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Introduction
Chimeric antigen receptor–T cell (CAR T cell) therapy has revolutionized the immunotherapy landscape fol-
lowing the development and clinical successes of  4 FDA-approved CAR T cell therapies to treat refractory B 
cell malignancies (1–4). Recently, 2 people with HIV (PWH) were successfully treated for their diffuse large 
B cell lymphoma with anti-CD19 CAR T cell therapy, axicabtagene ciloluecel (Yescarta), derived from their 
autologous T cells. These studies demonstrate that highly functional autologous CAR T cell products from 
PWH can be generated and safely infused into PWH while on suppressive antiretroviral therapy (ART) to 
achieve complete cancer remission (5). These successes have reinvigorated previous efforts to translate CAR 
T cell technology into an arsenal of  anti-HIV therapeutics by utilizing potentially novel targeting strategies 
that focus on overcoming technical hurdles unique to HIV infection (6–16). While these strategies have been 
the major focus in developing anti-HIV CAR T cell therapy, the safety, efficacy, and feasibility of  these ther-
apeutic approaches remain critical factors to assess during preclinical development (17–20).

HIV-specific chimeric antigen receptor–T cell (CAR T cell) therapies are candidates to functionally 
cure HIV infection in people with HIV (PWH) by eliminating reactivated HIV-infected cells derived 
from latently infected cells within the HIV reservoir. Paramount to translating such therapeutic 
candidates successfully into the clinic will require anti-HIV CAR T cells to localize to lymphoid 
tissues in the body and eliminate reactivated HIV-infected cells such as CD4+ T cells and monocytes/
macrophages. Here we show that i.v. injected anti-HIV duoCAR T cells, generated using a clinical-
grade anti-HIV duoCAR lentiviral vector, localized to the site of active HIV infection in the spleen 
of humanized mice and eliminated HIV-infected PBMCs. CyTOF analysis of preinfusion duoCAR T 
cells revealed an early memory phenotype composed predominantly of CCR7+ stem cell–like/central 
memory T cells (TSCM/TCM) with expression of some effector-like molecules. In addition, we show 
that anti-HIV duoCAR T cells effectively sense and kill HIV-infected CD4+ T cells and monocytes/
macrophages. Furthermore, we demonstrate efficient genetic modification of T cells from PWH 
on suppressive ART into anti-HIV duoCAR T cells that subsequently kill autologous PBMCs 
superinfected with HIV. These studies support the safety and efficacy of anti-HIV duoCAR T cell 
therapy in our presently open phase I/IIa clinical trial (NCT04648046).
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Clinical trials of  first-generation HIV–specific CAR T cells utilizing the CD4 receptor extracellular 
region to target the HIV envelope (Env) glycoprotein demonstrated that, while they displayed long-
term persistence and safety in PWH, they had limited efficacy in controlling HIV (21–23). This was 
likely due to the reduced activity of  first-generation CAR T cells containing only a single anti-HIV 
targeting domain and TCR ζ signaling motif  (Signal 1) and no costimulatory domain (Signal 2), while 
displaying increased susceptibility to HIV infection due to their overexpression of  human CD4 and the 
HIV coreceptor CCR5 (24). Improved second-generation multitargeting CAR T cells were developed 
that expressed 1 or more CARs in a single cell engineered with multiple HIV Env–targeting domains 
combined with additional costimulatory signaling motifs (6, 24). Multitargeting CAR approaches rec-
ognize highly conserved sites on the HIV-1 Env spike glycoprotein to prevent immune escape while 
augmenting resistance of  CAR T cells to HIV infection (6, 24). These new approaches amplify the cyto-
toxic capacity of  HIV-specific CAR T cells to target and kill HIV-infected cells while simultaneously  
protecting the CAR T cells from HIV infection.

Targeting the latent HIV reservoir is paramount for an HIV cure. The latent reservoir is largely com-
posed of  memory CD4+ T cells and persists, in part, due to clonal expansion of  cells harboring intact 
provirus and continued infection by low levels of  virus, despite effective ART (25, 26). Cells of  myeloid 
origin, including monocytes, also contribute to reservoir persistence, as they are resistant to cytotoxic 
killing, can migrate to distal tissue sites largely inaccessible to CD8+ T cells, and can differentiate into 
long-lived macrophages with self-renewing capacity that may contribute to viral reseeding after ART 
interruption (27–32). Targeting and eliminating these cell populations during latency or their reactiva-
tion is important for developing functional HIV cure strategies.

We previously described a unique bicistronic HIV-1–based lentiviral vector (LV) encoding 2 distinct anti-
HIV CAR molecules (D13 = mD1.22-CAR + m36.4-CAR), termed duoCAR (Figure 1A), targeting 2 highly 
conserved HIV-1 gp120 Env glycoprotein epitopes involved in CD4 (mD1.22-CAR) and coreceptor binding 
(m36.4-CAR) (6). Transduction of  T cells with the D13 LV primary conferred T cells with exceptional anti-
HIV targeting breadth and potency that enabled them to eliminate HIV-infected cells in humanized mice (6). 
Here, we extend these studies by developing a D13 duoCAR LV optimized for clinical translation, and we 
demonstrate its ability to generate anti-HIV duoCAR T cells that display potent in vitro killing of  HIV-infect-
ed monocytes and CD4+ T cells and the in vivo capacity — after i.v. injection — to migrate to the active site 
of  HIV infection in the spleens of  humanized mice and potently suppress HIV infection.

Results
MND-ΔW duoCAR T cells maintain their breadth and potent anti-HIV killing efficacy in vitro. To increase the 
safety of  anti-HIV duoCAR T cells for use in clinical trials, we removed the woodchuck posttranscription-
al regulatory element (W = WPRE) from the original murine stem cell virus–regulated (MSCV-regulated) 
D13 LV (MSCV+W) used to generate D13 duoCAR T cells because it contained an intact Protein X open 
reading frame of  unknown function (Figure 1B). We compared the activity of  this WPRE– MSCV-reg-
ulated duoCAR LV (MSCV-ΔW) to that of  a WPRE– duoCAR LV that used a virus-derived and modi-
fied MND (short for, myeloproliferative sarcoma virus enhancer, negative-control region deleted dl587rev 
primer binding site substituted) promoter in lieu of  the MSCV promoter (MND-ΔW; Figure 1B). The 
MND promoter is resistant to transcriptional silencing (33) and drives robust expression of  therapeutic 
genes in hematopoietic-derived cells (34, 35). We evaluated the expression of  the 2 distinct anti-HIV CAR 
molecules, mD1.22-CAR and m36.4-CAR, after transduction of  primary human T cells with these duo-
CAR LV constructs. Expression of  the mD1.22-CAR comprising a modified CD4 D1 domain enabled 
us to gate on CD8– (surrogate for CD4+ T cells) and CD8+ T cells to quantify duoCAR expression on 
CD4+ and CD8+ T cells, respectively. Overall, LV titers (Figure 1B) and transduction efficiency were sim-
ilar among the 3 anti-HIV duoCAR LV constructs (Supplemental Figure 1; supplemental material avail-
able online with this article; https://doi.org/10.1172/jci.insight.161698DS1). The FDA-recommended 
threshold of  < 5 vector copy number (VCN)/transduced cell was achieved using the MND-ΔW duoCAR 
LV and high CAR transduction efficiency in MND-ΔW duoCAR T cells (Supplemental Figure 2).

We evaluated the capacity of  anti-HIV duoCAR T cells generated after transduction with the 
MSCV+W, MSCV-ΔW, or MND-ΔW LV to eliminate HIV-infected cells using our previously described in 
vitro CAR T cell killing assay (6). Briefly, we quantitated the reduction in magnitude of  the HIV infection 
after anti-HIV duoCAR T cells were challenged with donor-matched peripheral blood mononuclear cells 
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Figure 1. Optimization of anti-HIV duoCAR T cells for clinical translation. (A) Illustration of the anti-HIV duoCAR T cell (Created with BioRender.
com). (B) Schematic of the anti-HIV duoCAR LV constructs evaluated in preclinical studies. MSCV+W is the original anti-HIV duoCAR D13 vector, which 
contains the MSCV promoter and WPRE. The MSCV+W duoCAR vector was modified for clinical use by excising WPRE (MSCV-ΔW) followed by replace-
ment of the MSCV promoter with the MND promoter (MND-ΔW). A vector identification (ID) tag is engineered upstream of the 3′SIN/LTR for qPCR 
detection of vector-marked cells. LV titers are indicated to the right of each duoCAR vector in transducing units per mL (TU/mL). (C–E) In vitro killing 
efficacy of MSCV+W, MSCV-ΔW, and MND-ΔW duoCAR T cells against autologous PBMCs infected with an HIV-LucR IMC expressing the 396-R1_F6_20 
(Clade A), CH077 (Clade B), or Du151.2 (Clade C) HIV-1 Env glycoprotein. Magnitude of HIV-1 infection 7 days after challenge quantified via Renilla lucif-
erase (LucR) activity (y axis; RLU, relative light units). Data are shown as mean ± SEM of 2 donors tested in triplicate. Statistical analysis performed 
by 1-way ANOVA followed by Tukey’s multiple-comparison post hoc test. (F) Long-term killing efficacy of duoCAR T cells after repeated challenge with 
Env+ GFP+ target cells. DuoCAR T cells were challenged with fresh Env+ GFP+ target cells (E:T ratio = 0.3:1) on Day 0* and subsequently on Day 7* (2nd 
challenge) and Day 13* (3rd challenge). Asterisks in y axis labels indicate date of challenge. Magnitude of duoCAR-mediated killing expressed as per-
cent remaining Env+GFP+ target cells in the cocultures (y axis). Data are shown as mean ± SEM (n = 3 donors). Statistical analysis performed by 2-way 
ANOVA followed by Dunnett’s multiple-comparison post hoc test. ****P < 0.0001, ***P < 0.001, **P < 0.01, and *P < 0.05.
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(PBMCs) infected with an infectious molecular clone (IMC) of  HIV that expresses a Renilla luciferase 
reporter and the HIV-1 Env glycoprotein from either Clade A (isolate 396-F1_F6_20), B (isolate CH077), 
or C (isolate Du151.2) HIV-1 strains (hereafter referred to as HIV-LucR; ref. 36). HIV-LucR IMC effi-
ciently replicate in PBMCs (MOI = 0.0025) and display in vitro replication kinetics similar to their respec-
tive nonreporter parental virus when infected at higher MOIs (36). The HIV-1 Env sequences encoded by 
these HIV-LucR IMCs cover a wide range of  the worldwide genetic HIV-1 Env diversity. Anti-HIV duo-
CAR T cells almost completely suppressed in vitro cellular HIV-1 infection propagated by donor-matched 
human PBMCs infected with an HIV-LucR IMC (MOI = 1) expressing a Clade A Env (Figure 1C), a 
Clade B Env (Figure 1D), or a Clade C Env (Figure 1E) glycoprotein.

Next, we compared the impact of  the MSCV and MND promoters used to drive duoCAR expression 
on the long-term in vitro cytotoxicity of  anti-HIV duoCAR T cells. Previous studies using CD19-targeted 
CAR T cells have shown that optimal CAR expression, which may be influenced by the gene promoter, 
plays an important role in sustained CAR T cell function (37). We challenged the anti-HIV duoCAR T 
cells 3 times at weekly intervals with HEK293T cells that coexpress the HIV-1 Env glycoprotein and GFP 
(Env+GFP+), a surrogate for HIV-infected cells, to determine their ability to persist and durably elimi-
nate Env+GFP+ target cells. The anti-HIV duoCAR T cells displayed a significant and durable ability to 
eliminate the Env+GFP+ target cells (>90% killing activity observed on day 7 [D7], D13, and D17) after 
repeated challenge during the 17-day coculture period (Figure 1F; gating strategy shown in Supplemental 
Figure 3). We postulate that loss of  Env expression by the Env+GFP+ target cell population over time in 
the absence of  antibiotic selection may prevent total elimination of  these target cells during long-term 
coculture. Overall, the duoCAR T cells generated by the MND-ΔW duoCAR vector displayed high CAR 
expression with lower VCNs than duoCAR T cells generated by the MSCV-ΔW duoCAR vector and 
maintained potent anti-HIV killing activity. Based on these data, the MND-ΔW duoCAR vector was 
selected for further evaluation in a humanized mouse model of  intrasplenic HIV-1 infection.

Therapeutic efficacy of  i.v. injected duoCAR T cells in humanized mice with intrasplenic HIV infection. We pre-
viously evaluated the in vivo anti-HIV efficacy of  research-scale CAR T cells in a PBMC-humanized NOD.
Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mouse model of  intrasplenic HIV-1 infection (hu-spl-PBMC-NSG) by intra-
splenically coinjecting CAR T cells with HIV-1 spinoculated PBMCs (1 × 107), followed by quantitation 
of  HIV infection within the PBMCs of  the spleen 7 or 30 days later (6). Effective treatment of  PWH will 
require migration of  i.v. injected CAR T cells to lymphoid and other tissues harboring HIV-infected cells. 
Therefore, we examined whether i.v. injected vector-optimized anti-HIV duoCAR T cells, manufactured 
using an automated closed-system device (CliniMACS Prodigy) and clinical trial protocol, could migrate 
to the mouse spleen in the hu-spl-PBMC-NSG mice and eliminate HIV-infected PBMCs.

Anti-HIV duoCAR T cells (2 × 106 total T cells) were i.v. injected into the tail veins of  mice following 
intrasplenic injection of  syngeneic HIV-LucR spinoculated PBMCs (1 × 107 cells) (Figure 2A). Preinfusion 
duoCAR T cells were enriched for early memory T cells expressing phenotypic markers associated with 
stem cell memory–like (TSCM; defined as CD45RA+CCR7+CD95+; refs. 38, 39) and central memory (TCM; 
defined as CD45RA–CCR7+) T cells (Figure 2B; gating strategy shown in Supplemental Figure 4). Mice 
were sacrificed at a single time point (D17 or D18) and analysis of  the mouse spleens demonstrated that 
i.v. treatment with MND-ΔW duoCAR T cells markedly reduced the magnitude of  HIV-1 infection in the 
mice (>97%) as compared with the spleens of  untreated mice or mice treated i.v. with untransduced (UTD) 
control T cells (Figure 2C, P < 0.05). The spleens from 5 of  6 untreated mice (HIV+ PBMC cohort) and 4 
of  6 UTD T cell–treated mice displayed high levels of  cell-associated total HIV-1 DNA (averaging ~ 1 × 106 
and 1 × 105 copies, respectively) (Figure 2D). Four of  5 mice treated with MND-ΔW duoCAR T cells dis-
played potent suppression of  HIV-1 infection and undetectable levels of  cell-associated total HIV-1 DNA 
in their spleens (Figure 2D). We postulate that the single mouse with nearly undetectable viral loads, but 
concomitant detectable total HIV DNA, may represent detection of  replication-defective HIV by the total 
HIV DNA quantitative PCR (qPCR) assay. In this case, those cells containing replication-defective HIV 
may not express sufficient levels of  surface Env for CAR-mediated killing.

All of  the anti-HIV duoCAR T cell–treated mice survived the duration of  the study (17-18 days) and did 
not display significant body weight changes or atypical behavior. The engraftment and persistence of  circu-
lating MND-ΔW duoCAR T cells in mouse blood and organs after i.v. injection was assessed at the study 
end point (D17 and D18) using a highly sensitive qPCR assay capable of  detecting 1 copy/μL/reaction.  
MND-ΔW duoCAR T cells engrafted and persisted in the peripheral blood of  all the HIV-infected  
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mice evaluated 17–18 days after infection (Figure 2E); this also occurred in the spleen (site of  HIV infec-
tion), lung, and liver tissues but not in the mouse brain, heart, or gut intestinal tissues (Figure 2F). Based 
on the preclinical data, the MND-ΔW duoCAR vector was selected as the final clinical candidate to gen-
erate anti-HIV duoCAR T cell products for further evaluation in preparation for our clinical trial.

Figure 2. In vivo localization and potent anti-HIV efficacy of i.v.-administered anti-HIV duoCAR T cell therapy in humanized HIV-infected mice. (A) 
Illustration of the hu-spl-PBMC-NSG model of HIV-1 infection. The safety and efficacy of i.v.-administered anti-HIV duoCAR T cell therapy were evaluated 
in PBMC-humanized NSG mice after 17–18 days of intrasplenic HIV-1 infection. (B) T cell memory phenotype of the preinfusion anti-HIV duoCAR T cell 
product manufactured on the CliniMACS Prodigy device (n = 2 donors). TSCM (CD45RA+CCR7+) and TCM (CD45RA–CCR7+) cell populations were determined by 
flow cytometry. TSCM were delineated from TN (naive T cells [CD45RA+CCR7+CD95-]) cells by the presence of CD95+ on CD45RA+CCR7+ cells (gating strategy 
shown in Supplemental Figure 4). (C) Quantification of HIV-1 viral load via Renilla luciferase (LucR) activity in the spleens of humanized mice after 17–18 
days of HIV-1 infection. (D) Quantification of cell-associated total HIV-1 DNA in the spleens of humanized mice after 17–18 days of HIV-1 infection. Results 
are expressed as HIV-1 Gag DNA copies per 1 million β-actin copies. ND, not detected. One of the mice in the MND-ΔW duoCAR T cell–treated group had 
insufficient cells for HIV DNA analysis; therefore, only 5 samples were evaluated for this group. (E and F) Persistence and biodistribution profile of intra-
venously administered anti-HIV duoCAR T cells in the blood and major organs of humanized mice after 17–18 days of HIV-1 infection. Data are expressed 
as CAR DNA copies per 1 million polypyrimidine tract binding protein 2 (PTBP2) copies. Data are shown as mean ± SD of samples tested (n = 5–9 mice). 
Statistical analysis was performed by 1-way ANOVA followed by Dunnett’s multiple-comparison post hoc test. *P < 0.05.
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Successful manufacture of  TSCM/TCM enriched anti-HIV duoCAR T cells from PWH. CAR T cell products with 
a TSCM or TCM phenotype are highly desirable, given their propensity for memory formation, self-renewal, 
persistence, lower potential to induce cytokine release syndrome (CRS), and improved therapeutic efficacy 
(40). While the central memory bias of  ex vivo–expanded T cells is well documented for cancer-specific 
CAR T cell products (40–43), very little is known about the central memory phenotype of  ex vivo expanded 
anti-HIV CAR T cells from PWH. Such a product can be generated by a cell manufacturing process that 
is 8 days in duration, shorter than the typical 12- to 14-day process (44). Previously, we have validated 
a GMP-compliant, 8-day manufacturing process using an automated closed-system device (CliniMACS 
Prodigy) for our anti-CD19 CAR T cell clinical trials (42). In preparation for our anti-HIV duoCAR clin-
ical trial, we adopted a modified version of  the 8-day manufacturing process, which did not use human 
AB serum or antiretroviral (ARV) drugs to generate anti-HIV duoCAR T cells. We validated the modified 
process at the manufacturing site that will be used for the clinical trial using apheresis material from ART- 
suppressed PWH donors transduced with the anti-HIV duoCAR LV (1.03 × 1010 TU/mL) selected for 
clinical trials (MND-ΔW) generated under GMP conditions. Table 1 shows the performance charac-
teristics of  the 8-day CAR T cell manufacturing process, which is free of  ARV drugs, used to generate 
anti-HIV duoCAR T cell products from the T cells of  2 ART-suppressed PWH. The 2 PWH donors 
used in the manufacturing and phenotyping studies were from the UCSF cohort. Overall, duoCAR T 
cell products exhibited high T cell purity (>98%), viability (>86%), and CAR transduction efficiency 
in total CD3+ T cells (median, 55.58%), CD4+ and CD8+ T cell subsets (median, 45.46% and 12.22%, 
respectively), and duoCAR+ CD8+ T cells (median, 33.29%). The frequency of  CD4+ T cells was ~3-fold 
higher than CD8+ T cells (median, 77.66% and 22.01%, respectively) in the final products, indicating no 
impact of  HIV infection on CD4+ T cells despite using an ARV-free manufacturing process. The product 
passed all release criteria, and we generated 600–800 million CAR+ T cells with a total cell expansion 
capacity of  > 12-fold (>1 × 109 total cells). VCN was below the FDA-recommended 5 copies per trans-
duced cell for both donor products (2.27 and 3.29 VCN per transduced cell for Donor 1 and Donor 2, 
respectively). We note that it is not unusual that the lower CAR transduction rate on the T cell’s sur-
face (50% as measured by the less sensitive flow cytometry method) may be the result of  transduction of  
multiple copies of  vector DNA per transduced cell (as measured by the more sensitive qPCR method) 
and/or due to transcriptional or posttranscriptional silencing of  a subset of  integrated vector transgenes. 
Using VCN reference standards developed by our group (45), we have validated the ability of  the VCN 
qPCR assay to accurately and reproducibly quantify 1, 2, 3, or 4 vector copies in the genome/cell that 
is within the range of  the VCNs observed in our duoCAR T cell products. Notably, we did not detect 
reactivation of  HIV in the duoCAR T cell products manufactured without ARV drugs, as assessed by 
cell-associated total HIV DNA, HIV-1 p24 antigen, and replication competent lentivirus (RCL) biological 
(cell-culture) assays. Last, we found no evidence of  transgene mobilization, which would be unlikely to 
occur since we used a self-inactivating–based (SIN-based) duoCAR LV. These results demonstrate that  
clinical-grade anti-HIV duoCAR T cells products can be safely manufactured from the T cells of  PWH 
using an 8-day ARV drug- and serum-free process.

We characterized the differentiation state of  clinical-scale duoCAR T cell products from PWH using 
mass cytometry by TOF (CyTOF) using a metal-conjugated antibody directed against the m36.4-CAR, which 
reliably detected duoCAR-T+ cells (Figure 3A) at similar frequencies compared with flow cytometry using 
a fluorophore-conjugated antibody (Table 1). Anti-HIV duoCAR T cell products were manufactured from 
HIV– and ART-suppressed PWH (HIV+) donor apheresis material using an equivalent manufacturing process 
and GMP-grade critical reagents (e.g., TransAct reagent, IL-2 cytokine, and LV duoCAR) used to manufac-
ture duoCAR T cells on the CliniMACS Prodigy. Among the 5 donors tested (n = 3, HIV–; n = 2, HIV+), 
we confirmed that anti-HIV duoCAR T cells were predominately enriched for CCR7+ TSCM and TCM cells 
(Figure 3B), which is an important chemokine receptor involved in directing T cells to migrate into secondary 
lymphoid organs (e.g., lymph nodes and spleen). DuoCAR+ T cells generated from uninfected individuals 
or PWH expressed high levels of  T cell memory markers (CD27, CD28, and CD127; Figure 3C), markers 
of  T cell proliferation (Ki-67) and activation (particularly CD25 and ICOS — and, to some extent, HLA-
DR and CD38; Figure 3C). The duoCAR T cells derived from HIV– individuals had a higher frequency of  
TCF-1+ cells, a marker of  T cell stemness (46), and lower HLA-DR expression compared with PWH-derived 
duoCAR T cells (TCF-1: median 72% versus 34.5%; HLA-DR: median 5% versus 25.5%; Figure 3C). The 
difference in TCF-1 and HLA-DR expression observed in the duoCAR T cell products is consistent with 
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our previous findings of  HIV-specific and bulk CD8+ T cells from ART-suppressed PWH (47). Of note, 2 
coinhibitory receptors (PD-1 and TIGIT) and Tox, a transcription factor associated with exhaustion, were not 
substantially elevated in D8 products relative to D0 TEM subset cells (Figure 3C). Cytolytic effector proteins 
(Granzyme A and B), as well as transcription factors (T-bet and Eomesodermin), involved in T cell effector 
differentiation were also expressed in the duoCAR T cell products (Figure 3C), with a slightly higher level of  
Granzyme B expression found in the non-TSCM/TCM (i.e., CCR7–) subset of  duoCAR-T+ cells (Figure 3D). 
These results show that clinical-grade PWH-derived anti-HIV duoCAR T cell products are predominately 
composed of  TSCM/TCM cells with some markers of  effector differentiation, a preferred phenotype that sug-
gests that duoCAR T cells would traffic to lymphoid tissues, display long-term persistence in the body, and 
immediately exert effector function upon sensing HIV Env on the surface of  productively HIV-infected cells.

Anti-HIV duoCAR T cells kill HIV-infected monocytes in vitro. In addition to HIV-infected memory  
CD4+ T cells, HIV-infected monocytes/macrophages represent a component of  the HIV reservoir in 
ART-suppressed PWH that persist due to their resistance to killing by cytotoxic lymphocytes (CTLs) 
(48) and are capable of  producing HIV to mediate viral rebound after ART interruption (28). There-
fore, we examined the capacity of  MND-ΔW duoCAR T cells to kill HIV-infected monocytes as com-
pared with HIV-infected PBMCs and CD4+ T cells. PBMCs isolated from HIV-1 seronegative donors, 
and monocytes and CD4+ T cells purified from these PBMCs, were infected with an HIV-LucR IMC 
expressing an Env glycoprotein derived from the BaL HIV-1 isolate (Group M, Clade) (1 × 106 IU/mL).  

Table 1. Quality and safety attributes of clinical-grade anti-HIV duoCAR T cell products derived from PWH

Parameter Specification Donor 1 Donor 2
Donor ID Report HIVCARv1 (ID: 2286) HIVCARv2 (ID: 2529)
HIV status Report HIV-1 seropositive HIV-1 seropositive

ART regimen Report Rilpivrine/tenofovir  
alafenamide/emtricitabine Abacavir/dolutegravir/lamivudine

Sterility
Sterility 
(14-day culture) No growth at 14 days No growth No growth

Mycoplasma 
(qPCR) Negative Negative Negative

Endotoxin 
(LAL) <5.0 EU/kg/hr <2.31 EU/kg/hr <2.61 EU/kg/hr

Purity and identity
Viability (7-AAD) ≥70% 87.20% 86.41%
T cell purity ≥70% 98.20% 98.73%
% CD4+ T cells Report 73.88% 81.43%
% CD8+ T cells Report 25.53% 18.49%
% CAR+ CD3+ ≥10% 51.32% 59.83%
% CAR+ CD4+ Report 38.77% 52.15%
% CAR+ CD8+ Report 12.79% 11.64%
% DuoCAR+ CD8+ Report 33.55% 33.02%
Potency (CAR+ cells) Report 6.42 × 108 CAR+ T cells 7.96 × 108 CAR+ T cells

Safety

VCN (qPCR) <5 Copies per transduced cell 2.27 Copies per 
transduced cell 3.29 Copies per transduced cell

Vector transgene  
mobilization (qPCR)

Not detectedA or 
decline in copy no. Not detected Not detected

RCL (VSV-G DNA qPCR) Not detectedA or 
decline in copy no. Not detected Not detected

RCL (culture assay) No evidence of RCL No evidence of RCL No evidence of RCL
Total HIV-1 DNA 
(qPCR)

Not detectedA or 
decline in copy no. Not detected <1 Not detected <1

HIV-1 p24 antigen 
(ELISA) Decline in p24 antigen Decline in p24 antigen Decline in p24 antigen

AResults on day 8 of the ex vivo manufacturing period. VCN, vector copy number; RCL, replication competent lentivirus; VSV-G, vesicular stomatitis 
virus glycoprotein.
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After 3 days of  culture to establish infection, the HIV-infected PBMCs, CD4+ T cells, or monocytes (1 × 105 
cells/well) were either left untreated or treated with added autologous UTD T cells or anti-HIV duoCAR 
effector T cells (effector/target [E:T] ratio of  1:1). Three days later, HIV infection was quantified by LucR 
activity in the cell lysates. As shown in Figure 4, the anti-HIV duoCAR T cells potently suppressed HIV 
infection in HIV-infected monocytes by 85.3% (Figure 4A), PBMCs by 91.5% (Figure 4B), and CD4+ T cells 
by 92.6% (Figure 4C), as compared with treatment with UTD control T cells. Furthermore, duoCAR T cells 
exerted a robust killing effect against HIV-infected monocytes across a wide range of  E:T ratios tested (1:1 to 
1:100), comparable with that of  HIV-infected PBMCs and CD4+ T cells. At the lowest 1:100 E:T ratio, duo-
CAR T cells were still able to recognize and kill nearly 50% of  HIV-infected monocytes in the coculture and 
killed > 70% of  PBMCs and CD4+ T cells, albeit significantly better than monocytes (Figure 4D, P = 0.0082, 
PBMCs; P = 0.0277, CD4+ T cells). This result demonstrates the sensitive recognition and robust killing of  
HIV-infected monocytes, a component of  the HIV reservoir, by anti-HIV duoCAR T cells.

Anti-HIV duoCAR T cells generated from PWH demonstrate potent effector function. Despite effective control 
of  HIV replication in ART-treated PWH, the chronic activation and inflammation induced by HIV infec-
tion compromises the function of  CD8+ T cells — particularly their cytotoxic capacity (49). Consequently, 
CAR T cells derived from PWH may display compromised cytotoxic activity, limiting their capacity to 
control HIV replication in vivo after infusion into PWH. Therefore, we investigated the anti-HIV activity 
of  MND-ΔW duoCAR T cells generated from the T cells of  5 ART-suppressed PWH, including 1 long-
term nonprogressor (LTNP) (donor HGLK047) whose clinical and laboratory details are listed in Table 2, 
which are different PWH donors from the 2 used in Table 1. As shown in Supplemental Table 1 (donors 
characteristics shown in Table 2), anti-HIV duoCAR T cell products generated at research scale from the 
5 PWH donors demonstrated high T cell purity (>98% CD3+ T cells), viability (>90% viable T cells), 
and transduction efficiencies of  > 50% for LV-modified CD4+ T cells (range, 53%–75%) and > 30% for 
LV-modified CD8+ T cells (range, 30%–66%) with less than 5 vector copies per cell.

The functional activity of  PWH-derived anti-HIV duoCAR T cells was evaluated utilizing a modi-
fied version of  our in vitro CAR T cell killing assay against HIV-infected PBMCs. The low frequency of  
HIV-infected PBMCs in virus-suppressed PWH on long-term suppressive ART required us to superinfect 
the PBMCs with an HIV-LucR IMC to determine the ability of  anti-HIV duoCAR T cells to suppress 

Figure 3. CyTOF analysis of preinfusion anti-HIV duoCAR T cell products reveals a TCM/TSCM phenotype primed for lymphoid tissue homing and effector 
function. (A) Gating strategy to identify D8 anti-HIV duoCAR T cells (% CAR+ of total CD3+ T cells) by mass cytometry staining. (B) Frequency of summed 
TSCM + TCM phenotype (CCR7+) duoCAR T cells at D8 among HIV seronegative (HIV–, CAR+_1, CAR+_2, CAR+_3; n = 3) and seropositive donors (HIV+, CAR+_4, 
CAR+_5; n = 2). (C) Heatmap showing the phenotype (scaled by % marker+) of D8 duoCAR T cells from the same HIV– or HIV+ donors compared with 
untransduced (D0) T cell subsets from an HIV– donor. (D) Expression of Granzyme B in D0 T cell subsets compared with CCR7+ or CCR7– subsets from D8 
CAR+ product. TSCM, stem cell memory; TCM, central memory; TEM, effector memory.
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HIV infection in autologous PBMCs from PWH. CD8+ T cell–depleted PBMCs from these donors were 
superinfected with a HIV-LucR IMC expressing the BaL Env and cocultured with autologous MND-ΔW 
duoCAR T cells either immediately following the initiation of  HIV-LucR infection (Figure 5A, acute 
infection) or 3 days later, after HIV-LucR infection had been established (Figure 5B, established infec-
tion). As compared with HIV-infected PBMCs treated with UTD control T cells, the addition of  anti-
HIV duoCAR T cells almost completely suppressed acute HIV-infection in all 5 donors and established 
infection in 4 of  the 5 donors, with 1 donor exhibiting less-potent HIV suppression (HGLK047) (Figure 
5, A and B). Taken together, our data demonstrate that T cells from PWH can be used to safely generate 
anti-HIV duoCAR T cell products that have potent anti-HIV activity and are capable of  eliminating 
autologous HIV-infected cells superinfected with HIV.

Figure 4. Anti-HIV duoCAR T cells recognize and potently kill HIV-infected monocytes. (A–C) Purified and matured monocytes (A), PBMCs (B), or 
CD4+ T cells (C) from the same donor were infected with HIVBaL-LucR virus for 2 days (monocytes) or 3 days (PBMCs and CD4+ T cells). HIV-infected 
cells were either untreated (infected) or treated with donor-matched untransduced (UTD) T cells or MND-ΔW duoCAR T cells (duoCAR) at an E:T 
ratio of 1:1 for an additional 3 days. Uninfected cells were used as negative controls in the assay. The magnitude of HIV-1 infection was quantified 
3 days after infection by measuring Renilla luciferase activity and was expressed as relative light units (RLU). Data are shown as mean ± SEM. 
The percent HIV-1 suppression is shown above the bar graph for MND-ΔW duoCAR T cells and was calculated relative to infected cells either left 
untreated or treated with UTD control T cells. The study shown is from 6 independent experiments with cells from 6 different HIV-1 seronegative 
donors. Statistical analysis was performed by unpaired Student’s t test. Significance is considered P < 0.05. (D) Sensitivity of anti-HIV duoCAR T 
cell killing against monocytes, PBMCs, and CD4+ T cells. Percent killing of HIV-infected cells was calculated relative to UTD control T cells. Data are 
shown as mean ± SEM. Data show n = 4 HIV seronegative donors for all E:T ratios except 1:100, for which data show n = 3. Statistical analysis was 
performed by 2-way ANOVA followed by Tukey’s multiple comparison post hoc test.
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Discussion
The persistence of  the HIV reservoir despite suppressive ART is a major obstacle to achieving an HIV cure 
in PWH. Achievement of  a functional cure in the absence of  ART would require PWH to have circulating 
immune effector cells resistant to HIV infection that can rapidly eliminate HIV-infected cells emerging 
from latency in anatomical sites known to harbor the HIV reservoir. Such a therapy would thereby pre-
vent local spread and the subsequent reintroduction and dissemination of  systemic HIV infection. In the 
current study, we focused on preclinical studies to advance our potent anti-HIV duoCAR T cell therapy, 
which also displays resistance to HIV infection, into clinical trials to determine their capacity to provide 
a sustained immune response enabling a functional cure for HIV. We created an anti-HIV duoCAR T 
cell product for clinical translation by removing the WPRE element from the duoCAR LV to increase its 
safety, and we utilized the MND promoter, which is less prone to transcriptional silencing (MND-ΔW 
duoCAR) than the MSCV promoter to control CAR transgene expression. We demonstrated that the 
MND-ΔW duoCAR T cells potently eliminated HIV-infected CD4+ T cells and monocytes/macrophages. 
Furthermore, we showed that i.v. injected MND-ΔW duoCAR T cells migrated to the active site of  HIV 
infection in the spleens of  humanized mice and potently suppressed virus replication. Finally, we estab-
lished that the MND-ΔW duoCAR LV can convert primary human T cells from PWH into duoCAR T 
cells with potent anti-HIV activity. Collectively, these investigational new drug-enabling studies provide 
important clinical translational insights that build upon our previous in vitro and in vivo proof-of-concept 
studies, which have led to the initiation of  a first-in-human phase I/IIa study to evaluate the safety and 
efficacy of  anti-HIV duoCAR T cells therapy in PWH.

A major goal of  this study was to evaluate the ability of  anti-HIV duoCAR T cells to localize to the site 
of  active HIV infection in the spleens of  HIV-infected hu-spl-PBMC-NSG mice. We found that i.v. injected 
anti-HIV duoCAR T cells entered the spleens of  humanized mice and significantly suppressed virus infec-
tion (>97% HIV suppression, P < 0.05). This finding is consistent with our previous work, which showed 

Table 2. Characteristics of PWH donors used in the study

Donor ID HGLK001 HGLK002 HGLK005 HGLK022 HGLK047
Age 
[as of 2017] 50 56 58 60 40

Sex Male Male Male Male Female
Transmission risk MSM MSM and IDU Heterosexual Heterosexual Heterosexual
Peak VL, copies/mL 
[through end of 2017] 560,412 747,000 7,500,000 351,152 4,598

HIV diagnosis date 
[overall]

As per participant:  
1994 
1994

As per participant:  
1989 
1991

As per participant:  
1993 
1995

1999 1999

Years with confirmed 
detectable VL 9 8 9 4 9

Date of last detectable 
VL, copies/mL

10/31/2017 
VL = 41 

3/14/2008 
VL < 75

4/2/2008 
VL < 75

4/13/2018 
Target ND

12/4/2017 
VL = 4,598

CD4 
[at time of draw] 883 592 437 318 636

CD8 
[at time of draw] 1228 757 1069 387 994

ARV regimen 
[at time of draw]

Abacavir  
300 mg bid

Darunavir  
800 mg daily

Darunavir  
800 mg daily ATRIPLA TIVICAY:  

Dolutegravir 50 mg
Darunavir  

600 mg bid
Cobicistat  

150 mg daily
Emtricitabine  
200 mg daily

Efavirenz 
600 mg

Dolutegravir  
50 mg daily

Tenofovir  
300 mg daily

Emtricitabine 
200 mg

DESCOVY: 
Emtricitabine/Tenofovir 

alafenamide 200 mg 
tablet/25 mg tablet

Ritonavir  
100 mg bid

Dolutegravir  
50 mg daily

Ritonavir  
100 mg daily

Tenofovir 
300 mg

ARV, antiretroviral; ND, not detected; VL, viral load.
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durable and potent in vivo suppression of  HIV-1 infection and prevention of  CD4+ T cell depletion for 30 
days in humanized mice treated with anti-HIV duoCAR T cell therapy (6). Expression on the duoCAR T 
cell surface of  CCR7, which directs T cell homing to secondary lymphoid organs and can bind to human 
and mouse CCL21 (50), may have facilitated the in vivo migration of  these cells from the peripheral blood 
into the infected mice spleens (51), permitting access to HIV-infected PBMCs.

As expected, i.v.-administered duoCAR T cells were also detected in the liver and lung tissues of  
treated mice, and the biodistribution profile of  duoCAR T cells closely resembled that found in humans 
receiving other CAR T cell immunotherapies currently used to treat B cell malignancies (52, 53). Since 
we injected mice spleens with HIV-infected PBMCs, our model was not designed to assess conventional 
homing of  T cells to the brain, lymphoid tissues, and/or lymphoid associated tissues (e.g., GALT), and 
as expected, we did not observe anti-HIV duoCAR T cell localization to the brain, gut, and/or intestinal 
tissue of  the mice. It is likely that TSCM/TCM enriched anti-HIV duoCAR T cells will possess such homing 
capabilities as shown for a similar CAR T cell approach (54). While we cannot conclude that anti-HIV 
duoCAR T cells selectively home to lymphoid tissues, our study demonstrates that duoCAR T cells are 
capable of  localizing to the site of  HIV infection in the spleen, via circulating blood, resulting in potent in 
vivo HIV suppression and elimination of  HIV+ cells. No apparent CAR-related toxicities, such as weight 
loss, behavioral changes, or premature animal death, were observed in mice treated with duoCAR T cells. 
Lack of  CAR T cell penetration in the CNS may represent exclusion by the blood brain barrier and/
or the absence of  HIV infection in the brain, which takes place in the spleen of  the hu-spl-PBMC-NSG 
mouse model system. While patients with cancer who were treated with CAR T cell products enriched for 
an early memory T cell phenotype demonstrated sustained remission, nonresponse was associated with 
treatment with CAR T cells predominantly of  a late-memory phenotype (55, 56). TSCM and TCM enriched 
CAR T cell products are reported to overcome disease-related T cell defects such as T cell exhaustion (40, 

Figure 5. MND-ΔW duoCAR T cells derived from PWH potently kill autologous cells infected with HIV in vitro. (A and B) In vitro CAR T cell–mediated killing 
of CD8-depleted PBMCs isolated from PWH with acute or established HIV-1 superinfection (BaL Env, clade B). Each graph represents a different PWH donor, 
and the donor’s unique identifier is indicated at the top of its respective graph. HGLK001, HGLK002, HGLK005, and HGLK022 donors are PWH who are ART 
suppressed, with undetectable HIV-1 viral loads at the time of blood collection. Donor HGLK047 is a long-term nonprogressor with an undetectable HIV-1 viral 
load at the time of blood collection. For acute infection studies, autologous MND-ΔW duoCAR T cells or untransduced (UTD) control T cells were added shortly 
after spinfection of PBMCs with HIV-LucR (E:T = 1:1) and challenged for 3 days, followed by quantification of HIV-1 infection (LucR activity). For established 
infection studies, HIV-LucR spinfected PBMCs were cultured for 3 days to establish HIV infection followed by addition of autologous duoCAR T cells or UTD 
control T cells (E:T = 1:1). The cocultures were challenged for an additional 3 days, followed by quantification of HIV-1 infection (LucR activity). The y axis shows 
the magnitude of the HIV-1 infection as quantified via Renilla luciferase (LucR) activity and expressed as relative light units (RLU). Uninfected CD8-depleted 
PBMCs serve as a negative control for the assay (Luc– PBMCs). CD8-depleted PBMCs superinfected with HIV-LucR serve as a positive control for the assay (Luc+ 
PBMCs). Data are shown as mean ± SD of triplicate sample wells tested. Statistical analysis was performed by 1-way ANOVA, followed by Tukey’s multiple 
comparison post hoc test; Luc– PBMCs were not included in the statistical analysis. ****P < 0.0001, ***P < 0.001, **P < 0.01, and *P < 0.05.
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42) and improve CAR T cell expansion and durability of  the CAR T cell immune response (55, 56). Given 
the self-renewing properties of  TSCM cells, it is likely that TSCM/TCM-enriched duoCAR T cells will migrate 
to lymphoid tissues and display long-term persistence and efficacy, as shown for TSCM/TCM enriched CD19 
CAR T cells (40–44, 55, 56). Engraftment and longevity of  TSCM/TCM duoCAR T cells coupled with their 
broad killing capacity may enable long-term immune surveillance and sustained destruction of  productive 
HIV-infected T cells and monocytes/macrophages residing in distal anatomical sites that harbor the HIV 
reservoir. Although expression of  TCF-1, a transcription factor important for supporting an early mem-
ory phenotype and endowing T cells with proliferative capacity, was lower in duoCAR T cell products 
from PWH than products from HIV– donors, the frequency of  early memory–phenotypic cells is still 
substantially higher than is typically observed in other CAR T cell products during the ex vivo CAR T cell 
manufacturing process (57, 58). The observed TSCM/TCM phenotype of  anti-HIV duoCAR T cell products 
is likely reflective of  the ex vivo CAR T cell manufacturing process, as reported for other CAR T cell ther-
apies (40, 42, 43). It is plausible that the TCF-1+ duoCAR T cells would have an engraftment and prolifer-
ative advantage over unmodified cells, wherein these cells would expand in response to recrudescent HIV, 
giving rise to a greater population of  TCF-1+ duoCAR T cells with self-renewal and memory capacity. The 
early memory phenotype combined with the markers of  T cell activation and effector function of  anti-
HIV duoCAR T cell products suggest the CAR T cell manufacturing protocol generates a product that is 
both primed to attack cells with active HIV infection and that may provide a durable response over time in 
PWH. In vivo functional studies are under investigation in our clinical trial to corroborate the TSCM/TCM 
phenotype of  anti-HIV duoCAR T cells in PWH.

Monocytes/macrophages can be productively infected with HIV, albeit at lower levels than CD4+ T 
cells, and they contribute to the latent HIV reservoir in lymphoid tissues and the brain; they also con-
stitute a significant barrier to an HIV cure (59). The increased resistance of  HIV-infected monocytes/
macrophages to HIV-induced cell death and immune-mediated clearance compared with HIV-infected T 
cells (48, 60) may be overcome by a CAR T cell approach (61). An important demonstration of  our study 
is that anti-HIV duoCAR T cells are capable of  effectively targeting and destroying HIV-infected mono-
cytes, a HIV reservoir that is known to have lower gp120 antigen density on the surface of  HIV-infected 
monocytes than HIV-infected CD4+ T cells (62).

In PWH, HIV infection can lead to immune dysregulation and functional impairment of  HIV-specific 
T cells (i.e., CD8+ T cell exhaustion) even when viremia is controlled by ART (49). HIV-specific cytotoxic T 
lymphocytes (CTLs) play a critical role in controlling HIV infection (63, 64). Augmenting HIV-specific CTL 
immunity in PWH by providing help from CD4+ HIV-specific duoCAR T cells (6, 65) may enable durable 
control of  HIV infection. An important finding of  our study is the potent antiviral capacity of  HIV-specific 
CD4+ and CD8+ duoCAR T cells that were derived from PWH donors on long-term suppressive ART. The 
anti-HIV duoCAR T cells from these donors potently suppressed cellular HIV infection from autologous 
immune cells superinfected with HIV. We have demonstrated that our manufacturing process coupled with 
the MND-ΔW duoCAR vector successfully reprogrammed and markedly expanded T cells derived from 
PWH donors at clinical scale without increasing the size of  the HIV reservoir in the final anti-HIV duoCAR 
T cell product. Given that anti-HIV duoCAR T cells from these ART-suppressed individuals eliminated 
HIV-infected cells during acute and established in vitro infections, in vitro–based assays of  HIV-dependent 
immune dysfunction may not mimic in vivo experiments in an otherwise immune-competent host.

One major advantage of  using the MND-regulated duoCAR vector to generate anti-HIV duoCAR T 
cells is that it may be less prone to silencing in hematopoietic cell lineages due to the deletion of  repres-
sive cis-acting promoter elements (34, 35). Our study found that MND-regulated duoCAR T cells showed 
improved and durable duoCAR expression over a range of  MOIs tested, concomitant with lower vector 
integration frequencies than the MSCV-regulated duoCAR vector. Although the inclusion of  WPRE in the 
LV backbone was reported to improve LV titers and integrated transgene expression in human cells (66, 
67), we observed that the WPRE was not required for optimal duoCAR expression in our study. Congruent 
with reports that promoter identity may augment the therapeutic efficacy of  the CAR T cell product (37), 
MSCV- and MND-regulated anti-HIV duoCAR T cells displayed sustained anti-HIV activity, as evidenced 
by our demonstration of  their ability to repeatedly eliminate HIV gp120–expressing cells in vitro (modeled 
using Env+ GFP+ target cells) and suppress productive HIV infection in vivo without signs of  premature 
CAR T cell exhaustion or lack of  persistence. Our previous studies have established the resistance profile 
of  anti-HIV duoCAR T cells to HIV infection and the lack of  off-target effects on human cells that do not 
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express the HIV-1 Env glycoprotein (6). Durable anti-HIV responses displayed by anti-HIV duoCAR T 
cells will be crucial for limiting HIV replication and controlling viral loads in the body and, ultimately, for 
potentially achieving a functional cure for HIV.

Our current clinical trial (“CAR T cells for HIV infection”, NCT04648046) is designed to investigate 
anti-HIV duoCAR T cell therapy as a potential HIV remission strategy, using ART interruption to enable 
reactivation of  latent reservoir cells and increased HIV-1 Env expression on their surface to render them 
susceptible to CAR-mediated elimination. CAR T cells may be limited in their ability to eliminate latent 
infected cells in the absence of  reactivation.

Our results should be interpreted with the understanding that the hu-spl-PBMC-NSG mouse mod-
el used in our study has biological limitations, which is true for any animal model, including the BLT 
humanized mice model (68). Congruent with the BLT mouse model in its ability to evaluate CAR T cell 
efficacy (9), the hu-spl-PBMC-NSG model supports high viral loads supports CD4+ T cell depletion, and 
has the ability to rapidly assess anti-HIV CAR T cell efficacy, but it does so without the possible confound-
ing effects of  a reconstituted endogenous T cell immune response (6). While our current study does not 
demonstrate that duoCAR T cells containing anti-HIV Env–targeting binders can target and eliminate 
HIV-infected cells reactivated from latent HIV reservoirs, we have shown that the mD1.22 and m36.4 
binders in the anti-HIV duoCAR T cells can target and recognize the HIV Env glycoprotein expressed on 
the surface of  reactivated latent HIV-infected cell lines (69). While we found it challenging to reactivate 
HIV in T cells in vitro from PWH on long-term suppressive ART, anti-HIV duoCAR T cells will likely 
engender similar antiviral activities against HIV-infected cells reactivated from latency, as reported for 
other CAR T cell therapies targeting similar HIV-1 Env epitopes as those reported for our duoCAR (7, 
15, 16, 24). Although traditional plasma viral load assays provide insight into HIV replication, quantifi-
cation of cell-associated HIV infection by luciferase activity and cell-associated total HIV DNA directly 
measure CAR T cell–mediated suppression of  productive HIV infection, resulting from viral replication, 
and capacity of  CAR T cells to destroy HIV-infected cells. Further in-depth comparative analyses in vivo 
between anti-HIV duoCAR T cells derived from HIV seropositive and seronegative individuals would 
facilitate further understanding of  the ability of  redirected T cells from PWH to eliminate virus-infected 
cells that comprise the HIV reservoir. In conclusion, these IND-enabling studies support initiation of  our 
presently open clinical trial (NCT04648046) to evaluate the safety and efficacy of  anti-HIV duoCAR T 
cell therapy to treat HIV in ART-suppressed PWH.

Methods
Supplemental Methods are available online with this article.

Study design. Sample sizes were determined based on our previous experience using the in vitro and 
in vivo models to generate statistically significant results. No samples or animals were excluded from the 
analysis. Blinding and randomization were not used during the study.

Statistics. Statistical analyses were conducted using 1-way or 2-way ANOVA with Tukey’s or Dunnett’s 
multiple-comparison post hoc tests (GraphPad Prism software, Version 8.4.3) except for Figure 4, A–C. 
Statistical analysis in Figure 4, A–C, was conducted via unpaired 2-tailed Student’s t test. A P value less 
than 0.05 was considered significant.

Study approval. All the mouse studies were approved by the IACUC and the IRB at Albert Einstein 
College of  Medicine in compliance with the human and animal experimentation guidelines of  the U.S. 
Department of  Health and Human Services and in adherence to the Guide for the Care and Use of  Laboratory 
Animals (National Academies Press, 2011).
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