treated with ART for 6 weeks. At week 6 of ART, mice

received 10 million mock, CD4CAR, or CD4CAR41BB transduced T cells followed 2 days later by ATI. Two additional rounds of mock or CAR T cell infusion were

administered at 14 and 18 weeks postinfection. (B) Average plasma HIV RNA copies per milliliter in mock- or CAR-treated mice measured by RT-PCR. Dotted line indicates

limit of detection. Arrows indicate mock or CAR treatment. (C) Representative FACS plots showing CAR+ (EGFR+) among human CD45 gating (left) and summary of per-

centage of CAR+ (EGFR+) cells in the human CD45+ population in peripheral blood (right). (D) Representative FACS plots showing CD45+ CAR+ (EGFR+) among CellTrace+

population gating and summary of percentage of CD45+ CAR+ cells within the CellTrace+ population in peripheral blood. (E) Percentage of CD45+ CAR+ cells within the

CellTrace+ population in spleen at the endpoint of the study. (F) Relative HIV RNA levels in spleen at the endpoint of the studymeasured by RT-PCR. (C)–(E) measured by flow

cytometry. *p < 0.05; significance determined 2-way ANOVA (D) and Mann-Whitney test (E and F). Data represent n = 6–7 mice per group. Error bars represent SEM.
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a Cal-1 lentivirus encoding a fusion inhibitor (mC46) to inhibit infec-
tion inHIV-susceptible cells (Table S1).27 This stemcell transplantation
was necessary to provide animals with someprotection and slowdisease
progression because no ART was given throughout the study. To eval-
uate whether CP enhances CART cell engraftment and persistence, an-
imalswere separated into2 groups,with group1 receivingCPandgroup
2 without CP regimen before CAR T cell treatment (Figure 4A).
Following transplantation and recovery, group 1 animals were infected
with SHIV virus, and 2 weeks later were preconditioned with a 30-mg/
kg CP regimen followed by infusion of CellTrace-stained CD4CAR
T cells coexpressing mC46 for protection (C46CD4CAR) (Figure 4A;
Table S1). Two animals in group 1 experienced severe adverse events af-
ter the CP conditioning (1 before T cell infusion and 1 after) and did not
continue with the study. Animals Z14148 and Z14035 continued the
study with no apparent side effects after T cell infusion. To better
track infused T cells, these animals also received a second round of
Molecular Therapy Vol. 32 No 4 April 2024 1005
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Figure 4. CP preconditioning enhances autologous adoptive T cell engraftment after infusion in SHIV-infected NHP animals

Pigtail macaques were first transplanted with autologous HSPCs transduced with Cal-1 vector. Afterward, animals were infected with SHIV-1157ipd3N4 for 6 weeks. Four

animals in group 1 were preconditioned with CP, whereas 1 animal in group 2 was not preconditioned before infusion of mock or CAR T cells. To track T cell trafficking, group

(legend continued on next page)
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CellTrace-stained unmodifiedT cells at 8–9weeks post-SHIV infection.
As a control, group 2 animal z13137 did not receive CP conditioning
and received CellTrace-labeled C46CD4CAR T cells at 4 weeks and
8 weeks of SHIV infection (Figure 4A; Table S1). We observed stable
lentiviral gene marking (combined Cal-1 and C46CD4CAR gene
marking) throughout the study for both groups (Figure 4B). For group
1 animals, after T cell infusion, we observed some expansion of
C46CD4CAR genemarking, although it dropped to%0.1% 7weeks af-
ter T cell infusion in the peripheral blood (Figure 4C, left). For the group
2 animal, C46CD4CARgenemarking became undetectable in <2weeks
after the first CAR-T cell infusion (Figure 4C, right). At necropsy, we
processed lymph nodes and stainedwith human specific anti-CD4 anti-
body for the detection of huCD4+ CAR T cells (representative flow
shown in Figure 4D). As shown in Figure 4E, we observed low but
detectable levels of huCD4+ CAR T cells in multiple lymphoid tissues
for group 1 animals. In contrast, the huCD4+ CAR T cell level in the
group 2 animal is significantly lower at necropsy across all lymphoid tis-
sues, despite 2 rounds of CAR-T cell infusion.

To better understand trafficking of infusedT cells, group 1 animalswere
infused with CellTrace-labeled unmodified T cells and the group 2 an-
imal was infused with CellTrace-labeled CAR T cells 3 days before nec-
ropsy.As shown inFigure S3A (PBMCs) and S3B (lymphoid tissues and
PBMCs), CellTrace+ cells were detected in peripheral blood and
lymphoid tissues for group 1 animals that were preconditioned with
CP treatment 6–7weeks before the second infusion.Although the group
2 animal had similar percentage levels of CellTrace+ cells in the periph-
eral blood as compared to group 1 animals 15 min after infusion (Fig-
ure S3B, last column), the CellTrace+ percentage is markedly lower in
the blood and lymphoid tissues at necropsy 3 days later (Figures S3A
and S3B). CAR T cell engraftment level and proliferation remained
low for the nonconditioned group 2 animal. We did not observe a sig-
nificant difference in plasma viral load between the two groups,
although viral load levels gradually decreased over time compared to
historical controls (Figure 4F). These results highlight that a condition-
ing regimen can increase the engraftment and persistence of infused
CAR T cells in the short term. However, conditioning during acute un-
suppressed SHIV infection may lead to severe adverse effects, as seen
with 2 animals in group 1, and therefore should be applied preferentially
during ART treatment.

HSPC-derived CAR cells show superior expansion, antiviral

efficacy, and persistence versus peripheral T cell-derived CAR

cells in HIV-infected humanized BLT mice and SHIV-infected

NHPs

We have previously showed that HSPCs can be modified to express a
first-generation CD4CAR coexpressing protective antiviral genes and
differentiate into multiple CD4CAR-expressing lineages that resulted
in persistence, antigen-driven expansion, and reduction in viral
1 animals were infused with CellTrace-labeled T cells and the group 2 animal was infu

scheme and time line of NHP adoptive T cell transplant experiment. (B) Lentiviral markin

blood. (D) Representative FACS plot showing staining for huCD4+ CD4CAR T cells in sp

CD45+ lymphocytes in lymphoid tissues. (F) Plasma viral load after SHIV infection. Aste
burden in a humanized BLTmouse model of HIV infection and ama-
caque model of SHIV infection.27,30 We also demonstrated that the
CD4CAR41BB resulted in superior engraftment, persistence, and
antiviral efficacy in vivo in HSPC-modified humanized mice.29 We
evaluated whether our first- and second-generation CD4-based
CARswould yield similar results in a peripheral T cell-based approach
and how this compared to the HSPC-based approach on expansion,
impact on plasma viral load, and persistence upon exposure to HIV
infection in humanized BLT mice. In these comparative studies, we
observed remarkable differences in CAR+ populations in the periph-
eral blood of HSPC CAR-treated mice after HIV infection versus pe-
ripheral CART cells (Figure 5).Weobserved greater proliferationwith
stem cell-derived CD4CAR and CD4CAR41BB, compared to the
decrease in peripheral CD4CAR and CD4CAR41BB T cell popula-
tions after infusion in HIV-infected mice (Figure 5A). The differences
in expansion were not due to differences in CAR+ engraftment
levels, since similar CD4+ and CD8+ CAR+ T cells were observed be-
tween both CAR approaches (Figure S4). Both stem cell-derived
CD4CAR41BB T cells and peripheral CD4CAR41BB T cell levels re-
mained at higher levels than thefirst-generationCD4CAR, confirming
previous findings that 4-1BB-containing CARs have improved persis-
tence (Figure 5A).12,29 In addition, we observed that HSPC CAR-
treated mice had greater reductions in plasma viral load with both
CD4CAR and CD4CAR41BB compared to peripheral CD4CAR and
CD4CAR41BB peripheral T cell-treated mice (Figure 5B). Similarly,
we compared persistence and trafficking in SHIV-infected NHP ani-
mals that received CD4CAR-modified stem cells or autologous
CAR-modified T cells with or without CP treatment (Figure 5C).
We have previously reported the persistence of HSPC-derived
CD4CAR cells for >2 years following transplantation in pigtail ma-
caques, whereas we observed peripheral CART cells decreased rapidly
over weeks following infusion (Figure 4). At necropsy, we observed
that NHPs that received CD4CAR-modified HSPCs showed higher
levels of detection of CD4CAR cells in multiple tissues compared to
animals that received autologous peripheral CD4CAR-modified
T cells (Figure 5C). Taken together, these results suggest that HSPC-
based CAR therapy generates superior CAR function, antiviral effi-
cacy, and persistence compared to the autologous adoptive CAR
T cell treatment approach.

DISCUSSION
CAR-based therapeutic approaches are becoming highly promising
for combating a number of different disease conditions, with suc-
cesses in treating liquid tumors. However, success in CAR T therapies
in treating solid tumor and persistent malignancies and infections has
been challenging. A common challenge in treating these conditions is
the lack of functional persistence of heavily processed CAR T cell
products in vivo. Ideally, greater functional persistence of CAR-modi-
fied T cells would facilitate a more efficacious therapeutic outcome,
sed with CellTrace-labeled CAR-T cells 3 days before necropsy. (A) Experimental

g (Cal-1 and CAR) of peripheral blood. (C) CD4zeta CAR gene marking of peripheral

leen and jejunum of group 1 animal Z14035. (E) Summary of % huCD4+ cells among

risk indicates animals that were sacrificed before completing the study.
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C

B Figure 5. Anti-HIV CARs derived from HSPCs show

superior proliferation and viral suppression

compared to adoptive anti-HIV CAR T cells in vivo

Humanized BLT mice were constructed with either un-

modified HSPCs or HSPCs modified with CD4CAR or

CD4CAR4-BB. After immune reconstitution, mice were

infected with HIVNFNSXSL9. Four weeks after infection,

mice with unmodified HSPCs were treated with

autologous CD4CAR or CD4CAR-41BB T cells cultured

in IL-7/IL-15. (A) Average percentage of CAR+ cells

among human CD45+ populations in peripheral blood

from humanized mice transplanted with HSPCs-anti-

HIV CAR or mice treated with 10 million autologous

T cells transduced with anti-HIV CAR i.v. (B) Plasma HIV

RNA copies from infected mice transplanted with

HSPC-anti-HIV CARs at 4 weeks of infection or treated

with autologous anti-HIV CAR T cells 4 weeks

postinfusion, respectively. (C) Top: average percentage

of CD4CAR+ cells in multiple tissues of SHIV-infected

pigtail macaque animals transplanted with either

unmodified HSPCs or HSPCs modified with CD4CAR.

Bottom: average percentage of CD4CAR+ cells in

multiple tissues of SHIV-infected pigtail macaque

animals treated with autologous CD4CAR+ T cells

cultured in IL-2. Error bars represent SEM. n = 4–8 mice

per group (representing 2 mouse cohorts). Significance

determined by Mann-Whitney test. NS, not significant;

**p < 0.01; ***p < 0.001.
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particularly in chronic disease states like persistent HIV infection, and
possibly in other types of chronic viral infections and malignancies.
The successful enhancement of HIV antiviral immune responses
will require persistence of the responses and wide tissue dissemina-
tion of CAR-expressing cells.

In the present study we aimed to improve on the adoptive T cell
approach by examining various strategies to enhance proliferation
and antiviral functions of CAR-modified peripheral T cells that would
lead to viral suppression in vivo. We found that culturing modified
CAR T cells with IL-7 and IL-15 modestly improved the persistence
of our CD4-based CAR T cells compared to using IL-2 alone. The in-
crease in persistence may have been mediated by the maintenance of
naive/central memory populations by IL-7 and IL-15.48 However, the
increase in persistence and naive/central memory differentiation had
minimal impact on plasma viremia.
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To further increase persistence and function, we
administered IL-7 and IL-15 after CAR T cell
treatments in BLT mice. Initial adoptive transfer
of mock or CD4-based CAR T cells and IL-7/IL-
15 treatments, consistent with previous reports,
did not have a long-term impact on viral sup-
pression.49,50 In addition, it did not have a signif-
icant impact on expansion of either first-genera-
tion or second-generation CD4-based CAR
T cells. IL-7 and IL-15 treatments did, however,
decrease the percentage of CD8+ and CAR+
T cells expressing HLA-DR, CD38, and PD-1 from multiple tissues,
consistent with prior reports on the impact of IL-7 and IL-15 treatment
on immune activation markers and exhaustion markers.50–53 Collec-
tively, we found that the use of IL-7 and IL-15 reduced T cell exhaus-
tion, but the effects are limited in achieving long-term persistence and
reducing viral load.

In an attempt to generate robust proliferation in vivo, we treated
ART-suppressed mice with CAR T cells and interrupted ART to in-
crease antigen stimulation. However, we did not observe a prolonged
proliferation of CAR T, and viral load rebounded rapidly, even with
our second-generation CD4-based CAR T cells. We observed modest
decreased viral load in animals receiving CD4CAR41BB T cells but
did not observe increased persistence as compared to CD4CAR.
Exhaustion of CAR T cells is a major limitation in CAR-based ther-
apies, and we observed the expression of activation and exhaustion
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marker in our infused anti-HIV CAR T cells as reported by
others.13,54 Therefore, designing new adoptive anti-HIV CAR T cell
therapies would need to involve novel ways to overcome lack of
persistence and HIV-mediated immune dysfunction.

A final strategy to enhance the persistence of adoptive CAR T cells
in this study is using lymphodepleting chemotherapy such as CP,
which has been used successfully as a preconditioning regimen to
engraft and increase the expansion and persistence of anticancer
CAR T cells in clinical trials.55–57 We found that the CP precondi-
tioning of SHIV-infected animals led to improved levels of infused
T cells in multiple tissues as compared to no-preconditioning con-
trol animal. However, we also observed severe toxicity effects of
CP conditioning in unsuppressed SHIV-infected animals. Two an-
imals (Z14279 and Z14123) experienced severe hemolytic-uremic
syndrome (HUS) following conditioning. HUS has been described
in people living with HIV, namely in the pre-ART treatment
era58–64; associated thrombocytopenias have also been reported
in our SHIV model.65 From these animals we concluded that the
combination of HSPC transplantation and CP-mediated immuno-
suppression during acute SHIV viremia resulted in synergistic
nephrotoxicity. These findings are consistent with our previous
reports that transplantation-dependent immunosuppression can
significantly augment SHIV pathogenesis during acute and early
chronic infection.66 These events suggest that preconditioning
agents should be considered during ART treatment to avoid
adverse events.

Adoptive CAR T cell immunotherapy remains an attractive approach
because it is already US Food and Drug Administration approved to
treat patients for various types of cancers. Although we have not seen
improvement in expansion and persistence with strategies tested in
our study, additional strategies need to be examined to enhance adop-
tive anti-HIV CAR T cell therapy. Coexpression of CXCR5 with an
anti-SIV CAR was shown to enhance the trafficking of CAR T cells
to B cell follicle locations, but it also demonstrated lack of persistence
after 2 to 4 weeks postinfusion.20 Recently, a dual CAR design in
which T cells expressed 2 CD4-based CARs independently encoding
the CD28 and 4-1BB co-stimulatory domains was used to enhance
T cell-based CAR therapy for HIV infection. These dual CAR
T cells did proliferate in vivo; however, they did not result in signifi-
cant plasma viral suppression in the absence of ART.13 In an NHP
model of HIV infection, cell-associated HIV-1-Env boost was shown
to induce robust anti-HIV CAR T cell proliferation in ART-sup-
pressed animals and delays in viral rebound.21 Our report and those
of others together highlight the challenges of achieving adoptive
CAR-T cell persistence and continued function for HIV infection.19

Additional combination strategies such as cytokine treatment with
antigen boost and checkpoint inhibitor blockade may further
improve the functions of infused CAR-T cells.

In summary, similar to observations reported in human peripheral
CAR T cell therapy, we saw a rapid decrease in levels of CAR-modi-
fied autologous peripheral T cells.67,68 We sought to determine
whether an HSPC-based approach can overcome some of the defects
in the peripheral CAR T cell approach by comparing the two. We
have previously shown that modifying HSPCs with CD4-based
anti-HIV CAR can lead to long-term engraftment and successful dif-
ferentiation of multiple immune subsets, including functional CAR
T cells in vivo in humanized mice and in NHPs.26,27,29 Compared
to peripheral CAR T cell therapy with the same CD4-based CAR
lentivirus, we observed that HSPC-based CAR therapy had clear
and evident expansion, persistence, tissue distribution, and suppres-
sion of viral replication in both humanized mice and NHPs.27–29

The differences in expansion, persistence, tissue distribution, and
viral suppression can be due but not limited to several reasons: (1)
the potential contribution of other immune cell types expressing
the CD4CAR, such as monocytes and NK cells to anti-HIV responses,
(2) the continuous replenishment and seeding of a wide distribution
of anatomical tissue sites of CD4CAR-expressing cells by self-renew-
ing HSPC-CAR cells from the bonemarrow, and (3) the starting naive
CAR T cell population capable of generating a proliferative burst after
antigen stimulation by HIV infection. Long-term CAR surveillance
and detectable presence in multiple HIV-burdened tissues is observed
in our stem cell-based CAR therapy studies but not in the T cell-based
approach studies. Thus, the stem cell-based approach overcomes the
limitations of adoptive CAR T cell where CAR-HSPCs would likely
supply a lifetime source of HIV-specific immunity without the need
to repeat T cell infusions. However, additional studies are needed to
evaluate the safety of the HSPC-CAR approach and the concern for
insertional mutagenesis, although stem cell-based gene therapy using
lentiviral vectors has maintained a good safety record with no report
of insertional mutagenesis.69–72 In the case of a patient who developed
acute myeloid leukemia after 5 years of receiving gene therapy for
sickle cell disease using a lentiviral vector, the latest report suggests
that mutagenesis was not likely lentiviral vector mediated.73 Another
safety concern is the use of CD4-based CAR and its potential to inter-
fere with the immune system. CD4 is the natural receptor for the IL-
16 cytokine, and to overcome this concern, we have since developed
an optimized D1D2CAR to remove domains 3 and 4 of the CD4 re-
ceptor and eliminate IL-16 binding to the CAR.29 There have been
successes in recent years in achieving HIV cures with allogeneic he-
matopoietic stem cell transplants from CCR5D32 homozygous do-
nors.74,75 Autologous stem cell-based anti-HIV CAR therapy presents
a promising therapy to allow long-term immune surveillance against
HIV without the need to replace all HSPCs with CCR5D32 donor
cells. Additional clinical trials are needed to address the safety, effi-
cacy, and feasibility in HIV+ patients.

MATERIALS AND METHODS
Ethics statement

This study was carried out in strict accordance with the recommen-
dations in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health (“The Guide”) and was approved
by the Institutional Animal Care and Use Committees of the Univer-
sity of California, Los Angeles (protocol 2010-038-31J) and the Uni-
versity of Washington (protocol 3235-01). For humanized mice, all of
the surgeries were performed under ketamine/xylazine and isoflurane
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anesthesia and every effort was made to minimize animal pain and
discomfort. Healthy juvenile pigtail macaques were housed at the
Washington National Primate Research Center (WaNPRC) under
conditions approved by the American Association for the Accredita-
tion of Laboratory Animal Care. NHPs were monitored at least twice
daily by animal technicians for basic husbandry parameters (e.g., food
intake, activity, stool consistency, overall appearance), as well as daily
observation by a veterinary technician and/or veterinarian. Animals
were housed in cages approved by “The Guide” and in accordance
with Animal Welfare Act regulations. Animals were fed twice daily
and were fasted for up to 14 h before sedation. Environmental enrich-
ment included grouping in compound, large activity, or run-through
connected cages, perches, toys, food treats, and foraging activities. If a
clinical abnormality was noted byWaNPRC personnel, then standard
WaNPRC procedures were followed to notify the veterinary staff for
evaluation and determination for admission as a clinical case. Ani-
mals were sedated by administration of ketamine HCl and/or telazol
and supportive agents for balanced anesthesia (e.g., diazepam, mida-
zolam) before all of the procedures. After sedation, animals were
monitored according toWaNPRC standard protocols. WaNPRC sur-
gical support staff are trained and experienced in the administration
of anesthetics and have monitoring equipment available to assist with
electronic monitoring of heart rate, respiration, and blood oxygena-
tion; audible alarms and digital readouts; monitoring of blood pres-
sure, temperature; and so forth. For minor procedures, the presence
or absence of deep pain was tested by the toe-pinch reflex, and the
absence of response (leg flexion) to this test indicated adequate anes-
thesia. In cases of general anesthesia, similar monitoring parameters
were used and anesthesia was tested by the loss of palpebral reflexes
(eye blink). Analgesics (generally buprenorphine with meloxicam
or buprenorphine slow release) were provided as prescribed by the
clinical veterinary staff for at least 48 h after the procedures and could
be extended at the discretion of the clinical veterinarian based on clin-
ical signs.

Humanized BLT mice

BLT mice were constructed as previously reported by Zhen and col-
leagues.29,30 In brief, CD34+ cells derived from human fetal liver were
purified by magnetic cell sorting using CD34 microbeads (Miltenyi).
Purified CD34+ cells were left untransduced (BLT only) or transduced
with CAR-expressing lentiviruses (BLT HSPC-CAR mice) in retro-
nectin (Takara)-coated plates. Transduction efficiency of CD34+ cells
was measured in ex vivo cultures of 0.1 million mock or CAR trans-
duced cells in extension media (IL-3 100 ng/mL, IL-6 100 ng/mL,
stem cell factor (SCF) 100 ng/mL in 10% fetal calf serum RPMI
1640) for 7 days. Cells were then analyzed by flow cytometry. On
the day of transplant, NOD.Cg-PrkdcscidIl2rgtm1Wjl/SZJ (NOD/
SCID/IL-2Rg�/� or NSG; The Jackson Laboratory) or C57BL/6
Rag2�/�gc�/�CD47�/� (or TKO, The Jackson Laboratory) mice
received 2.7 Gy total body irradiation (TBI) and were then trans-
planted with liver and thymus tissue under the kidney capsule.
Next, mice were injected with 0.5 million autologous-untransduced
(BLT only) or CAR transduced CD34+ cells (BLT-HSPC CAR). At
8–10 weeks posttransplantation, each mouse was bled retroorbitally,
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and PBMCs were analyzed by flow cytometry to check human im-
mune reconstitution. Upon reaching >50% human immune cell
reconstitution, mice were used for HIV infection studies and the gen-
eration of autologous anti-HIV CAR T cells.

Lentivirus production

Lentiviral vectors expressingCD4-basedCARswere produced in 293FT
cells using calcium phosphate (Clontech). The 293FT cells were trans-
fected with a third-generation packaging system, including an FG12
SIN lentiviral vector expressing first- or second-generation CD4CAR
and coexpressing GFP and protective shRNAs, pCMV.DR8.2.Dvpr
packagingplasmid, and the porcine cytomegalovirus (pCMV)-vesicular
stomatitis virusGorCocal-Envplasmid. Supernatantwas collected 48h
later, 0.45 mm sterile filtered, and concentrated by ultracentrifugation
using a Beckman SW32 rotor at 30,000 rpm at 4�C. Supernatant was
aspirated, and pellets were resuspended in 1� PBS and stored at
�80�C. Lentivirus was titered using 2e5 Jurkat cells transduced with
diluted lentivirus and checked for GFP expression 2 days later. We
used the following formula to calculate the titer of lentivirus: (2e5�%-
GFP)/mL lentivirus� 1,000.We used the dilution that gave close to%50
GFP to calculate titer in international units per milliliter.

Infectious HIV-1 virus production

CCR5-tropic HIVNFNSXSL9 stocks were produced in 293T cells us-
ing calcium phosphate and cotransfected with pNFNSXSL9. At 48 h
later, supernatant was collected and filtered with 0.45 mm filter and
concentrated using the Amicron Ultra-15 Centrifugal Filter Unit
(Millipore). The p24 concentration was measured by ELISA.

Plasma viral load

HIV RNA in plasma derived from peripheral blood or heart puncture
from mice was isolated using the QIAamp Viral RNA Mini Kit
(Qiagen). real time RT-PCR was performed using TaqMan RNA-
To-Ct One-Step reagents (Thermo Fisher) with primers HIV-1_F:
50-CAATGGCAGCAATTTCACCA-30 and HIV-1_R: 50-GAATGC
CAAATTCCTGCTTGA-30 and NL4-3 HIV-1 probe: 50-[6-FAM]CC
CACCAACAGGCGGCCTTAACTG[Tamra-Q]-30.

Cell-associated HIV RNA

HIV RNA was isolated from cells collected from blood and spleen us-
ing RNeasy Mini kits (Qiagen). cDNA was generated using the High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher). Quanti-
tative real-time PCR was performed using TaqMan Universal PCR
master mix (Thermo Fisher) with primers HIV-1_F: 50-CAATGGCA
GCAATTTCACCA-30; HIV-1_R: 50-GAATGCCAAATTCCTGCTT
GA-30; HIV-1 probe: 50-[6-FAM]CCCACCAACAGGCGGCCTTA
ACTG[Tamra-Q]-30 and compared to HPRT1 housekeeping gene
(primer/probe mix by Thermo Fisher [catalog no. 4331182]).

Lentiviral transduction of T cells in humanized mice

Spleens were collected from uninfected mice and processed for single-
cell suspensions. Human splenocytes were stimulated with plate-
bound anti-human CD3 (OKT3, Thermo Fisher) and soluble anti-
human CD28 (CD28.2, Beckman Coulter) in RPMI 1640 (Thermo
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Fisher), 1% penicillin-streptomycin, and 10% fetal bovine serum
(FBS) supplemented with IL-2 (50 ng/mL, Peprotech) or IL-7
(10 ng/mL, Miltenyi) and IL-15 (10 ng/mL, Miltenyi) for 48–72 h
at 37�C, 5% CO2. Afterward, stimulated cells were resuspended at
106/mL in RPMI medium supplemented with IL-2 (50 ng/mL) or
IL-7/IL-15 (10 ng/mL) and plated on retronectin-coated wells.
Appropriate CAR lentivirus supernatant was added at an MOI of
5–10 and plates were incubated overnight. Mock and transduced cells
were replenished with fresh medium supplemented with IL-2 (50 ng/
mL) or IL-7/IL-15 (10 ng/mL) every 2–3 days for 7–12 days. Trans-
duction efficiency was measured by GFP or EGFR staining using
flow cytometry.

HIV challenge and ART treatment

BLT mice were challenged with 200–500 ng p24 HIVNFNSXSL9 via
retroorbital injection. For ART suppression studies, mice were fed
ART regimens consisting of tenofovir disproxil-fumarate (TDF,
80 mg/kg), emtricitabine (FTC, 120 mg/kg), and elvitegravir (ELV,
160 mg/kg), beginning 4 weeks after infection. TDF, FTC and ELV
were generously supplied by Gilead Sciences. TDF, FTC, and ELV
were dissolved in DMSO and mixed with sweetened moist gel meal
(DietGel Boost, ClearH2O; Medidrop Sucralose) as described by
Mu et al.76

CAR T cell and cytokine treatment

Mock or CAR transduced T cells were stained with CellTrace violet or
Far Red cell proliferation kits (Life Technologies) per the manufac-
turer’s protocol, and then were resuspended in serum-free RPMI.
Mice received 10 million mock or CAR (15%–50%) transduced
T cells via retroorbital injection. For Figure 2, mice received IL-7
(200 mg/kg, Miltenyi) and IL-15 (200 mg/kg, Miltenyi) via intraperito-
neal injection along with mock or CAR T cells that were cultured in
IL-7 and IL-15 (10 ng/mL), followed by 3 more rounds on IL-7/IL-15
treatment the following week. For Figure 3, mice received 150 mg/kg
CP 24 h before mock or CAR treatment.

NHP HSPC transplantation and T cell adoptive transfer

Six juvenile male pigtail macaques underwent autologous transplan-
tation with Cal-1 lentiviral vector-modified HSPCs, as previously
described,77 including TBI-based preparative conditioning, and
enrichment of CD34+ HSPCs from bone marrow primed with gran-
ulocyte colony-stimulating factor and SCF. The Cal-1 vector78 en-
coded the mC46 viral fusion inhibitor under the control of the UbC
promoter, as well as a nonfunctional (human CCR5-specific) shRNA
driven by an H1 promoter.78 The 6 transplanted animals are
described in detail in Table S1. Animal Z14160 was euthanized due
to acute kidney injury during posttransplantation hematopoietic re-
covery. Before infection of the remaining 5 animals with SHIV to
model the impact of HIV-specific CAR T cells, animals were allowed
to recover for >1 year (at least 447 days). This recovery period was
included in our study protocol based on our previous findings that
TBI-based conditioning may impair the development and retention
of virus-specific adaptive immune responses.27,79,80 Over 1 year after
HSPC transplantation, animals were infected with 9500median tissue
culture infectious dose of SHIV-1157ipd3N4 via the intravenous (i.v.)
route; i.v. infection and plasma viral load assay information has been
described previously.27,79,81,82 To provide our virus-specific CD4CAR
T cells with the maximal amount of viral antigen, we hypothesized
that T cell infusion should occur during peak viremia (i.e., 2–3 weeks
postinfection). At 6 and 5 days before T cell infusion, animals received
2 daily doses of 30 mg/kg CP to promote T cell engraftment, with the
exception of Z13137, which did not receive a conditioning regimen.
Notably, 2 animals (Z14279 and Z14123) experienced severe HUS
following conditioning and were euthanized either before (Z14279)
or immediately following T cell infusion (Z14123). The remaining 3
animals that proceeded to the CD4CAR T cell study phase
(Z14035, Z14148, and Z13137; Table S1) each received 2 T cell infu-
sions. Z14035, Z14148, and Z13137 received CD4CAR-expressing
T cells, which were labeled with CellTrace Far Red (Thermo Fisher
Scientific). The second CAR T cell infusion for Z14035 and Z14148
was made up of unmodified autologous T cells labeled with
CellTrace Far Red, and occurred 47–55 days after the first infusion.
The second CAR T cell infusion for Z13137 occurred 22 days after
the first infusion, and was made up of dye-labeled, Cal1 CD4CAR-
modified cells. Animals were euthanized 2–3 days following infusion
of the second T cell dose to quantify the trafficking of dye-labeled cells
in vivo. Total and CAR+ cell doses are included in our NHP experi-
mental summary in Table S1. All of the T cell products were manu-
factured as described previously,21 including isolation of total CD3+

cells and 3-day activation with anti-CD3/CD28 beads (Thermo
Fisher), followed by lentiviral vector transduction and expansion
for �7 days in G-Rex flasks (Wilson Wolf) in the presence of
50 mg/mL IL-2 (Thermo Fisher).

Cytokine assays

T cells from healthy human donors were transduced with CAR-ex-
pressing lentiviral vectors, as described above. CAR T cell function
was assessed by stimulating 0.5 million mock- or CAR-transduced
T cells with 0.5 million ACH2 (Env+) or ACH2 (Env�) cells over-
night. The next day, cells were treated with Golgi plug and Golgistop
(Thermo Fisher) for 6 h and then stained with anti-human antibodies
against tumor necrosis factor a (TNF-a) and interferon g (IFN-g)
cytokines.

Flow cytometry

Washed cells fromblood and tissuewere resuspended in 50mL PBS (4%
FBS) and surface stainedwith anti-human antibodies: CD45 (J33, Beck-
man Coulter), CD3 (OKT3, Thermo Fisher), CD4 (OKT4, BioLegend),
CD4 (RPAT4, Thermo Fisher), CD4 (SFCI12T4D11, Beckman
Coulter), CD8 (B9.11, Beckman Coulter), CD8 (SK1, BioLegend),
CD45RA (HI100, BD Biosciences), CD45RA (HI100, BioLegend),
CD62L (DREG56, Thermo Fisher), CD38 (HIT2, Thermo Fisher),
CD25 (BC96, Thermo Fisher), CD25 (M-A251, BioLegend), CD27
(O323, Thermo Fisher), HLA-DR (LN3, Thermo Fisher and
BioLegend), PD-1 (J105, Thermo Fisher), PD-1 (EH12.2H7,
BioLegend), CD69 (FN50, BioLegend), Tim-3 (F38-2E2, BioLegend),
human EGFR (Cetuximab, R&D Systems), and LIVE/DEAD Fixable
Yellow Dead Cell Stain Kit (Invitrogen). For intracellular protein
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detection, cells were treated with the BD Cytofix/Cytoperm Cell
Permeabilization/Fixation Solution kit and stained with anti-human
antibodies: TNF-a (Mab11, Thermo Fisher), IFN-g (4S.B3, Thermo
Fisher), and HIV-1 Core Antigen (KC57, Beckman Coulter). To detect
CAR-modified cells in NHPs, we leveraged anti-CD4 antibody clones
that specifically recognized extracellular human CD4 (huCD4) on our
CAR, but not endogenousNHPCD4. PBMCs and tissue necropsy sam-
ples were stained with the following antibodies: anti-huCD4 antibody
for the detection and analysis of CD4CAR-modified cells (Beckman
Coulter, clone 13B8.2), anti-NHP CD45 (BD Biosciences, clone
D058-1283), anti-CD4 (eBiosciences, clone OKT4), anti-CD8 (eBio-
sciences, clone SK1), anti-CD20 (eBiosciences, clone 2H7), anti-
NK2Ga (Beckman Coulter, clone A60797), anti-CD14 (Beckman
Coulter, clone IM2707U), anti-CD95 (BD Biosciences, clone DX2),
anti-CD28 (BD Biosciences, clone D28.2), and anti-CD3 (BD Biosci-
ences, clone SP34-2). Fluorophore conjugates included BV405, V500,
efluor450, fluorescein isothiocyanate, phycoerythrin (PE), PerCP
Cy5.5, PE-Cy5, PE-Cy7, ECD (phycoerythrin-Texas Red conjugate),
Alexa 700, allophycocyanin (APC), and APC-efluor780. Flow cytome-
try data were collected on BD LSRII Fortessa using BD FACSDiva Soft-
ware (BD Biosciences). Flow data were analyzed using FlowJo software.

Statistical analysis

Statistical analysis was performed using Prism software versions 9
and 10. For Figures 1, 2, and 5 in vivo studies, an unpaired Mann-
Whitney test was used for nonparametric testing of independent
groups. For Figure 3D, a 2-way ANOVA was used to determine the
significance of different CAR groups across multiple time points.
For Figures 3E and 3F, an unpaired Mann-Whitney test for nonpara-
metric testing was used to determine significance. Statistical signifi-
cance was determined when p < 0.05.
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Figure S1:  In vitro function and in vivo tracking of CD4CAR41BB T cells cultured in IL-2 
or IL-7/IL-15. A) Schematic of lentiviral vector expressing CD4CAR41BB and protective 
shRNAs against CCR5 and HIV LTR. B) FACS plot showing upregulation of human cytokines in 
CD4CAR41BB T cells cultured in IL-2 or IL-7/IL-15 after co-incubation with stimulated ACH2 
cells (Env+) or unstimulated ACH2 cells (Env-). T cells derived from healthy donors. C) 
CD4CAR41BB expression in CD4 and CD8 T cells (derived from uninfected BLT mice) cultured 
in IL-2 or IL-7/IL-15. D) Frequency of memory populations in CD4+ CAR+ T cells (top) and 
CD8+ CAR+ T cells (bottom) from (C) before infusion. E) Frequency of CD25+ in CAR+ CD4 
and CD8 T cells cultured in IL-2 or IL-7/IL-15 from (C). F) Frequency of CD69+ in CAR+ CD4 
and CD8 T cells cultured in IL-2 or IL-7/L-15 from (C). G) Representative histogram plots 
showing CellTrace+ among CD45+ population before infusion (left) and after infusion at endpoint 
of study in peripheral blood. H) Percentage of human CD45+ CellTrace+ cells in peripheral blood 
of mock or CAR treated humanized mice. I) Representative FACS plot showing CAR+ (GFP+) 
gating in CellTrace+ population (left) and summary of percentage of CAR+ (GFP+) cells among 
CellTrace+ population in peripheral blood (right). J) Percentage of human CD45+ CellTrace+ cells 
in spleen. K) Percentage of CAR+ (GFP) cells among CellTrace+ in spleen. L) FACS plots (3-4 
CAR mice combined) showing Gag expression in CAR+ (GFP+) cells cultured in IL-2 or IL-7/IL-
15 in spleen. Error bars represent +/- SEM with n=3-4.  
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Figure S2:
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Figure S2:  IL-7 and IL-15 administration reduces expression of exhaustion and activation 
markers in CAR negative T cells. A) Plasma HIV RNA copies measured by RT-PCR. Arrows 
indicate CAR T cell and cytokine treatment. B) Representative FACS plots showing percentage of 
CAR+ T cells among total human CD45 detected in peripheral blood 2 weeks post infusion. C) 
Representative FACS plots showing PD-1 expression in CD8+ CAR negative T cells in mice that 
received mock or CAR-T with or without cytokine treatments. D) Representative FACS plots 
showing CD38 expression in CD8+ CAR negative T cells in mice that received mock or CAR-T 
with or without cytokine treatments. E) Percentage of CD4+ CAR negative T cells expressing PD-
1 in blood (left) and spleen (right) at endpoint of study. F) Percentage of CD4+ CAR negative T 
cells expressing CD38 in blood (left) and spleen (right) at the endpoint of study. Error bars indicate 
SEM. **p<0.01; *p<0.05; Mann-Whitney test. n=4-6 per group with two independent 
experiments. 
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Figure S3: Cyclophosphamide preconditioning enhances autologous adoptive T cell 
engraftment after infusion in SHIV infected NHP animals. To track T cell trafficking, group 1 
animals were infused with cell trace labeled T cells and group 2 animal was infused with cell trace 
labeled CAR-T cells 3 days before necropsy. A) Representative flow plot showing detection of cell 
trace+ cells in PBMCs of group 1 and group 2 animals. B) % of cell trace positive cells in lymphoid 
tissues.  
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Figure S4: Adoptive CAR T cell treated mice and stem cell CAR mice have similar 
engraftment levels of CD4 and CD8 CAR+ T cell.  Percentage of CD4 and CD8 CAR+ (GFP+) 
T cells in peripheral blood at week 0 of CAR T infusion (left) or week 0 of infection in CAR-stem 
cell mice (right). Error bars indicate SEM. n=4-5 per group with 1-2 independent experiments. 
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Table S1.  HSPC transplantation conditioning and cell doses. 

 
 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 

 
 

 
 

 
 
 
 
 

2. SHIV infection 4. Necropsy

Conditioning Mobilization Cells/kg 
Infusion CFU 
Lenti Gene 

Marking (%)

Lenti+ 
CFU 

(Count)

Actin+ 
CFU 

(Count)

Years Post-
Transplant Infusion Product Total Cell Dose 

(cells/kg)

CAR+ Cell 
Dose 

(cells/kg)

CellTrace 
Labeled? Infusion Product Total Cell Dose 

(cells/kg)

CAR+ Cell 
Dose 

(cells/kg)

CellTrace 
Labeled? Notes

Z14160 TBI G-CSF/SCF-Primed Marrow 1.24E+07 43.53 37 85 - - - - - - - - - Acute kidney injury following HSPC transplantation
Z14279 TBI G-CSF/SCF-Primed Marrow 1.23E+07 85.71 6 7 1.32 - - - - - - - - Hemolytic-Uremic Syndrome (HUS)
Z14123 TBI G-CSF/SCF-Primed Marrow 2.30E+07 6.90 6 87 1.22 CD4CAR T-Cell 6.11E+07 1.21E+06 No - - - - Hemolytic-Uremic Syndrome (HUS)
Z14035 TBI G-CSF/SCF-Primed Marrow 1.82E+07 69.32 61 88 1.34 CD4CAR T-Cell 4.84E+07 2.62E+06 No Control T-Cell 2.03E+07 - Yes Disseminated, moderate to extensive lymphoid reactivity
Z14148 TBI G-CSF/SCF-Primed Marrow 1.67E+07 72.29 60 83 1.38 CD4CAR T-Cell 4.99E+07 1.48E+06 No Control T-Cell 6.75E+07 - Yes Disseminated, moderate to extensive lymphoid reactivity
Z13137 TBI G-CSF/SCF-Primed Marrow 1.60E+07 44.44 36 81 1.53 CD4CAR T-Cell 3.29E+07 2.42E+06 Yes CD4CAR T-Cell 1.22E+08 1.18E+07 Yes N/A

3. T Cell Adoptive Transfer #1 3. T Cell Adoptive Transfer #21. HSPC Transplantation

Animal ID
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