1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
ACS Chem Biol. Author manuscript; available in PMC 2021 August 21.

Published in final edited form as:
ACS Chem Biol. 2020 August 21; 15(8): 2299-2310. doi:10.1021/acschembio.0c00537.

-, HHS Public Access
«

A Universal CAR-NK Cell Targeting Various Epitopes of HIV-1
gpl60

Rebecca M. Lim*T, Liang Rong*', Anjie Zhen*, Jianming Xie" 18
TDepartment of Pharmacology and Pharmaceutical Sciences, School of Pharmacy, University of
Southern California, Los Angeles, CA 90089, United States

8Norris Comprehensive Cancer Center, University of Southern California, Los Angeles, California
90089, United States

*Department of Medicine, Division of Hematology and Oncology, University of California, Los
Angeles, CA 90095, United States

# These authors contributed equally to this work.

Abstract

Engineering T cells and natural killer (NK) cells with anti-HIV chimeric antigen receptors (CAR)
has emerged as a promising strategy to eradicate HIV-infected cells. However, current anti-HIV
CARs are limited by targeting a single epitope of the HIV envelope glycoprotein gp160, which
cannot counter the enormous diversity and mutability of viruses. Here, we report the development
of a universal CAR-NK cell, which recognizes 2,4-dinitrophenyl (DNP) and can subsequently be
redirected to target various epitopes of gp160 using DNP-conjugated antibodies as adaptor
molecules. We show that this CAR-NK cell can recognize and kill mimic HIV-infected cell lines
expressing subtypes B and C gp160. We additionally find that anti-gp160 antibodies targeting
membrane-distal epitopes (including V1/V2, V3, and CD4bs) are more likely to activate universal
CAR-NK cells against gp160* target cells, compared with those targeting membrane-proximal
epitopes located in the gp41 MPER. Finally, we confirm that HIV-infected primary human CD4* T
cells can be effectively killed using the same approach. Given that numerous anti-gp160 antibodies
with different antigen specificities are readily available, this modular universal CAR-NK cell
platform can potentially overcome HIV diversity, thus providing a promising strategy to eradicate
HIV-infected cells.
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INTRODUCTION

Despite three decades of research, human immunodeficiency virus (HIV) infection has
remained largely incurable, with more than 36 million people worldwide currently living
with the virus. The limitation of current antiretroviral therapy (ART) is that it can effectively
suppress HIV replication but not eradicate infected cells, which become latent HIV
reservoirs that can induce viral rebound upon treatment interruptions. Developing a method
to eradicate HIV-infected cells is thus of critical importance to finding a universal cure for
HIV infection.!

A promising approach is to use chimeric antigen receptor (CAR)-engineered T cells and
natural killer (NK) cells.2: 3 CARs are hybrid receptors consisting of an extracellular
antigen-recognition domain, typically a single-chain variable fragment (scFv) antibody, and
an intracellular signaling domain, such as a fusion of CD3¢ and CD28 or 4-1BB fragments
that are responsible for T-cell activation. CAR expression can thus enable T cells and NK
cells to recognize and kill target cells expressing the antigen of interest. This approach has
been primarily used to treat cancer and achieved remarkable success; for example, the US
FDA has approved the use of anti-CD19 CAR-T cells to treat highly refractory B-cell
leukemia and lymphoma.? It is known that HIV-infected cells express the viral envelope
glycoprotein gp160 (a complex between gp120 and gp41) at the cell surface via viral
budding.® As such, there has been a growing interest in developing anti-gp160 CAR-
modified immune cells to eradicate HIV-infected cells.5-10 For example, Ali et al. showed
that CD8* T cells modified with anti-gp160 CARs could induce lysis of HIV type 1 (HIV-1)
infected cells.” Additionally, Zhen et al. reported that hematopoietic stem cells engineered
with anti-HIV CARs could differentiate into T cells and NK cells and suppress HIV
replication in humanized mice.®

However, a unique challenge of targeting HIV-1 is that the virus is enormously diverse and
highly mutable.1 HIV-1 is classified into four genetically distinct groups (M, N, O, and P),
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and the M group alone, which is the most common, contains at least nine subtypes (A-D, F-
H, and J-K). The genetic variation of HIV strains can be up to 35% between subtypes and
20% within the same subtype, leading to the expression of extensively diversified gp160
proteins.12 Since current anti-HIV CARs are mostly designed based on individual broadly
neutralizing antibodies (bNAbs) recognizing a single epitope of HIV-1 gp160, they cannot
cover all HIV strains. Bi- and tri-specific anti-HIV CARs have recently been developed,
which demonstrate enhanced anti-HIV breadth and potency.13-15 However, a combination of
two or three epitopes is still not sufficient to cover all HIV variants, as indicated by previous
studies on multispecific bNAbs.16: 17 Furthermore, HIV can rapidly mutate under pressure,
which may lead to the selection or generation of escape mutants.18: 19 Therefore, the ability
to further expand the epitope coverage of anti-HIV CARs is highly desirable.

Here, we report the development of a chemically-directed universal CAR-NK cell capable of
recognizing various epitopes of gp160 from different HIV-1 subtypes. Instead of targeting
gp160 directly, this CAR recognizes 2,4-dinitrophenyl (DNP), a small-molecule ligand, and
its antigen specificity can subsequently be redirected to target different epitopes of HIV-1
gp160 variants using DNP-conjugated antibodies as adaptor molecules (Figure 1). As a
proof of concept, we show that in the presence of adaptor molecules, anti-DNP CAR-NK
cells can specifically target and kill mimic HIV-infected cell lines expressing gp160 of
subtypes B and C. We additionally find that adaptor molecules targeting membrane-distal
epitopes, which have higher accessibility, are more likely to activate anti-DNP CAR-NK
cells against gp160* target cells compared with those targeting membrane-proximal
epitopes. Finally, we verify that the above approach is effective in killing HIV-infected
primary human T cells. This modular universal CAR-NK cell platform, combined with
numerous readily-available anti-gp160 antibodies, can potentially be used to overcome
HIV-1 diversity and enhance the eradication of infected cells, which is essential to ultimately
finding a universal cure for HIV.

Genetic engineering of NK cells to express an anti-DNP CAR

We started by designing a DNP-mediated universal CAR. We chose DNP as the target of the
CAR for three reasons. First, the sequences of many anti-DNP antibodies are readily
available for CAR design. Second, DNP-conjugated anti-gp160 antibodies can be
conveniently generated by chemical conjugation. Third, DNP is biocompatible as it has
previously been used in the design of other therapeutic molecules, such as antibody-
recruiting molecules.20- 21 As depicted in Figure 2A, our anti-DNP CAR consists of an N-
terminal HA-tag for the detection of CAR expression, an extracellular anti-DNP scFv, a
CD28 transmembrane domain (CD28TM), and intracellular CD28/CD3( signaling domains.
The anti-DNP scFv was designed based on a high-affinity mouse anti-DNP antibody
IgG2a-2, in the format of VL-(GGGGS)3-VH.22 23 The CD28/CD3( signaling domains
have been broadly used in the design of second-generation CARs.24 The gene of the anti-
DNP CAR was assembled by overlap extension PCR and inserted to the pFUW lentiviral
vector.2° This construct was then used to generate lentiviral particles in HEK293T cells.

ACS Chem Biol. Author manuscript; available in PMC 2021 August 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Limetal.

Page 4

Next, we engineered NK-92 cells, a highly cytotoxic human NK cell line, to express anti-
DNP CARs. Compared with allogeneic T cells, NK cells have the advantage of having little
or no risk of inducing graft-versus-host diseases (GVHD). There is thus an increasing
interest in engineering CAR-NK cells, including both primary cells and cell lines, as
potential off-the-shelf cellular therapeutics.26-2% We chose NK-92 as the host cell because it
can be continuously expanded to provide an unlimited number of homogenous cells, and
CAR-engineered NK-92 cells have been safely utilized in clinical trials against cancer.30-32
Since the growth of NK-92 cells is dependent on interleukin 2 (IL-2), we used an IL-2-
secreting NK-92-derived cell line (NK-92MI) as the host cell for CAR engineering.33
NK-92MI cells were transduced with lentiviral particles generated above to express anti-
DNP CARs. The CAR expression was confirmed by staining with an anti-HA-tag antibody
and a phycoerythrin (PE)-conjugated secondary antibody, followed by flow cytometric
analysis. The initial lentiviral transduction led to approximately 3% CAR-expressing cells,
which were subsequently enriched to 96% purity by magnetic cell sorting (Figure 2B). To
verify whether the extracellular anti-DNP scFv was expressed in the functional
conformation, CAR-NK cells were stained with a homemade DNP-conjugated fluorescent
protein PE. Flow cytometric analysis showed that approximately 94% of cells were stained
positively, confirming that they were able to recognize DNP (Figure 2C).

Redirection of anti-DNP CAR-NK cells to target subtype B gp160* cells using a DNP-
conjugated antibody

Because HIV-infected cells express the viral envelope glycoprotein gp160 at the cell surface,
we developed a gp160-expressing cell line as a mimic of HIV-infected cells to be targeted by
CAR-NK cells. The cell line was generated by transfecting HEK293 cells with the vector
pConBgp160-opt, which encodes a full-length subtype B consensus gp160.34 The
expression of gp160 was confirmed by cell surface staining using a human anti-gp120
antibody VRCO01 and a PE-conjugated anti-human IgG polyclonal antibody. After
transfection using Lipofectamine 2000 (a lipid-based transfection reagent), approximately
15-20% of cells expressed gp160, which were selected by G418 (Geneticin) and then further
enriched to a purity of 99% by fluorescence-activated cell sorting (FACS) (Figure 3A).

Next, we generated a DNP-conjugated anti-gp160 antibody as the adaptor molecule. We
chose 2G12, a bNAb that recognizes the high-mannose glycan epitope proximal to the
variable region V3 of gp160.3% 36 DNP conjugation was conducted using N-(2,4-
dinitrophenyl)-6-aminocaproic acid N-succinimidyl ester (DNP-NHS ester). The attachment
of DNP to the antibody was verified by SDS-PAGE, followed by western blot analysis
(Figure 3B). The conjugate contained approximately two DNP moieties per antibody, as
determined by measuring the absorbance at 280 nm (for the antibody) and 360 nm (for
DNP) (see Supporting Information for detailed methods).

To test the feasibility of using DNP-conjugated 2G12 to redirect anti-DNP CAR-NK cells
against gp160* cells, we used an /n vitro co-culture assay. Specifically, anti-DNP CAR-NK
cells were co-cultured overnight with subtype B gp160* HEK293 cells at an effector-to-
target (E:T) ratio of 1:1, with or without the DNP-conjugated antibody 2G12 (10 nM). In the
negative control, CAR-NK cells were co-cultured with plain, gp160-negative HEK293 cells.
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The activation of CAR-NK cells was assessed by measuring the secretion of interferon-y
(IFN-y) using an enzyme-linked immunosorbent assay (ELISA). As expected, gp160-
negative cells could not activate anti-DNP CAR-NK cells, regardless of whether DNP-
conjugated 2G12 was present or not. Subtype B gp160* cells alone could not activate CAR-
NK cells either, but they became stimulatory in the presence of DNP-conjugated 2G12,
inducing CAR-NK cells to secrete a significant amount of IFN-y (Figure 3C). Together,
these results indicate that anti-DNP CAR-NK cells can be redirected to target gp160* cells.

To determine the optimal concentration of adaptor molecules, we cultured CAR-NK cells
and gp160* target cells with DNP-conjugated 2G12 at different concentrations (0, 0.4, 2, 10,
and 50 nM). We found that IFN-y production reached a plateau when the 2G12 adaptor
molecule was used at 2 nM or above (Supporting Information, Figure S1). Based on this
result, we used 2G12 and other bNAb-derived adaptor molecules at 2 nM (unless otherwise
specified) in all subsequent experiments.

Anti-gp160 antibodies targeting membrane-distal epitopes are more likely to activate CAR-
NK cells compared with those targeting membrane-proximal epitopes

Numerous bNADbs recognizing different epitopes of HIV-1 gp160 have previously been
identified.3” We asked whether the epitope location on gp160 could affect the ability of a
bNADb to redirect anti-DNP CAR-NK cells against gp160* cells. To address this question, we
selected 12 well-characterized bNAbs recognizing four different regions of gp160,
including: 1) PG9, PGT145, and PG16, which recognize glycan epitopes in the V1/V2
region of gp120; 2) 2G12, PGT128, and 10-1074, which recognize glycan epitopes in or
proximal to the V3 region of gp120; 3) VRCO01, b12, and 3BNC117, which recognize the
CD4-binding site (CD4bs) on gp120; and 4) 10E8, 4E10, and 2F5, which recognize the gp41
membrane-proximal external region (MPER) (Figure 4A).3% 36 We conjugated these
antibodies with DNP, and then compared their ability to redirect anti-DNP CAR-NK cells
against subtype B gp160™ target cells using /n vitro co-culture assays.

We first assessed the levels of CAR-NK cell activation using IFN-y production assays.
CAR-NK cells and gp160* cells at a 1:1 ratio were incubated with DNP-conjugated bNAbs
(2 nM). As negative controls, cells were either incubated with DNP-conjugated human 1gG
(isotype control) or without any antibodies. After four hours, the concentration of IFN-y in
the culture supernatant was measured by ELISA. We found that all three VV1/V2-targeting
antibodies—PG9, PGT145, and PG16—were able to strongly activate CAR-NK cells
against gp160™ target cells, leading to a three- to four-fold increase in IFN-y production as
compared with cells incubated with the isotype control (Figure 4B). The three VV3-targeting
antibodies—2G12, PGT128, and 10-1074—also significantly activated CAR-NK cells,
leading to a two- to threefold increase in IFN-y production. Among the three CD4bs
antibodies, 3BNC117 activated CAR-NK cells to produce IFN-y about two-fold more than
the isotype control, but VRCO1 and b12 did not significantly activate CAR-NK cells.
Strikingly, none of the three MPER-binding antibodies—10ES8, 4E10, and 2F5—could
activate CAR-NK cells against subtype B gp160™ target cells.

Next, we assessed CAR-NK cell-mediated killing of gp160™ cells using a flow cytometry-
based cytotoxicity assay.38 For ease of detection, subtype B gp160* cells were pre-labeled
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with fluorescein using carboxyfluorescein succinimidyl ester (CFSE). These cells were
mixed with non-labeled gp160-negative cells at a 1:1 ratio, and then co-cultured with anti-
DNP CAR-NK cells at varying E:T ratios (1:1, 5:1, and 25:1), with or without DNP-
conjugated bNAbs (2 nM). Eight hours later, cells were stained with a viability dye and
subjected to flow cytometric analysis. The levels of cytotoxicity were determined based on
the percentage of gp160* cells killed by CAR-NK cells. We selected six bNAbs to be tested
in the cytotoxicity assay, including 1) PG9, 2G12, 10-1074, and 3BNC117, which were
effective in the IFN-y assay, and 2) VRCO1 and 10E8, which were ineffective in the IFN-y
assay. We found that the first four bNAbs were also more potent in the cytotoxicity assay,
activating CAR-NK cells to kill approximately 50% of gp160* cells after an eight-hour
incubation at the 25:1 E:T ratio (Figure 4C). VRCO1 was less potent, inducing CAR-NK
cells to kill 28.5% of gp160* cells. The MPER-targeting bNAb 10E8, however, did not
induce any significant killing as compared with the isotype control, which was consistent
with its lack of activity in the IFN-y assay. At lower E:T ratios, the cytotoxicity of CAR-NK
cells was significantly reduced. Indeed, after an eight-hour incubation, only PG9 and
10-1074 were able to activate anti-DNP CAR-NK cells to kill approximately 10-15% of
gp160™* cells at the 5:1 E:T ratio, and no cytolysis was detectable at the 1:1 E:T ratio.
Importantly, CAR-NK cells did not kill gp160-negative HEK293 cells under any conditions,
indicating that the targeting was gp160-specific (Supporting Information, Figure S2A).

The above results suggest that the V1/V2, V3, and CD4bs-targeting antibodies have a
greater likelihood of activating anti-DNP CAR-NK cells against gp160™ target cells than do
MPER-targeting antibodies. A possible reason is that MPER-targeting bNAbs have poor
epitope accessibility due to local steric hindrance and thus cannot efficiently bind to gp160
on the target cell surface. To compare the binding potency of bNAbs, we conducted a cell
surface staining assay. Specifically, subtype B gp160* cells were stained with bNADbs at a
three-fold serial dilution (from 300 to 0.045 nM), followed with a PE-conjugated secondary
antibody against human 1gG. Cells were then subjected to flow cytometric analysis, and the
average fluorescence intensity per cell was plotted against the concentration of bNAb. As
shown in Figure 4D, the V1/V2 and V3-targeting antibodies PG9, 10-1074, and 2G12
strongly bound to subtype B gp160. Interestingly, the saturated staining with PG9 was
weaker than that of 2G12 and 10-1074. This is probably because gp160 proteins are
expressed as trimers on the cell surface, and the three epitopes of PG9 within the same
trimer are located close to each other, preventing the simultaneous binding of three PG9
antibodies.39 The two CD4bs antibodies 3BNC117 and VRCO1 also positively bound to
gp160* cells but did not reach binding saturation within the tested concentration range
(0.045-300 nM). However, the MPER-targeting antibody 10E8, even at 300 nM, could not
stain gp160* cells to any significant extent as compared with the isotype control, suggesting
that it has poor epitope accessibility. Overall, we found that the gp160-binding potency of
antibody was roughly consistent with its ability to redirect anti-DNP CAR-NK cells against
gp160* cells (Figures 4B-4D). It is possible that other factors, such as the binding
orientation of CARs over gp160 and the intermembrane distance between effector and target
cells, can also affect the potency of CAR-NK cells,4%: 41 which remain to be determined in
future studies.
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Redirection of anti-DNP CAR-NK cells to target subtype C gp160* cells

To evaluate the generality of the universal CAR-NK cell approach, we additionally used it to
target HIV-1 subtype C gp160. HEK293 cells were modified to express a subtype C
consensus gp160 protein using the vector pConCgp160-opt as previously reported.34 44
Subtype C gp160* cells were then incubated with anti-DNP CAR-NK cells in the presence
of different DNP-conjugated bNAbs (2 nM). Similar to our findings for subtype B gp160*
cells, we found that a majority of the nine V1/VV2, V3, and CD4bs-targeting antibodies were
able to strongly activate CAR-NK cells to produce IFN-y in response to subtype C gp160*
cells, while none of the three MPER-targeting antibodies could significantly activate CAR-
NK cells compared with the isotype control (Figure 5A). Surprisingly, 2G12, one of the V3-
targeting antibodies that were highly effective against subtype B gp160 (Figure 4B),
completely lost its ability to activate CAR-NK cells to produce IFN-y against subtype C
gp160 (Figure 5A). The cytotoxicity assay also showed that 2G12 could not redirect CAR-
NK cells to kill subtype C gp160™ cells, neither could the MPER-targeting antibody 10E8
and the isotype control (Figure 5B, and Supporting Information, Figure S2B). For
comparison, PG9 and 10-1074 redirected CAR-NK cells to kill about 30% of subtype C
gp160* cells after an eight-hour incubation at a 25:1 E:T ratio, and 3BNC117 and VRCO1
led to lysis of about 20% of target cells. We then used these antibodies to stain subtype C
gp160* cells. The result showed that PG9 and 10-1074 had the highest binding potency,
followed by 3BNC117 and VRCO01, while 2G12, 10E8, and the isotype control exhibited
little or no binding ability within the tested concentration range (0.045-300 nM) (Figure
5C).

Therefore, as with the experiments on subtype B gp160, the relative binding potency of
antibodies for subtype C gp160 was largely consistent with their ability to induce IFN-y
production and cytotoxicity of anti-DNP CAR-NK cells in response to subtype C gp160*
cells. Importantly, 2G12 demonstrates a dramatically different ability to activate CAR-NK
cells against subtypes B and C gp160* target cells, highlighting the advantage of using a
universal CAR whose antigen specificity is not limited by a single antibody. We also noted
that the universal CAR-NK cells were significantly more cytotoxic to subtype B than to
subtype C gp160* cells (Figures 4C and 5B). For example, with the 10-1074-derived adaptor
molecule, the universal CAR-NK cells were able to kill about 53.1% of subtype B gp160*
cells but only 29.8% of subtype C gp160* cells. Likewise, the 3BNC117-derived adaptor
molecule induced CAR-NK cells to kill 45.5% of subtype B gp160* cells but only 19.7% of
subtype C gp160™* cells. The preferential targeting of subtype B over subtype C gp160 is
likely because most bNAbs have been developed against subtype B HIV-1 variants.*> To
enhance the cytotoxicity against subtype C gp160™ cells, it would be necessary to use other
bNADbs that are more specialized for subtype C gp160.

Next, we examined whether different bNAbs could be used in combination to further
enhance the efficacy of universal CAR-NK cells against a mixture of different subtypes of
gp160-expressing cells. To this end, CAR-NK cells and subtypes B and C gp160* cells were
co-cultured at a 25:1:1 ratio, in the presence of either 10-1074 (5 nM), 3BNC117 (5 nM), or
both. After an 8-hour incubation at 37°C, cells were stained with a viability dye (7-AAD),
and the numbers of viable gp160+ cells were measured by flow cytometry. The percentages
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of gp160+ cells killed were found as follows: 41% with 10-1074, 31% with 3BBNC117, and
60% with both of them (Supporting Information, Figure S3). Hence, a combination of
10-1074 and 3BNC117 was more potent than either alone in eliciting CAR-NK cell
cytotoxicity against subtypes B and C gp160+ cells. This result highlights the potentiality of
using universal CAR-NK cells supplemented with a cocktail of bNAbs to target diverse
gp160+ cells, which warrants further investigation.

Comparison of universal and conventional CAR-NK cells

The major advantage of the universal CAR-NK cells developed above is that they can be
coupled with various adaptor molecules to expand epitope coverage. However, it is unclear
whether the potency of universal CAR-NK cells is comparable to that of conventional
bNAb-based single-specificity CAR-NK cells. To address this question, we designed a
2G12-bhased anti-gp160 CAR (2G12 CAR) and generated CAR-NK cells using the same
approach as described above. We then compared the cytotoxicity of universal CAR-NK cells
(in combination with DNP-conjugated 2G12) and 2G12 CAR-NK cells against subtype B
gp160™* target cells. We found that at an E:T ratio of 25:1, the universal and the conventional
CAR-NK cells killed about 50% and 60% of gp160* cells, respectively (Figure 6). At the
5:1 and 1:1 E:T ratios, neither of them was effective. These results suggest that despite
having a greater epitope breadth, the universal CAR-NK cells are only slightly less potent
than the conventional single-specificity CAR-NK cells.

Killing of HIV-infected primary human CD4* T cells

Next, we examined whether universal CAR-NK cells could kill HIV-infected T cells. To this
end, human primary CD4+ T cells from healthy donors were stimulated with anti-CD3/
CD28 beads for two days and were infected with HIV-1 NL4-3 (a commonly used X4-tropic
subtype B HIV-1 virus) for 10 days. Infected CD4+ T cells were pre-stained with CellTrace
Far Red, incubated with 10 nM of DNP-conjugated bNAbs for 20 minutes, and then co-
cultured with anti-DNP CAR-NK cells at a 20:1 E:T ratio for 16 hours. Afterward, cells
were stained with Zombie Violet (a fixable viability dye), and live HIV-infected cells were
identified by intracellular staining for HIV-1 Gag. We observed an effective killing of HIV
Gag-expressing CD4* T cells by CAR-NK cells with various DNP-modified bNAbs as
compared with the no-antibody control (Figure 7). In particular, we found that PG9, PG16,
2G12, 10-1074, and 3BNC117 (which target membrane-distal epitopes) were more effective
than 10E8 (which targets a membrane-proximal epitope), similar to what we found with the
gp160+ cell line (Figure 4B).

Redirection of anti-DNP CAR-NK cells to target malignant B cells

HIV-infected patients have an approximately 60-200 fold higher risk of developing non-
Hodgkin’s lymphoma (NHL) when compared with the general population, presumably due
to their compromised immune system.*6 We speculated that the universal CAR-NK cell
could be used to eradicate HIV-associated lymphoma as well. As a proof of concept, we
conjugated DNP to the antibody FMC63 recognizing CD19, a biomarker overexpressed in
most B-cell malignancies. We then used the conjugate to redirect anti-DNP CAR-NK cells
against REH, a malignant B cell line. The flow cytometry-based cytotoxicity assay showed
that at an E:T ratio of 25:1, approximately 41% of REH cells remained alive after overnight
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incubation, that is, 59% of cells were killed by CAR-NK cells (Supporting Information,
Figure S4). Our universal DNP-directed CAR-NK cell platform hence provides a potential
solution to eradicate both infected and malignant cells.

The universal CAR-NK cell-mediated killing of gp160* cells is not due to ADCC

It should be noted that primary NK cells express CD16 (FcyRIII) to recognize antibodies
and kill antibody-coated cells using the mechanism of antibody-dependent cellular
cytotoxicity (ADCC). Since NK-92 cells do not express CD16,4": 48 the CAR-NK cell-
mediated killing of gp160* cells observed above is not due to ADCC. This notion is
consistent with our finding that DNP-conjugated PG9 can effectively activate anti-DNP
CAR-NK to target subtype B gp160* cells, but the unconjugated PG9 cannot (Supporting
Information, Figure S5).

Engineering anti-DNP CAR-T cells to target gp160* cells

Finally, we examined whether the same technique could be used to expand the specificity of
CAR-T cells. Primary human T cells were activated with anti-CD3/CD28 beads and
recombinant IL-2 for three days and then transduced with the lentiviral vector encoding anti-
DNP CAR. Flow cytometric analysis showed that about 36% of T cells expressed anti-DNP
CARs. CAR-T cells were first blocked with an anti-human CD4 antibody (clone: RPA-T4)
to prevent syncytia formation between CD4+ T cells and gp160+ cells,*9 and then co-
cultured with subtype B gp160* HEK293 cells at a 1:1 E:T ratio in the presence of 10 nM of
DNP-modified bNAbs or isotype control. After a 48-hour incubation at 37°C, cell viability
was assessed by flow cytometry. The result showed that DNP-conjugated 2G12 and 10-1074
enabled anti-DNP CAR-T cells to kill about 34% and 29% of gp160+ cells, respectively
(Supporting Information, Figure S6). It is thus clear that the technique described here applies
to both T cells and NK cells.

DISCUSSION

In this proof-of-concept study, we developed a novel approach that can potentially enable
CAR-NK cells to target and eradicate multiple variants of HI\-infected cells. Our strategy
involves generating an anti-DNP CAR-NK cell that can be redirected to target various
epitopes of HIV-1 gp160 using DNP-conjugated antibodies as adaptor molecules. We
showed that the universal CAR-NK cells could be redirected to recognize and kill both
subtypes B and C gp160™* cell lines and HIV-infected human primary T cells. Given that
numerous anti-gp160 antibodies with different specificities are readily available, this
approach can significantly expand the epitope coverage of anti-HIVV CAR-NK cells, thus
providing a promising strategy to overcome viral diversity.

Importantly, we find that bNAbs targeting membrane-distal regions of gp160 (including
V1/V2, V3, and CD4bs) have a much higher likelihood of activating universal CAR-NK
cells against gp160* cells than those targeting membrane-proximal epitopes located in the
gp41 MPER. Our results are in contrast to previous studies on anti-cancer CAR-T cells and
bispecific T cell engagers (BIiTE), which report that targeting membrane-proximal epitopes
confers more effective T-cell activation than targeting membrane-distal epitopes.>%-53 For
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example, CAR-T cells have been actively developed to target different regions of CD22, a B-
cell leukemia antigen containing seven extracellular immunoglobulin (Ig)-like domains
(numbered 1-7, from distal to proximal). James et al. reported that targeting the most distal
Ig domains 1 and 2 (by HD39-derived CAR) was less effective than targeting Ig domain 3
(by RFB4-derived CAR),>! and Haso et al. further found that the latter was less effective
than targeting the most proximal Ig domains 5-7 (by m971-derived CAR).53

The discrepancy between our findings and others may stem from the poor accessibility of
membrane-proximal epitopes in our study. These epitopes, located in the HIV-1 gp41
MPER, are incredibly close to the cell membrane, e.g., within 10 A for the 10E8 epitope
(Supporting Information, Figure S7). As such, they may become hardly accessible due to
local steric hindrance, consistent with our observation that there is little or no staining of
gp160* cells by 10E8 (Figures 4D and 5C). The membrane-proximal epitopes in previous
cancer studies are not nearly as proximal as HIV-1 MPER epitopes. For example, the m971
and RFB4 epitopes of CD22 are up to 114 A and 152-190 A from the cell membrane,
respectively. They are similar to—or even farther away than—the membrane-distal epitopes
of HIV-1 gp160, which are within 110 A from the cell membrane (Figure S7). There is thus
a significant variation in actual membrane proximity among different membrane-proximal
epitopes, which may explain the contradictory results from our study and previous studies.
Taken together, we speculate that there is an optimal distance between the epitope and the
cell membrane to activate CAR-T or CAR-NK cells. If the epitope is too membrane-distal, it
will allow the protein phosphatase CD45, which has a large extracellular domain, to diffuse
into the immunological synapse to inhibit lymphocyte signaling, as suggested by the kinetic
segregation model.>* However, if the epitope is too membrane-proximal, its accessibility
will deteriorate, countering the positive effects of CD45 exclusion on lymphocyte activation.
The optimal epitope distance may also be adjustable by using CARs with different hinge
lengths.>®

Another possible cause of the discrepancy is that many HIV-1 MPER-targeting bNAbs
preferably bind to the fusion-intermediate state over the pre-fusion conformation of
gp41.%6-58 |n this study, we expect that gp160 is in the pre-fusion state because it lacks
binding to its receptor CD4 and co-receptor CCR5 or CXCR4.5° This factor may have
contributed to the reduced binding efficacy between MPER-targeting bNAbs and gp160*
cells, which in turn weakens the cytotoxicity of CAR-NK cells.

While universal CAR-T cells mediated by biotin, fluorescein isothiocyanate (FITC), peptide
neoepitopes, and leucine zipper have previously been developed to target cancer,69-65 this
study is the first to engineer NK cells with a universal CAR and to apply it for targeting
HIV-1 epitopes. It is important to note that allogeneic T cells from healthy donors carry a
high risk of inducing GVHD due to the expression of highly diverse T cell receptors, while
allogeneic NK cells have little or no such risk. Therefore, the universal CAR-NK cell can
potentially be developed as an off-the-shelf cellular therapeutic for all patients.

Although our universal CAR-NK cell approach is somewhat similar to ADCC, it has several
important potential advantages. First, the universal CAR is more versatile because it is
compatible with all types of antibodies, including IgA which cannot effectively induce NK
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cell-mediated ADCC. Second, it is likely more specific and safer, because anti-DNP CAR-
NK cell-mediated killing is strictly dependent on DNP-conjugated antibodies and thus will
not be induced by serum antibodies. Third, the potency of universal CAR-NK cells can be
further enhanced by incorporating multiple signaling domains. Indeed, it was recently
reported that CARs containing the transmembrane and intracellular signaling domains of
NKG2D, 2B4, DAP10, and CD3( could enable NK cells to more effectively kill ovarian
cancer cells, as compared to a CAR containing the CD16 intracellular signaling domain.28
Finally, the universal CAR-NK cell approach and ADCC are not mutually exclusive because
the DNP-conjugated bNAbs can still recruit primary NK cells to respond to gp160* cells.

A potential limitation of the DNP-directed universal CAR-NK cell approach is that up to 1%
of naturally-generated antibodies in humans can recognize DNP,56: 67 which can compete
with the DNP-conjugated adaptor molecules in binding and stimulating anti-DNP CAR-NK
cells. This can potentially be addressed by designing higher-affinity anti-DNP CARs to
strengthen universal CAR-NK cell recognition of DNP-conjugated adaptor molecules. It is
also necessary to examine the potential toxicity of DNP-conjugated antibodies, which will
be investigated in animal studies in the future.

Future research will focus on the continued enhancement of the potency of the universal
CAR-NK cells. One promising approach is to use NK cell-specific signaling domains, such
as NKG2D, 2B4, and CD16, which have led to enhanced anti-cancer CAR-NK cells.28
Another approach is to optimize adaptor molecules, for example, by incorporating DNP into
anti-gp160 antibodies at an optimal site.58: 62 Future research should also validate the
optimal universal CAR-NK cells using human primary CD4* T cells infected with various
HIV-1 strains and humanized mouse models of HIV-1 infection.

CONCLUSION

In summary, our proof-of-concept study demonstrates that a single universal CAR-NK cell
can be redirected to target various epitopes of HIV-1 envelope glycoprotein gp160. Given
that numerous anti-gp160 antibodies are readily available, this modular approach can
significantly expand the epitope coverage of CAR-NK cells, making it possible to overcome
the extraordinary diversity and mutability of HIV-1. Recently, Herzig et al. reported the
development of a universal CAR-T cell platform, which is mediated by an orthogonal
receptor-ligand pair and demonstrates a greater breadth and control for attacking the latent
HIV reservoir.”® Their work thus robustly corroborates the feasibility of using a universal
CAR to target diverse HIV-1 variants. However, as noted in their paper, an important hurdle
of using universal CAR-T cells in the clinic is the high cost to isolate, expand, and transduce
autologous T cells from each patient, and a potential solution is to create allogeneic T cells
that do not induce GVHD, e.g., by disabling T cell receptors. Unlike T cells, allogeneic NK
cells have little or no risk of inducing GVHD. Therefore, an attractive potential of our
universal CAR-NK cell platform is that it can potentially be developed as a low-cost, off-
the-shelf cellular therapeutic for eradicating HIV infection in many patients.
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METHODS

Construction of the anti-DNP CAR lentiviral vector.—The human CD8 a signal
peptide was used to translocate the anti-DNP CAR to the cellular membrane. The gene
fragment consisting of the CD8 a signal peptide, HA-tag, and anti-DNP scFv was
synthesized by Integrated DNA Technologies (IDT, San Diego, CA). It was then amplified
by PCR using primers CD8 signal-BamH |I-F and a DNP-R. The gene fragment consisting of
the CD8 a chain hinge domain, the CD28 transmembrane domain, the CD28 intracellular
domain, and the CD3( intracellular domain was amplified from a parental lentiviral plasmid
pFUW-anti-CD19-CD28-CD3( encoding an anti-CD19 CAR (a gift from Prof. Pin Wang at
USC), using primers CD8 hinge-F and CD28-CD3(-£coR I-R. The two gene fragments
were linked together by overlap PCR, digested with BarmH | and EcoR 1, and ligated into the
pFUW linear vector. The ligation product was transformed into DH5a cells. Single colonies
grown on LB-agar plates containing 100 pg/ml ampicillin were picked and grown in the LB
liquid medium. The plasmid was purified, sequence verified, and then used to generate
lentiviral particles by calcium-phosphate transfection of HEK293T cells.

Generation of anti-DNP CAR-NK cells.—To generate the lentivirus, HEK293T cells
(~600,000 cells/mL) were plated in a 100 mm dish and transfected the next day with 13 ug
of the pFUW-aDNP CAR and 6 ug of lentiviral packaging plasmids (pVSVG, pRRE, and
pREV) using calcium phosphate transfection. After 4 hours of incubation at 37°C, the
supernatant was changed to fresh complete DMEM media with 10% FBS and antibiotics and
incubated at 37°C for lentivirus production. After three days of incubation, the lentivirus
supernatant was filtered using a 0.45 pm Supor membrane filter and concentrated ~10X
using an Amicron 100kDa MWCO concentrator. Anti-DNP CAR-NK cells were generated
by lentiviral transduction using the retronectin-based technique. Non-treated 24-well plates
were coated with 10pg/mL retronectin at room temperature for 2 hours. Plates were then
blocked using a 1X phosphate buffered saline (PBS) supplemented with 2% bovine serum
albumin (BSA) solution at room temperature for 30 minutes. After blocking, the plate was
washed two times using sterile 1X PBS before lentiviral transduction. To initiate the
transduction, about ~400,000 cells/mL of NK-92MI cells in RPMI complete culture medium
supplemented with 20% FBS were plated per well and mixed with an equal volume of CAR
lentivirus in the retronectin-coated plate. Then the plate was centrifuged at 1,200 g for 90
minutes followed by overnight incubation at 37°C. The next day, the transduced NK-92MI
cells were washed to remove the excess lentivirus and cultured in RPMI complete culture
medium with 20% FBS. After 48 hours, the transduction efficiency was verified by flow
cytometry using the LSRII (BD Biosciences, San Jose, CA). CAR-NK cells were enriched
two times using the MagniSort streptavidin positive selection beads. The 2G12 CAR-NK
cells were also generated using this method.

Generation of gp160-expressing cell lines.—HEK293 cells were transfected with the
plasmid pConBgp160-opt (for subtype B gp160) or pConCgp160-opt (for subtype C gp160)
(45 pg/each) and Lipofectamine 2000 (144 pL) in a 15 cm cell culture dish. After incubation
at 37°C for 6 hours, the excess Lipofectamine and plasmid were removed by media changes.
After an additional two-day incubation, G418 (400 pg/mL for Subtype B, 500 ug/mL for
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Subtype C) was added to the cell culture to select for cells expressing these genes. All cell
colonies after selection were collected. A small aliquot was stained with VRCO1 and PE-
conjugated secondary anti-human IgG polyclonal antibodies and analyzed by flow
cytometry to confirm gp160 expression. The rest of the cells were further purified by FACS
using a BD FACSAvria Il sorter. After further growth, cells were stained and analyzed by
flow cytometry using the LSRII flow cytometer (BD Biosciences, San Jose, CA) to further
verify the purity and the expression efficiency of gp160.

IFN-y production assays.—The gp160-expressing HEK293 cells were incubated with
DNP-conjugated bNAD or isotype control at the specified concentration(s) for 20 minutes at
room temperature. Next, antibody-treated gp160-expressing cells and DNP-CAR NK cells
were co-cultured at a 1:1 E:T ratio in a U-bottom 96-well plate (50,000 cells each per well,
in triplicate). Cells were incubated in an incubator maintained at 370C and with 5% CO?2.
After 4 hours of incubation, cells were centrifuged. Supernatant from each well (100 L)
was collected, and the concentration of IFN-y was analyzed using an ELISA kit (Thermo
Fisher Scientific) by following the manufacturer’s instructions.

Flow cytometry-based cytotoxicity assays.—The subtype B or C gp160-expressing
HEK?293 cells were labeled with CFSE (2.5 pM) in 1X PBS (supplemented with 2% FBS)
for 5 min at room temperature, and washed with RPMI 1640 complete medium
(supplemented with 10% FBS) for three times. The CFSE-labeled gp160-expressing cells
and the non-labeled gp160-negative cells (50,000/each) were mixed at a 1:1 ratio and then
incubated with one of the seven DNP-conjugated antibodies (VRCO01, 3BNC117, 2G12,
10-1074, PG9, 10ES8, and isotype control) at a concentration of 2 nM for 20 min at room
temperature. Then anti-DNP CAR-NK cells were added to the mixture of gp160-positive
and negative cells at either 1:1, 5:1, or 25:1 E:T ratios (with respect to DNP-CAR NK cells
and gp160* cells) in triplicate. After 8 hours of incubation at 37°C, cells were collected and
stained with APC-labeled human anti-HLA-A2 antibody for separating HEK293 cells
(HLA-A2*) from CAR-NK cells (HLA-A2") and aqua live/dead cell stain reagent. Cells
were analyzed by flow cytometry using the LSRII (BD Biosciences, San Jose, CA), and the
cytotoxic activity was assessed based on the number of remaining live gp160™ cells,
calculated using the FlowJo software (Ashland, OR).

Cytotoxicity assays against HIV-infected primary CD4+ T cells

Primary CD4+ T cells were purified from healthy PBMCs with CD4 microbeads (Miltenyi #
130-045-101) and stimulated with plate-bound anti-CD3 and soluble anti-CD28 antibodies
for 2 days. Then cells were infected with HIV-1 NL4-3 (500 ng of p24 per million cells) and
cultured in 5 ng/ml IL-2 (Peprotech human IL-2 #200-02-1MG) for 10 days. Infected CD4
cells were pre-stained with Celltrace Farred (ThermoFisher #C34564), incubated with or
without DNP-conjugated antibodies (10 nM) for 20 minutes, and then co-cultured with anti-
DNP CAR-NK cells at a 20:1 E:T ratio for 16 hours. For the negative control, infected CD4
T cells were cultured without anti-DNP CAR-NK cells. After 16 hours of co-incubation,
cells were stained with zombie violet fixable viability dye (Biolegend #423113), fixed, and
stained intracellularly using BD Cytofix/Cytoperm kit (BD #554714) for HIV core antigen
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(Clone KC57, Beckman Coulter, #6604667). Cells were analyzed by flow cytometry using a
MACSQuant analyzer 10 (Miltenyi) and flowjo (BD).

Generation of anti-DNP CAR-T cells

Cryopreserved human PBMCs (10 x 108 cells) were thawed, washed, and resuspended in 8
mL complete RPMI 1640 medium supplemented with 10% FBS, and then stimulated with
50 IU/mL of recombinant IL-2 and 75uL of Human T-Activator CD3/CD28 Dynabeads
(ThermoFisher #11131D) for three days. The stimulated PBMCs (1 x 108 cells) were
transferred to a non-treated 24-well plate precoated with retronectin (10 pg/mL). Anti-DNP
CAR lentiviral particles were generated by calcium phosphate transfection of HEK293T
cells and were subsequently concentrated using Lenti-X Concentrator solution (Takara
Biosciences #631232). Then the lentivirus supernatant was added to PBMCs, followed by
spinoculation with 100 1U/mL IL-2 at 1,200Xg for 90 minutes at room temperature. After
transduction, PBMCs were washed three times and then cultured for a week in complete
RPMI medium supplemented with 50 IU/mL IL-2 and Human T-Activator Dynabeads. CAR
expression was verified by flow cytometry, and CAR-T cells were used directly in the
cytotoxicity assay against gp160+ cells.

Safety Statement.—Lentivirus vectors were used in this study to engineer NK cells with
chimeric antigen receptors. These vectors are classified as level 2 biohazard material. HIV-1
NL4-3 was used to infect human CD4+ T cells. This virus is classified as a level 2+
biohazard material.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A schematic illustration of using a universal CAR-NK cell to target an HIV-infected cell.

The NK cell is engineered to express an anti-DNP CAR, which can be redirected by DNP-
labeled antibodies to target HIV-1 gp160 expressed on the infected-cell surface.
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Generation and characterization of anti-DNP CAR-NK cells. (A) Schematic representation
of the anti-DNP CAR construct. CD28TM: CD28 transmembrane domain. (B) Verification
of anti-DNP CAR expression on NK-92MI cells after lentiviral transduction and magnetic
cell sorting. CAR-NK cells were stained with an anti-HA-tag antibody and a PE-conjugated
secondary antibody and then analyzed by flow cytometry. (C) Verification of the DNP-
binding ability of CAR-NK cells by flow cytometry. Cells were stained with DNP-

conjugated PE.
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Figure 3.

Redirection of anti-DNP CAR-NK cells to target subtype B gp160-expressing cells by the
DNP-conjugated antibody 2G12. (A) Flow cytometry of the subtype B gp160-expressing
HEK?293 cell line. Expression of gp160 was verified by staining with the anti-gp160
antibody VRCO1, followed by a PE-conjugated anti-human IgG antibody. (B) SDS-PAGE of
the DNP-modified and unmodified antibody 2G12, followed by coomassie blue staining and
western blot analysis using a goat polyclonal anti-DNP antibody. (C) IFN-y production by
anti-DNP CAR-NK cells in response to gp160-positive or negative target cells, with or
without DNP-conjugated antibody 2G12 (10 nM). The concentrations of IFN-y in the
culture supernatant were determined by ELISA. Data are presented as the mean + SD of
triplicate samples. Statistical significance is calculated by two-way ANOVA and Tukey’s
post-hoc analysis. **** p<0.0001.
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Figure 4.
Epitope locations of anti-gp160 antibodies affect their abilities to redirect anti-DNP CAR-

NK cells against subtype B gp160* cells. (A) Illustration of the epitope locations of 12 anti-
gp160 antibodies tested in this study. The image was generated based on the structures of
HIV-1 BG505 SOSIP.664 Env trimer (PDB ID: 5T3Z) and MPER region (PDB ID: 6E8W).
42,43 (B) IFN-y production by anti-DNP CAR-NK cells against subtype B gp160-expressing
cells in the presence of different DNP-conjugated bNADbs (2 nM). IFN-y concentrations
were determined by ELISA. Data are presented as mean + SD. Statistical significance is
calculated by one-way ANOVA and Dunnett’s post-hoc test compared with the isotype
control. * p<0.05, ** p<0.01, **** p<0.0001. (C) Cytotoxicity of anti-DNP CAR-NK cells
against subtype B gp160™ cells at multiple E:T ratios and with different DNP-conjugated
bNADbs (2 nM). Cells were stained with a viability dye and analyzed by flow cytometry. The
percentage of cytotoxicity was calculated as [(A-B)/Ax100], in which A and B were the
numbers of viable gp160™ cells after the cell co-culture was incubated without and with the
addition of DNP-conjugated antibodies, respectively. Data are presented as the mean £ SD
of triplicate samples. Statistical significance is calculated by two-way ANOVA and Tukey’s
post-hoc analysis. * p<0.05,** p<0.01,**** p<0.0001 vs. the isotype control. # p<0.01
comparing 3BNC117 to VRCOL1 at the 25:1 E:T ratio. (D) Analysis of the binding potencies
of bNAbs against subtype B gp160™* cells. Cells were stained by bNAbs or the isotype
control at a series of three-fold dilutions (from 0.045 nM to 300 nM) followed by a PE-
conjugated anti-human IgG. The average fluorescence intensity per cell was measured by
flow cytometry. Data are presented as the mean + SD of triplicate samples. Nonlinear
regression is used to fit saturation binding curves.
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Figure5.
Targeting subtype C gp160* cells by universal CAR-NK cells. (A) IFN-y production by

anti-DNP CAR-NK cells against subtype C gp160* cells in the presence of DNP-conjugated
bNADs (2 nM). The concentrations of IFN-y were determined by ELISA. Data are presented
as the mean * SD of triplicate samples. Statistical significance is calculated by one-way
ANOVA and Dunnett’s post-hoc test compared with the isotype control. ns: not significant,
** p<0.01, **** p<0.0001. (B) Cytotoxicity of anti-DNP CAR-NK cells against subtype C
gp160* cells at multiple E:T ratios and with different DNP-conjugated bNAbs (2 nM). Data
are presented as the mean + SD of triplicate samples. Statistical significance is calculated by
two-way ANOVA and Tukey’s post-hoc analysis. * p<0.05, **** p<0.0001 vs. the isotype
control. ## p<0.001, ### p<0.0001 comparing % cytotoxicity of 10-1074 to VRCO1 and
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2G12, respectively, at the 25:1 E:T ratio. (C) Flow cytometric analysis of the binding
potency of each bNAb against subtype C gp160-expressing cells. Data are presented as the
mean + SD of triplicate samples.
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Figure 6.

Comparison of the universal and the conventional 2G12-based CAR-NK cells in killing
subtype B gp160-expressing cells. Cells were co-cultured eight hours at 1:1, 5:1, or 25:1 E:T
ratios. The cytotoxicity was determined based on the percentage of gp160-positive cells
killed by CAR-NK cells. Data are presented as the mean + SD of triplicate samples.
Statistical significance is calculated by two-way ANOVA and Tukey’s post-hoc analysis.
**xx n<(.0001 vs. non-transduced NK cells. # p<0.01 comparing the percentages of
cytotoxicity of 2G12-CAR-NK cells to that of DNP-CAR-NK cells at the 25:1 E:T ratio.
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Figure7.
Universal CAR-NK cells mediate an effective killing of HI\-infected CD4+ T cells. CAR-

NK cells and HIV-infected CD4+ T cells were co-cultured at a 20:1 E:T ratio with or
without DNP-modified bNAbs (10 nM). After overnight incubation, the cytotoxicity of
CAR-NK cells was assessed by flow cytometry. % Killing was calculated as [(A-B)/Ax100],
in which A and B were the percentages of live Gag-expressing CD4+ T cells without and
with the treatment of CAR-NK cells, respectively. Data are presented as the mean + SD of
duplicate samples. Statistical significance is calculated by a one-way ANOVA and Tukey’s
post-hoc analysis. * p<0.05, ** p<0.01, vs. the negative control in which no antibody was
added.
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