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Human immunodeficiency virus (HIV) is an attractive target
for chimeric antigen receptor (CAR) therapy. CAR T cells
have proved remarkably potent in targeted killing of cancer
cells, and we surmised that CAR T cells could prove useful in
eradicating HIV-infected cells. Toward this goal, we interro-
gate several neutralizing single-chain variable fragments
(scFvs) that target different regions of the HIV envelope glyco-
protein, gp120. We find here that CAR T cells with scFv from
NIH45-46 antibody demonstrated the highest cytotoxicity.
Although NIH45-46 CAR T cells are capable of eliminating
antigen-expressing cells, we wanted to address HIV reactiva-
tion from ex vivo culture of HIV patient-derived CAR T cells.
In order to capitalize on the HIV reactivation, we developed
a conditionally replicating lentiviral vector (crLV). The crLV
can hijack HIV machinery, forming a chimeric lentivirus
(LV) instead of HIV and delivered to uninfected cells. We
find that CAR T cells generated with crLVs have similar
CAR-mediated functionality as traditional CARs. We also
demonstrate crLVs’ capability of expanding CAR percentage
and protecting CD4 CAR T cell in HIV donors. Collectively,
we demonstrate here that the novel crLV NIH45-46 CAR can
serve as a strategy to combat HIV, as well as overcome HIV re-
activation in CD4+ CAR T cells.

INTRODUCTION
Recent clinical successes of T cell immunotherapy using chimeric an-
tigen receptors (CARs) have demonstrated dramatic regression of B
cell malignancies.1,2 Because of this efficacy against B cell malignancies,
the field of T cell immunotherapy has expanded to a variety of other
diseases, such as human immunodeficiency virus (HIV).3–6 HIV is a
worthwhile target for CAR therapy because extensive research in
neutralizing antibody therapy has provided for an abundance of sin-
gle-chain variable fragments (scFvs) to use in the design of CAR con-
structs. However, unlike B cell malignancies, CAR T cells against HIV
have a variety of challenges that first need to be overcome in order for
this therapy to be efficacious. One of the most predominant challenges
in treating HIV with CAR T cells is the ability of HIV to infect and
eliminate target CD4+ T cells.7 Recent studies have indicated that the
CD4+ T cell population is a key component of CAR T cell persistence
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and efficacy,8 which suggests that maintaining or expanding this pop-
ulation may be associated with an improved therapy.

Many experimental approaches developed to date attempt to preserve
the CD4 population by preventing HIV from infecting the T cells.
Although adding antiretrovirals to the ex vivo culture during CAR pro-
duction would suppress the reactivation, it also hinders the integration
of CAR LV within the T cells,9,10 ultimately demonstrating the need to
develop novel strategies for preserving the CD4 population. These stra-
tegies have included editing the T cells themselves, such as knocking
out the CCR5 gene, which expressed a critical co-receptor for HIV
infection,4 or by including fusion inhibitors in the CAR.3 Although
these methods prevent HIV infection of T cells, they are useful only
for donor-derived CAR T cell products. HIV patient-derived T cells
will have virus integrated within the T cells, which can be reactivated
and eliminate the CD4+ population during ex vivo culture.11

In order to capitalize on the issue of viral reactivation in the HIV pa-
tient-derived CAR T cell products, we propose developing condition-
ally replication lentivirus (crLV)-derived CAR that parasitizes HIV
machinery to encapsulate itself within the virion,12,13 potentially con-
verting other CD4+ T cells into HIV CARs. By parasitizing the virus,
crLVs will add a negative selective pressure on HIV by acting as an
interfering particle, while expanding the CAR to more CD4+

T cells.14 Based on this notion, we evaluated various scFvs from
different neutralizing antibodies, designed a crLV-derived CAR,
and tested the hypothesis that anti-HIV CAR T cells can be developed
from virus-infected cells to target HIV-infected cells. We find here
that the novel neutralizing antibody-derived scFv, NIH45-46, has a
greater efficacy against gp120-expressing cell lines than other neutral-
izing antibodies tested, and crLV-derived CAR T cells demonstrate
similar transduction, expansion, and efficacy to conventional
LV-derived CAR T cells. We also find that in the presence of
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Figure 1. Determination of the Optimal scFv for Anti-HIV CAR Therapy

(A) Gene structure of second generation LV-derived NIH45-46 CAR containing 50 and 30 truncated LTRs, IgG4 linker (L) containing mutations L235E and N297Q, a CD4

transmembrane (TM) domain, 4-1BB costimulatory domain, and CD3z domain. A T2A skip separates a truncated EGFR (EGFRt) from the CAR. (B) Transduced T cells with

various second-generation CAR constructs were co-cultured with GFP-expressing HEK.GP160s or HEKs for 24 h prior to analyzing CD137 expression by flow cytometry. (C

and D) Donor 1 (C) and donor 2 (D) T cells were transduced with various second generation CAR constructs derived from neutralizing antibodies that were cultured with GFP-

expressing 8e5 or CEM cells for 4 days prior to analyzing cell line survival by flow cytometry. Mock-transduced T cells were used as a control. All samples, except CEM control

in donor 2, were run in duplicates.
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HIV, crLV-derived CARs are capable of mobilizing CAR to
CD4+-expressing cells and protect CD4 in HIV patient-derived
CAR T cells. These data suggest that crLV-derived CARs are a viable
approach to expand CARs in HIV patient-derived T cell products and
may prove a viable treatment for people living with HIV.

RESULTS
NIH45-46 CAR T Cells Exhibit Greater Efficacy Than CARs

Derived from Other Neutralizing Antibodies

There is a plethora of neutralizing antibodies that target the gp120 en-
velope of HIV,15 and scFvs were derived from broadly neutralizing an-
286 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
tibodies that have been reported to have greater than 90% coverage
over HIV strains.16–20 These broad neutralizing antibodies bind to
distinct locations of the gp120: PGT121 and PGT128 bind to the V3
glycan, 3BC176 binds to the CD4/V3 loop, and NIH45-46 binds to
the CD4 binding domain.16–20 These anti-GP120 scFvs were expressed
on a second generation CAR, in which the IgG4 Fc linked with point
mutations at L235E and N297Q to prevent macrophage CD16 and
CD32 binding, CD4 transmembrane (TM) domain to anchor to the
cell membrane, 4-1BB co-stimulator domain for persistence, and
CD3z for cytotoxicity21,22 in frame with a truncated human epidermal
growth factor receptor (huEGFRt), a marker for CAR expression23
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(Figure 1A). To determine whether the CARs were functional, we per-
formed an activation assay. T cells transduced with second generation
LV-derived CARs were co-cultured for 24 h with HEK293 cells with or
without gp160 expression and analyzed for CD137. The activation
assay showed PGT121, PGT128, and NIH45-46, but not 3BC176,
were all capable of activating upon gp160 antigen (Figure 1B). To deter-
mine which CAR would be most efficacious against a GP120 target, we
co-cultured T cells transduced with second generation LV-derived
CAR for 4 days with 8e5 cells, which are CEM cells that contain a defec-
tive provirus-expressing gp12024 and a stable GFP reporter (8e5.GFP;
Figure S1B). A reduction in the number of GFP-positive cells is an in-
dicator of anti-GP120 CAR-mediated cell death. The novel NIH45-46
CAR T cells demonstrated superior cytotoxicity in three donors (Fig-
ures 1C, 1D, and S1A).

A crLV-Derived CAR Vector Does Not Impact Lentiviral

Production and Transduction

To generate a crLV-derived CAR, the CAR was inserted into the crLV
vector that contained the long term repeat (LTR) promoter of HIV-1
and essential regulatory RNA motifs present in the gag, pol, and enve-
lope regions, which include the Psi packaging element involved in
genome packaging into the virion, the polypurine tract (PPT) needed
for reverse transcription of the viral genome, and the Rev response
element (RRE) required for nuclear export of viral RNA, respectively12

(Figure 2A). Based on previous studies, this crLV-derived CAR should
be expressed and packaged into budding virions by both viral and host
proteins specifically imbued in HIV-infected CD4+ T cell popula-
tions.14 However, previous studies have also shown that increasing vec-
tor size can have deleterious effects on LV packaging and reduced
transgene expression.25 We evaluated whether extending the CAR
construct by �2 kb of regulatory sequence would impact the genera-
tion of LV. Following LV production, CARs were generated and titered
on Jurkat cells, a T cell line, and expression was confirmed by detecting
truncated epidermal growth factor receptor (tEGFR) expression by
flow cytometric analysis. Notably, no observed significant difference
in LV packaging was observed from six separate LV productions (Fig-
ure S2A). Next, we determined to what extent the crLV-derived CAR
impacted CAR expression in primary T cells. Following activation and
lentiviral transduction of CD3-enriched T cells, both crLV- and LV-
derived NIH45-46 CARs were comparably expressed (Figures S2C
and S2D). Collectively, these data indicate that the incorporation of
the conditionally replicating components to the NIH45-46 CAR
does not appear to impact the production and expression of the LV
required for CAR T cell production.

Conditionally Replicating Anti-HIV CAR T Cells Exhibit Cytotoxic

Efficacy against gp120-Expressing Cells

Next, we determined whether the crLV-derived NIH45-46 CAR ex-
hibited comparable efficacy to LV-derived NIH45-46 CAR. We first
determined whether the crLV-derived CAR-expressing cell could
activate upon recognition of gp120 antigen. Transduced CAR Jurkat
cells or T cells were co-cultured with either HEK293 or gp160-ex-
pressing HEK293 cells and analyzed for CD69 or CD137 expression,
respectively, markers of T cell activation.26 The crLV-derived NIH45-
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46 CAR Jurkats and primary T cell had comparable activation to the
NIH45-46 CAR-treated cells (Figures S2B and 2B).

We next evaluated the cytotoxicity of crLV-derived NIH45-46 CAR
T cells when compared with LV-derived NIH45-46 CAR T cells.
CD3-enriched T cells from healthy donor PBMCs were transduced
with the crLV and LV CARs, co-cultured for 4 days with either
8e5.GFP or CEM.GFP control cells, and analyzed for cytotoxicity
by flow cytometry. All crLV-derived NIH45-46 CAR T cell donors
(n = 3) had�60%–80% cytotoxicity against 8e5.GFP, which was com-
parable with LV-derived NIH45-46 CAR T cells (Figures 2C, S2E, and
S2F). Neither CAR construct had efficacy against gp120-negative
CEM.GFP cells. These data indicate that the crLV vector did not impact
the functionality of the CAR T cells. Next, to determine whether crLV-
derived NIH45-46 CAR cells eliminated virally infected cells, we used
CEM.GFP cells infected with a X4-tropic virus, NL4-3, and cultured
for 7 days, and verifiedGP120 expression through flow cytometry (Fig-
ure S2G). The crLV-derived and LV-derived NIH45-46 CARs were
added at a 1:5 ratio of T cells to infected cells and incubated for
4 days. We observed that both crLV-derived and LV-derived NIH45-
46 CARs had comparable cytotoxicity against infected CEM.GFP cells
(Figure 2D). Collectively, these data demonstrate that the crLV-derived
NIH45-46 CAR T cells are comparable with the conventional NIH45-
46 CAR T cells in eliminating HIV-infected cells.

A Conditionally Replicating CAR Vector Can Be Mobilized to

Uninfected Cells

To determine whether crLV-derived NIH45-46 CARs are capable of
being mobilized and transferred to uninfected cells, we developed a
mobilization assay (Figure S3A). In this assay, CEM cells are trans-
duced with either crLV or conventional NIH45-46 CAR and infected
with X4-tropic HIV (NL4-3 or LAI). CAR CEM.CCR5 cells were used
for this assay because when we performed a cytotoxicity assay, they
had no activity against 8e5 cells (Figure S2H). This is important
because we wanted to avoid possible expansion or elimination of
CAR+ cells upon transfer of supernatant. Cells were cultured for
7 days to allow for HIV production, and the supernatant was then
transferred to uninfected CEM.GFP cells. The efficiency of crLV-
derived CARmobilization was determined by identifying CEM.CCR5
cells that were both GFP and CAR positive; these cells were analyzed
for CAR expression at days 11 and 14 (4 and 7 days posttransfer of
supernatant), respectively. We observed that crLV-derived NIH45-
46 CAR, but not the LV NIH45-46 CAR, was capable of being mobi-
lized and transferred to uninfected cells (Figures 3B and 3C). These
data suggest that crLV-derived CAR can be mobilized in HIV-in-
fected donors and delivered to uninfected CD4+ cells.

Conditionally Replicating CAR Vector Increases CAR

Percentage and Protects CD4 T Cells in HIV Donor

To determine whether crLV-derived NIH45-46 CARs would increase
CAR percentage during ex vivo production, we transduced Jurkats
with crLV-derived NIH45-46 CAR at a low percentage (8%), then in-
fected them with NL4-3. We observed, by day 8, the percentage of
CAR increased to 35% positivity and the mean fluorescence intensity
rapy: Methods & Clinical Development Vol. 19 December 2020 287
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Figure 2. Functionality of crLV-Derived NIH45-46 CAR T Cells

(A)Gene structure of second generation crLV-derivedNIH45-46CARcontaining 50 and30 full-length LTRs, non-coding regions for gag, pol, andenvelope. (B) Transduced T cells
with crLV- or LV-derived NIH45-46 were co-cultured with GFP-expressing HEK.GP160s or HEKs for 24 h prior to analyzing CD137 expression by flow cytometry. (C) crLV- and

LV-derived NIH45-46 CAR T cells were cultured with GFP-expressing 8e5 or CEM cells for 4 days prior to analyzing cell line survival by flow cytometry. Mock-transduced T cells

were used as a control. All samples were run in duplicates. (D) The crLV- and LV-derived NIH45-46 CAR T cells were co-cultured with NL4-3 infected or uninfected GFP-

expressing CEM cells for 4 days prior to analyzing cell line survival by flow cytometry. Mock-transduced T cells were used as control. All samples were run in duplicates.
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(MFI) had also increased (Figure S3B). To confirm this finding, we
transduced HIV-donor T cells with crLV- or LV-derived NIH45-46
CAR. On day seven, following bead removal, we observed increased
CAR percentage and MFI in CD4+ T cells from two donors (Figures
4A and S3C) that was not observed in CD8+ T cells (Figure 4B). We
288 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
also observed a higher percentage of CD4+ T cells in crLV-derived
NIH45-46 (43%) when compared with LV-derived NIH45-46
(23%) or mock transduced (24%), suggesting that the crLV-derived
NIH45-46 CAR may offer some protection to the CD4+ T cells (Fig-
ure 4C). Finally, we investigated the activation capacity of
ber 2020



Figure 3. Mobilization of crLV-Derived NIH45-46 CAR

(A) crLV vectors are capable of functioning only in cells that are infected with HIV (1) that is actively reverse transcribed (2), integrated (3), replicating (5), packaged (7), and

released (8), whereby they will hijack the machinery to package the crLV-derived CAR into the virion. The crLV-derived CAR will use the viral machinery to be transcribed (6),

packaged (7), and released into the virion (9). (B) Flow cytometric analysis of one of the NL4-3 mobilization assays. Cells were collected on days 4 and 7 after supernatant

transfer and stained for EGFR. (C) Graphical analysis of mobilization of crLV-derived CAR using two different X4-tropic viruses at day 7. LAI data are the representation of two

experiments, and NL4-3 is the representation of four experiments.
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crLV-derived CARs in HIV-infected donors. In one donor, we
observed similar activation between crLV- and LV-derived NIH45-
46 CAR T cells in two donors (Figures 4D and S3D).

DISCUSSION
HIV reservoirs and viral escape pose an immense challenge when
developing a cure strategy for HIV.7 Although broadly neutralizing
antibodies have shown phenomenal neutralization of HIV clinically,
Molecular The
long-term efficacy is lacking.18,27–29 Alternatively, using the scFvs of
these neutralizing antibodies in CAR T cell therapies offers a potential
therapeutic that can eliminate the latent reservoirs and possibly lead
to a cure.7 However, developing an anti-HIV CAR T cell has several
unique challenges.

CAR T cell therapy relies on effective targeting motifs and, in the case
of HIV, there are a wide variety of neutralizing antibodies to develop
rapy: Methods & Clinical Development Vol. 19 December 2020 289
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Figure 4. Flow Cytometric Analysis of crLV-Derived

NIH45-46 CAR T Cells from HIV Donor

(A and B) CD4+ (A) and CD8+ (B) crLV- and LV- derived NIH45-

46 CAR expression in HIV-donor T cells. (C) CD4+ and CD8+

percentage on day 7 in crLV- and LV-derived NIH45-46 CAR

HIV-donor T cells. (D) Transduced T cells with crLV- or LV-

derived NIH45-46 were co-cultured with GFP-expressing

HEK.GP160s or HEKs for 24 h prior to analyzing CD137

expression by flow cytometry. This is a representative sample of

technical replicates (n = 2).
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into CARs.15 However, it is relatively unclear which antibody or
ligand is most efficacious for anti-HIV CAR therapy. Hale et al.4

and Ali et al.30 developed multiple anti-gp120 CARs, and all had
similar activation and cytotoxicity. Although we observed similar
activation of PGT128, PGT121, and NIH45-46 (Figure 1B), we
observed differences in CAR functionality across donors (Figures
1C, S1A, and S1B). Specifically, we observed only a partial response
in the PGT128 scFv CAR that previously showed significant activity
with multiple donors.4,30 This inconsistency could reflect differences
in CAR architecture (hinge and TM domain) or the authors using
high T cell-to-target ratios (CAR/target 3:1, 5:1, or 10:1), which
may rescue the function of the weaker CAR constructs.31 Further-
more, we observed a significant cytotoxic effect from 3BC176 CAR
on non-target cells, suggesting potential off-target toxicity in one of
the donors (Figure S2D), which also helped us to delineate scFv-spe-
cific effects. Under our assays conditions, we show that the novel
NIH45-46 CAR is more efficacious than the other three neutralizing
antibodies scFVs against GP160 cells, resulting in potent elimination
of target cells across multiple donors. Importantly, NIH45-46 CAR
T cells may have broader efficacy against a variety of isolates of
HIV-1 because the NIH45-46 antibody has been shown to have
over 95% neutralization of HIV-1 isolates, although this remains to
be determined for CAR T cells.16,20 Overall, these data support the
development of NIH45-46 as a potent CAR for the elimination of
HIV-infected cells; however, this is not the only challenge for devel-
oping anti-HIV CAR therapy.

We have observed that when expanding HIV-donor T cells ex vivo,
HIV will become reactivated, which could have detrimental effects
on the CD4 percentage, which will decrease over expansion (Fig-
ure S1C). The study presented here demonstrates a unique approach
to addressing HIV infection by using a crLV CAR. The crLV-derived
CARs had equivalent activation and cytotoxicity against gp120-ex-
pressing cell lines and HIV-infected cells but also have a secondary
function. In the presence of HIV, crLV-derived CARs can be mobi-
lized to uninfected CD4+ T cells (Figure 3A). HIV reactivation has
the potential to expand the viral infection to other CD4+ T cells dur-
ing ex vivo CAR T cell expansion; however, the crLV-derived CARs
can also utilize this infection to expand the CAR.7,32 Indeed, we
observed that in the presence of HIV, crLV-derived CARs mobilize
to uninfected CD4+ cells. The expression of mobilized CAR steadily
increases from �2% to �9% of the population by day 14. We also
observed, when transducing T cells from HIV-infected donors, that
the crLV-derived CAR, when compared with LV-derived CAR, will
have a higher CAR percentage in CD4 T cells with a higher MFI.
This phenomenon is not observed in the CD8 T cells, suggesting
that there is crLV-derived CAR-mediated mobilization and expan-
sion occurring. Furthermore, only crLV-derived CAR T cells, when
compared with LV-derived CAR or mock-transduced T cells, had a
higher CD4 percentage (Figure 4C), suggesting that crLV-derived
CARs can protect CD4+ T cells ex vivo. Indeed, previous studies
have found that conditionally replicating vectors add a level of protec-
tion to uninfected cells by diluting the amount of active free vi-
rus,12,14,33 although such a notion was not assessed here.
Molecular The
Overall, we find here that crLV-derived CAR constructs can function-
ally expand T cells into anti-HIV CARs. Earlier studies with condi-
tionally replicating vectors have demonstrated mobilization of small
interfering particles and RNAs.14,33 The observations presented
here demonstrate not only the mobilization of a large transgene,
but the spread of CAR function by the mobilization of the anti-
HIV CAR. Such an observation is impacting because it suggests
that a single lentiviral vector treatment strategy to cure HIV infection
is theoretically feasible. In essence a single crLV-derived CAR, with a
suicide gene, treatment in an HIV-infected individual could result in
the expansion of the anti-HIV CAR and eventual CAR-mediated
eradication of HIV-infected cells. Although a tantalizing prospect,
to what extent crLV vectors can be used to parasitize HIV and spread
anti-HIV CAR cells in vivo remains to be clinically tested, but may
one day prove to be a safe, effective, single-treatment functional
cure for HIV infection.

MATERIALS AND METHODS
DNA Construct

The NIH45-46 s-generation LV-derived CAR construct (pLV-CAR)
was provided by Dr. Forman’s Lab at City of Hope, which was gener-
ated by inserting a gBlock (IDT) (Table S1) into the NheI and BstEII
sites using Gibson Assembly Master Mix (NEB). Generation of all
other anti-gp120 broadly neutralizing antibodies (PGT128,
PGT121, or 3BC176) was generated by ordering a gBlock (IDT) of
the scFVs sequence (Table S1), and using the NEBuilder HiFi DNA
Assembly Master Mix, we inserted the sequence into NheI and
NotI sites of the second-generation LV plasmid (Figure 2A).21 The
crLV CAR plasmid (pcrLV-CAR) was generated by PCR amplifying
the CAR using primers (F primer: 50-GGATCTGCGATC
GCTCCGGTGC-30, R primer 50-CACTGAAGAGGCCGATCCCC
AG-30), and using the NEBuilder HiFi DNA Assembly Master Mix,
we inserted the sequence into NcoI and BstEII digested crLV vector.
Infectious molecular clones, pLAI and pNL4-3, were obtained from
the NIH AIDS reagent program.34

Extracellular Staining and Flow Cytometry

For flow cytometry analysis, cells were resuspended in phosphate-
buffered saline (PBS; Fisher Scientific) containing 2% fetal bovine
serum (FBS). For extracellular staining, cells were washed twice prior
to incubation with antibody for 30 min at 4�C in the dark. For GP120
staining, cells were incubated with the VRC01 antibody (NIH AIDS
reagent program, 12033)35 for 30 min at 4�C in the dark, washed
twice, and then incubated with Anti-Human-IgG APC antibody
(Clone: IS11-3B2.2.3; Miltenyi). Other antibodies used in this study
were CD3 (Clone: SK7; BD Biosciences), CD69 (Clone: L78; BD Bio-
sciences), CD8 (SK1; BD Biosciences), CD4 (SK3; BD Biosciences),
and EGFR (Clone: Ay13; BioLegend). Immediately before analyzing,
1/3 volume of 40,6-diamidino-2-phenylindole (DAPI) was added to
each sample for viability.

All samples were analyzed on the MACSQuant Analyzer 10 (Milte-
nyi). Greater than 100,000 events were collected and analyzed on
FlowJo software (version 10; Tree Star). All experiments were gated
rapy: Methods & Clinical Development Vol. 19 December 2020 291
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for density using forward and side scatter, then single cells using area
and height, and finally viability using DAPI before analysis.

Lentiviral and HIV Production

The LV- and crLV-derived CARs were generated by seeding 293T
cells (20 � 106 cells/T225) 8 h before co-transfecting. 293T cells
were co-transfected with a four-plasmid system: pLV-CAR or
pcrLV-CAR construct (61 mg), pGagPol (40 mg), pRev (4 mg), and
pVSV-g (8 mg) with 2.5M calcium phosphate and 2� Hank’s
balanced salt solution as previously described.36 Following overnight
incubation, media were replaced with DMEM with 2% FBS and
1:1,000 sodium butyrate. Cells were incubated for 72 h before super-
natant was collected. Supernatant was centrifuged 2,000 rpm for
20 min and filtered through 0.45-mm filter to remove cell debris.
The virus was precipitated by adding 40% (w/v) polyethylene glycol
(PEG) solution and incubated at 4�C overnight. The precipitated vi-
rus was centrifuged at 3,000 rpm for 20 min, resuspended in FBS-free
DMEM, and ultra-centrifuged at 24,500 rpm for 1.5 h. Isolated virus
was resuspended in FBS-free DMEM (Corning) and frozen at�80�C
for later use. LV titers, as determined by truncated EGFR (EGFRt) or
GFP expression, were quantified by transducing Jurkats (0.1 � 106)
with various dilutions of virus (1 mL crude virus or 90, 30, or 10 mL
of 1:200 diluted virus in RPMI) and allowed to incubate for 7 days
before flow cytometric analysis. The data were analyzed on
FlowJo (v.10), and the titer was calculated using the formula (cells
transduced � percent expression � 10/virus volume).37

X4-tropic HIV-1 subtype B (LAI and NL4-3) was generated by trans-
fecting infectious molecular clone (20 mg) with Lipofectamine 2000
into 293T cells (4 � 106 cells/T175). Cells were incubated for 48–
72 h before supernatant was collected. The supernatant was centri-
fuged at 1,800 rpm, filtered through 0.45-mm filter, and frozen at
�80�C until later use (as described byMcCutchan et al.38 and Robert-
son et al.39). The viral titer was calculated using a TZM-bl assay.40

Cell Lines

Jurkats (ATCC TIB-152), CEM (ATCC CRL-2265), and 8e5 (ATCC
CRL-8993) cell lines were obtained from ATCC. CEM.NKR CCR5+

cells (CEM.CCR5), which were transduced to express CCR5, were ob-
tained from the NIH AIDS reagent program.41 Cells were maintained
in RPMI 1640 supplemented with 10% heat-inactivated FBS
(Gemini). HEK293 and HEK293 cells that stably express gp160
(HEK293-GP160) were maintained in DMEM supplemented with
10% heat-inactivated FBS. HEK293 cells (ATCC CRL-11268) were
obtained from ATCC, and HEK293-gp160 cells from the
92UG037.8 strain of HIV were kindly provided by Dr. Chen.42 Cell
lines transduced to express GFP and Firefly luciferase (ffluc) were
generated by transducing with lentiviral vector encoding for
epHIV-7-EGFP-ffluc and then sorted using the BD FACSAria
SORP cell sorter (BD Biosciences) for >98% purity.22

Generation of CAR T Cells

Healthy donor whole blood was obtained from the City of Hope blood
donor center, and HIV-donor whole blood used for HIV reactivation
292 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
study was obtained from ZenBio, which HIV donors received for
mobilization assay obtained from Dr. Cardoso’s Lab at City of
Hope. Blood was ficolled for peripheral blood mononuclear cells
(PBMCs),22 and CD3+ cells were then isolated from PBMCs using
the EasySep Human T Cell Isolation Kit according to manufacturer’s
instructions (STEMCELL Technologies). Freshly isolated CD3+ cells
were activated with Dynabeads human T-activator CD3/CD28 (Life
Technologies) and transduced 24 h after with a LV encoding for
either crLV- or LV-derived NIH45-46CAR:4-1BB:CD3z/huEGFRt
at an MOI of 2 and expanded in the presence of 50 U/mL recombi-
nant human interleukin-2 (rhIL-2; Novartis) and 0.5 ng/mL inter-
leukin-15 (rhIL-15; Novartis), which was supplemented every 48–
72 h during the course of ex vivo expansion for 14–21 days.22

Mock-transduced T cells (no LV) were used as control. HIV expres-
sion was determined by an Alliance HIV-1 p24 ELISA (Perkin
Elmer).

Jurkat Activation Assay

Ten thousand crLV-derived and LV-derived CAR-expressing Jurkat
cells were co-cultured with equivalent numbers of HEK293 or
HEK293-gp160 cells in a round-bottom 96-well plate. The Jurkats
were collected after 24 h, analyzed for CD69 expression by flow cy-
tometry in the MACSQuant Analyzer 10 (Miltenyi), and quantified
using FlowJo Software (v.10).

T Cell Activation Assay

Ten thousand crLV-derived and LV-derived CAR-expressing T cells
were co-cultured with equivalent numbers of HEK293 or HEK293-
gp160 cells in a flat-bottom 96-well plate. The T cells were collected
after 24 h, analyzed for CD137 expression by flow cytometry in the
MACSQuant Analyzer 10 (Miltenyi), and quantified using FlowJo
Software (v.10).

T Cell Cytotoxicity Assay

Ex vivo expanded CD3+ crLV- or LV-derived CAR T cells (0.5� 105)
were co-cultured with CEM or 8e5 GFP+ cells (2 � 105) in a round-
bottom 96-well plate. Cells were collected after 4 days, and cell lines
were analyzed for GFP expression by flow cytometry on a MACS-
Quant Analyzer 10 (Miltenyi). For HIV-infected cells, CEM cells
(10� 105) were infected with NL4-3 MOI 0.01 for 6 h before washing
with PBS and then expanded for 7 days before being cultured with
ex vivo expanded CD3+ crLV- and LV-derived CAR T cells for
4 days. Cells were analyzed by averaging surviving tumor counts
from mock-transduced technical replicate, then dividing each indi-
vidual sample from the average to determine percent cytotoxicity.

Mobilization Assay

CEM.CCR5+ (5 � 105) cells were transduced with either crLV- and
LV-derived CAR (MOI 2) and then enriched for EGFR using EasySep
EGFR enrichment kit (STEMCELL Technologies). Enriched CAR
CEM.CCR5+ cells (10 � 105) were infected with NL4-3 or LAI virus
at a MOI of 0.1 and incubated for 18 h before a PBS wash. Cells were
grown for 7 days before 500 mL of supernatant was collected and
transferred to uninfected GFP-expressing CEM cells (5 � 105) in
ber 2020
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1 mL DMEM/10% FBS in a 24-well plate (Corning). The cells were
analyzed at days 11 and 14, days 4 and 7 after supernatant transfer,
for EGFR expression by flow cytometry.

Jurkats were transduced at low percentage of crLV-derived NIH45-46
CAR, roughly 10%, and 1 � 106 infected with NL4-3 virus at MOI of
0.1. After 6 h, the cells were washed three times with PBS. Cells were
cultured for 8 days before analyzing for EGFR expression by flow
cytometry.

Statistics

Data are presented as mean and standard deviation. Statistical com-
parisons between groups were performed on GraphPad Prism
(v.8.3.1) using the unpaired two-tailed t test to calculate p value.
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