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ABSTRACT The success of chimeric antigen receptor (CAR)-T cell (Tc) immunotherapy 
in refractory B-cell acute lymphoblastic leukemia (B-ALL) suggests adaptation of this 
strategy toward HIV. Because cytomegalovirus (CMV) vaccine vectors generated Tc 
responses that controlled viral replication, these studies aim to genetically modify 
CMV-specific Tc with HIV-CAR2 vectors and link HIV immunotherapy to persistent CMV 
antigen stimulation. To mimic a clinical scenario, rhesus macaques were challenged with 
the CCR5-tropic simian/human immunodeficiency virus (SHIV-D) prior to antiretroviral 
therapy (ART). Autologous CMV-specific Tc were transduced with the control CEA-CAR2 
or CD4-CAR2/maC46 vectors and reinfused. After stopping ART, the plasma viral load 
(PVL) in the control rebounded and was sustained above 1.7 × 104 copies/mL; PVL 
in CD4-CAR2-treated animals was delayed up to 6 weeks and 10-fold lower. The CD4 
CAR-Tc frequency peaked at day 7 and was detected in lymphoid tissues at 6 weeks. 
Both CEA-CAR2 and CD4-CAR2 persisted in PBMCs for about 2 years, which indicates
that the CMV-specific CAR Tc were maintained based on their CMV specificity. However, 
long-term PVL was stable in all animals. Thus, CMV-specific CAR-Tc were active initially, 
persisted long term, but failed to control viral replication.

IMPORTANCE Because of latent viral reservoirs and a dysfunctional immune response, 
HIV replication rebounds when antiretroviral therapy is interrupted. Therefore, cytome­
galovirus (CMV)-specific Tc were genetically modified with anti-HIV CD4-CAR2 vectors 
to link the targeting of the HIV envelope to the persistent CMV immune response. In 
this clinical scenario with simian/human immunodeficiency virus (SHIV) challenge and 
antiretroviral therapy (ART) suppression, early activity of the CAR Tc delayed rebound in 
the rhesus macaque/SHIV challenge model. However, even with long-term persistence of 
CAR Tc in the blood, control of viral replication was not achieved. These data suggest that 
CAR Tc will require additional interventions to cure HIV infection.

KEYWORDS adoptive immunotherapy, CD4-CAR T cells, CMV-specific immune 
responses, persistence and biodistribution, rhesus SHIV-challenge model

I n untreated HIV-infected individuals, both HIV-specific and total CD8+ T lymphocytes 
are dysfunctional (1–7). While combination antiretroviral therapy (ART) controls HIV 

replication and improves this immune dysfunction (8–10), persistent viral reservoirs still 
lead to viral rebound when the treatment is interrupted (11). Thus, HIV-specific CD8+ T 
lymphocytes induced by natural infection are unable to suppress viral replication after 
discontinuing ART and may require additional interventions to improve their functional 
activity. Although the initial trials with CD4-CAR T cells in HIV-infected individuals using 
only TCRζ intracellular signaling failed to control viral replication (12–14), the next 
generation of HIV therapeutic strategies is being developed, including adoptive T cell 
immunotherapy (15).
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Since a decrease in HIV-1 plasma viral load (PVL) with ART is associated with a 
decrease in the magnitude and breadth of HIV-specific CD8+ T lymphocyte responses (1–
7), the level of antigen expression during ART may be insufficient to maintain bulk CAR Tc 
in an activated state with cytolytic function. In contrast, cytomegalovirus (CMV)-specific 
T lymphocytes in asymptomatic CMV-seropositive individuals are known to persist at 
high frequencies during the lifetime of their host; moreover, they typically maintain an 
effector memory phenotype, are distributed among peripheral tissues, and lack features 
of T cell exhaustion (16, 17). The frequency of CMV-specific CD8+ T lymphocytes can 
continue to expand even in the absence of detectable CMV viremia (16, 17). Additionally, 
recombinant replication-competent rhesus CMV vaccine vectors expressing SIV antigens 
induce SIV-specific cellular immune responses capable of controlling SIV replication in 
rhesus macaques (18, 19). Therefore, these current studies were designed to link the 
HIV-specific CAR2 vector to the CMV-specific T cell response as a means of providing 
long-term immunosurveillance of simian/human immunodeficiency virus (SHIV) in tissue 
reservoirs.

RESULTS

To demonstrate the feasibility of expanding CMV-specific T lymphocyte populations in 
rhesus macaque Old World monkeys (see Fig. S1 at https://doi.org/10.25833/r1m2-qn67), 
we stimulated rhesus PBMCs with three rhesus CMV peptide pools (IE1, IE2, and pp65) 
along with anti-CD28 antibody and 100 U per mL of IL-2. As controls, PBMCs were also 
stimulated with anti-CD3/anti-CD28 antibodies cross-linked to beads and 100 IU per mL 
of IL-2. After 12 days of culture, the frequency of CMV-specific CD8+ T lymphocytes in 
the CMV peptide-expanded cells was compared with the CD3/CD28-expander bead-cul­
tured cells as well as with ex vivo uncultured PBMCs. In cryopreserved PBMCs from this 
rhesus macaque, 13.6% of CD8+ T lymphocytes produced IFNγ and/or TNFα cytokines 
ex vivo following overnight stimulation with rhesus CMV peptide pools, with most 
cytokine-secreting CD8+ T lymphocytes producing both cytokines (Fig. 1A). After bulk T 
cell expansion with CD3/CD28 beads, the frequency of CMV-specific CD8+ T lymphocytes 
in the cultured cells was not increased from that present in ex vivo uncultured PBMCs 
(Fig. 1B). In contrast, rhesus CMV peptide-stimulated cells showed an increase in the 
frequency of single or dual IFN-γ/TNF-α, CMV-specific, CD8+ T lymphocytes from 13.6% 
to 55% (Fig. 1C), with the majority of activated cells producing both cytokines. The total 
number of CMV-specific CD4+ lymphocytes also increased by 100-fold (data not shown), 
but the majority of CMV-responsive cells in culture were CD8+ T lymphocytes. These data 
demonstrate the utility of the CMV IE1, IE2, and pp65 peptides for the specific expansion 
of multifunctional rhesus CMV-specific T lymphocytes.

To genetically modify the autologous CMV-specific T cells with CAR2 vectors (Fig. 
2A) for adoptive transfer into the rhesus SHIV challenge model, we stimulated rhesus 
PBMCs in serum-free media (see Fig. S2 at https://doi.org/10.25833/r1m2-qn67) with 
the three rhesus CMV peptide pools (IE1, IE2, and pp65) plus CD28 antibody (see Fig. 
S3 at https://doi.org/10.25833/r1m2-qn67) and IL-2/IL-15 (see Fig. S4 at https://doi.org/
10.25833/r1m2-qn67) and exposed cells to the gammaretroviral vectors on days 2 and 
3 (Fig. 2C). We used the CD4-CAR2 vector to redirect rhesus CMV-specific T lymphocytes 
toward HIV-infected cells; these cells were co-transduced with the membrane-associ­
ated C46 (maC46) fusion inhibitor (20, 21) to protect cells from SHIV infection. The 
CD4-CAR2 utilizes the four extracellular immunoglobulin domains of CD4, the CD28 
transmembrane domain, and the CD28 and TCRζ intracellular signaling domains (Fig. 2B) 
(22). As a control, we transduced rhesus CMV-specific T lymphocytes with the anti-carci­
noembryonic antigen (CEA)-CAR2 vector (Fig. 2A) (23). Large-scale culture of the cells 
expanded up to 120 × 106 cells (Fig. 2C). Most of the cells are CD8+ (88%), and more than 
50% of the cells express the CAR on the cell surface (Fig. 2D).

To simulate a clinical scenario for adoptive immunotherapy, we challenged rhesus 
macaques with the CCR5-tropic chimeric HIV/SIV (SHIV-D) (24) and followed the plasma 
viral load (PVL) (Fig. 3). Similar to HIV-1 in humans, SHIV PVL peaked at approximately 107 
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RNA copies per mL on day 14 and lowered to the viral set point by week 6 post-infection. 
Animals were administered triple-drug combination anti-retroviral therapy (ART, gray 
boxes), which included daily injections of the nucleotide reverse transcriptase inhibitors 
tenofovir (20 mg/kg) and emtricitabine (30 mg/kg) and the integrase inhibitor dolutegra­
vir (2.5 mg/kg), to reduce the PVL to undetectable levels (Fig. 3). As an internal control for 
viral rebound, ART was interrupted for 6 weeks in two animals, and PVL rebounded to the 

FIG 1 The frequency of rhesus CMV-specific CD8+ T lymphocytes in (A) PBMCs ex vivo, (B) bead-stimu­

lated, and (C) CMV peptide-stimulated populations by intracellular cytokine staining. PBMCs were 

stimulated with CD3/CD28-coated beads (B) or rhesus CMV peptide pools (C) and then expanded 

for 2 weeks with IL-2. Unstimulated (A) or expanded cells were restimulated with CMV peptides plus 

anti-CD49d and anti-CD28 costimulatory antibodies overnight in the presence of brefeldin A and then 

stained for intracellular IFN-γ/TNF-α production. Cells were gated for singlets, live cells, lymphocytes, 

CD3+ cells, and CD8+ cells.
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set point levels near 3,500 copies per mL by 3 weeks (Fig. 3B). ART was administered to 
reduce PVL to undetectable levels prior to adoptive Tc therapy.

CMV-specific T cells transduced with CAR2 vectors were transferred to the SHIV-
challenged/ART-treated autologous host; then ART was stopped, and lymphoid tissue 
samples were collected longitudinally to assess CAR2 Tc biodistribution and PVL. The 
FV02 control received 110 × 106 C.E. CEA-CAR2 T cells; while FG42 and GA75 received 
46.7 and 34.8 × 106 CD4-CAR2 T cells, respectively. Since the animal experiments were 
overlapping but not concurrent, the FV02 control samplings extend beyond the FG42 
and GA75 samplings. As shown in Fig. 4, the CD4-CAR2 Tc spiked in the peripheral blood 
of FG42 and GA75 after adoptive transfer, as detected by qPCR, where the level of the 
CD4-CAR2 was significantly higher (1.5–3.0 × 104 copies) on day 7 than the peak copies of 
the CEA-CAR2 (2,500 copies) in FV02 on day 3 (Fig. 4A). Additionally, the quantity of the 
therapeutic CD4-CAR2 vector in the PBMC increased from day 3 to day 7 (Fig. 4A), which 
may have resulted from the proliferation of CD4-CAR2 Tc in vivo. In lymph nodes and gut 
biopsies collected 6 weeks after adoptive transfer, the CD4-CAR2 was detectable in both 
FG42 and GA75 at around 0.5% and 2% of total cells (Fig. 4B), which may indicate homing 
and immunosurveillance of SHIV reservoirs by the CMV-specific CD4-CAR2 Tc.

The PVL was also assessed during the immediate interval after adoptive transfer (Fig. 
3). In comparison to the rebound in PVL during the structured treatment interruption 
(STI) prior to CAR2 Tc immunotherapy, the rebound in PVL was similar in GA74 (at 3 
weeks) and delayed in FG42 to 6 weeks (set point of 1.4 × 103 copies per mL) after 
adoptive transfer of the CMV-specific CD4-CAR2 Tc. Additionally, the increase in PVL in 

FIG 2 Transduction of CMV-specific Tc with retroviral vectors. (A) Schematic diagrams of the vector expressing control CAR 

(αCEA-CAR2), maC46 (M341), and the αHIV-CAR (CD4-CAR2). (B) Structure of the CD4-CAR2 with the D1-D4 CD4 extracellular 

(EC) domains, the CD28 transmembrane (TM) domain, and CD28/TCRζ cytoplasmic signaling domains. (C) Clinical-scale 

expansion and transduction of rhesus CMV-specific T cell populations. Autologous rhesus PBMCs were stimulated with CMV 

overlapping peptide pools (IE1, IE2, and pp65) and CD28 antibody plus IL-2 (50 IU/mL) and IL-15 (50 ng/mL). On Days 2 and 3, 

cells were exposed to the retroviral vector coated on retronectin (20 µg/cm2) and expanded for 10 more days. (D) Expression of 

the CAR vector in CD8+ T lymphocytes by flow cytometry.
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GA75 peaked and then receded to the stable set point (1.4 × 103 copies per mL), 
compatible with some degree of immunological control over viral replication. The 
rebound in PVL in FV02 control animals was also delayed by 3 weeks, and the set point 
was 1.7 × 104 copies per mL; we do not have an STI prior to adoptive transfer to compare 
in this animal. Therefore, the delays in PVL could also be a normal variation in the kinetics 
of viral rebound.

To assess the long-term effects of CMV-specific CAR Tc, we collected samples for 
about 2 years. The frequency of therapeutic and control CAR Tc in the PBMCs was 
stabilized between 0.5% and 2% of all cells after more than 95 weeks (Fig. 4B). Similar 
levels of control and therapeutic vectors in vivo suggest that long-term maintenance is 
based predominantly on the persistent CMV antigen presentation rather than on the 
CAR T cell signaling. However, even with long-term stable levels of CD4-CAR2 Tc in 
PBMCs, the set point PVL was unaltered (Fig. 3).

DISCUSSION

These studies demonstrate the feasibility of expanding and genetically modifying 
autologous CMV-specific T cells with CD4-CAR2 vectors for adoptive immunotherapy. We 
show that these cells can engraft in lymphoid tissues and persist in vivo for almost 2 
years. Long-term persistence of the CAR Tc appears to be due to the CMV specificity and 
not by stimulation through the CAR2 signaling domains since the CEA-CAR2 control 
vector persisted at similar levels. Viral rebound was delayed in one animal treated with 
the therapeutic vectors compared with STI in the same animal prior to adoptive CAR T 
cell transfer, and the viral setpoints were slightly lower than those of the control animal 
for the duration of the study. Concurrently, the CD4-CAR2 Tc expanded slightly in vivo 
after adoptive transfer, although additional studies will be necessary to conclude that 
these changes result directly from the functional activity of CD4-CAR2. We found that 
CMV-specific T cells can be used to manufacture CAR2 Tc, which migrate to lymphoid 
reservoirs after adoptive transfer and persist for almost 2 years in vivo.

FIG 3 Plasma viral load before and after CAR2 Tc immunotherapy. To mimic a clinical scenario, rhesus macaques were challenged with the CCR5-tropic chimeric 

SHIV-D (50 ng SIV Gag p27 per animal) and administered ART (tenofovir 20 mg/kg/day; emtricitabine 20 mg/kg/day; dolutegravir 2.5 mg/kg/day) subcutaneously 

(gray shaded). At time 0, (A) animal FV02 (blue diamond) received the αCEA-CAR2 control-transduced CMV-specific T lymphocytes; (B) animals FG42 (purple 

square) and GA75 (green triangle) received CD4-CAR2/maC46 transduced CMV-specific T lymphocytes. Plasma was collected longitudinally and assessed for viral 

replication by qRT-PCR.
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The CD4-CAR2 expresses the CD4 extracellular domain to redirect CTL activity against 
HIV Env and the CD28 and TCRζ intracellular T cell signaling domains to stimulate CTL 
functions. Using the CD4 domain to target HIV envelope binding would limit the
selection of mutant SHIV strains as the loss of binding to CD4 would reduce viral fitness. 
These cells are co-transduced with the maC46 (20), a potent fusion inhibitor to protect 
modified cells from SHIV infection. Although the CD4-CAR2 target cells express Env (25), 
the long-term persistence of the modified cells is based on CMV antigen stimulation 
because even the CEA-CAR2 Tc maintained equivalent levels of vector copies in the 
PBMCs at 95 weeks. These CMV-specific Tc respond to rhCMV IE1, IE2, and pp65 (26), and 
expression of these antigens in latent cells may contribute to increase in the CMV-
specific Tem cells (27, 28), and the persistent detection of CAR2 Tc after adoptive transfer 
(Fig. 4). Viral-specific T cells have been used for adoptive therapy to control other viral 
infections (CMV, EBV, AdV, and others) in the context of HSCT (29–31) or even genetically 
modified to enhance or redirect targeting (28, 32–35). In these viral infections, reactiva­
tion of viremia or increased viral antigen expanded the CAR Tc and increased their 
functional activity (28, 36). Although the CAR2 vector expresses CD28 and TCRζ, how the 
intracellular signaling contributes to Tc memory differentiation or the lack of exhaustion 
in CMV-specific Tc has not been determined. Other signaling domains such as CD27, 
OX40, 4–1BB, or IL2/15R (37–39) may better support expansion of the CAR Tc in the 

FIG 4 Vector copy number in PBMCs and lymphoid tissues. Genomic DNA from lymphoid tissues was 

isolated from (A) acute PBMCs at various time points and from (B) both gut and LN at 6 weeks and PBMCs 

at 95 weeks after CAR2 Tc infusion in FG42, GA75 (CD4-CAR2 Tc), FV02 (CEA-CAR2), or negative control 

(grey) animals and then assessed for the vector-copy number by qPCR.
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context of lentiviral infection; however, only a few studies have utilized NHP models (40–
43) or clinical trials (44) to evaluate these CAR vectors. In our study, the CD4-CAR2 Tc 
increased homing or proliferation in the LN and gut at 6 weeks (Fig. 4), even though the 
antigen load in the tissues is expected to be low during ART. In contrast, the control CEA-
CAR2 Tc was not detectable in these tissues at this time point, indicating that the CD4-
CAR2 Tc may respond to viral antigens in the SHIV reservoir or as the virus reactivates. For 
an effective cure strategy, the HIV-specific CD8+ T cell responses need to be superior to 
those elicited by natural infection; however, viral replication appears to exceed the 
capacity of the CD4-CAR2 Tc to control viral rebound. Expression of HIV Env may be too 
low for the CD4-CAR2 Tc, and a latency-reactivating agent may be required while animals 
remain on ART (45).

This study explores the potential for CMV-specific Tc to maintain immunologic 
surveillance of viral reservoirs and provide implications for current clinical trials in 
patients with HIV (46) or for trials in patients with solid tumors. This effort mimics a 
clinical scenario (viral infection, ART suppression, and then CAR Tc therapy) in the rhesus 
challenge model—an important model from which to judge the safety and efficacy of 
immunotherapies. While active initially without evident toxicity, these CMV-specific CAR 
Tc failed to control viral replication and will require more potent interventions.

MATERIALS AND METHODS

CMV screen of animal subjects

A group of six rhesus macaques were screened for reactivity to three rhesus CMV peptide
pools (15 aa overlapping 11); IE1 (115 peptides), IE2 (149 peptides), and pp65 (134 
peptides), using ELISpot Pro Monkey IFN-γ assay (MANTECH 3420M-2APT-2). These three 
peptides were chosen as they are major CMV viral proteins targeted by adaptive cellular 
responses (47). For stimulation of the cells with CMV peptides, 300,000 cells per well were 
incubated for 24 hours with 0.8 μg/mL of the peptide pools. IFN-γ spots were detected 
according to the manufacturer’s protocol. Spots were counted in a blinded fashion by 
ZellNet Consulting (Fort Lee, NJ) using a KS ELISpot reader system (Zeiss, Thornwood, NY) 
with KS ELISpot software Version 4.9.16, following international guidelines for ELISpot 
plate evaluation (48). Three animals with strong responses to at least one of the peptides 
(see Fig. S1 at https://doi.org/10.25833/r1m2-qn67) were selected, and PBMCs from the 
three animals were collected and stored in liquid nitrogen to receive genetic modifica-
tion.

SHIV-D challenge/antiretroviral therapy

This study was conducted at the Tulane National Primate Research Center (TNPRC), 
which is fully AAALAC-accredited, using purpose breed Indian Rhesus macaque. All 
procedures were IACUC-approved and were performed in accordance with the Guide 
for the Care and Use of Laboratory Animals. The SHIV model, an SIV backbone with the 
HIV gp120 envelope, is necessary for the purposes of these studies as the maC46 fusion 
inhibitor specifically targets HIV-1 Env. We chose SHIV-D because the challenge of rhesus 
macaques had previously demonstrated that most animals maintain a stable viral set 
point (24). SHIV-D is R5 tropic and similar to human strains in infecting CD4+ CCR5+ TEM 
cells and leading to CD4 depletion in the gut mucosa (49). It shows a clinically relevant 
viral setpoint and is resistant to spontaneous control. Recruited animals were challenged 
i.v. with 50 ng HIV Gag p24 from transient transfection of HEK293T cells with the SHIV-D 
construct (24).

After PVL reached a set point (chronic steady-state PVL), animals were adminis­
tered the antiretroviral therapy regimen consisting of the nucleotide reverse transcrip­
tase inhibitor tenofovir (TFV) 20 mg/kg, the nucleoside reverse transcriptase inhibitor 
emtricitabine (FTC) 30 mg/kg, and the integrase inhibitor dolutegravir (DTG) 2.5 mg/kg. 
Once fully suppressed, ART therapy was temporarily suspended to track the kinetics 

Full-Length Text Journal of Virology

May 2025  Volume 99  Issue 5 10.1128/jvi.01933-24 7

https://doi.org/10.25833/r1m2-qn67
https://doi.org/10.1128/jvi.01933-24


of viral rebound in plasma. When animals reached plateau levels of circulating viral 
RNA, ART was reinitiated to lower PVL to undetectable levels until adoptive transfer of 
autologous T cells.

Plasma viral load detection

Plasma viral load was assayed by qPCR throughout the duration of the experiment by the 
TNPRC qPCR core lab with a sensitivity of 1.9 Equivalent Viral Copies log (Eq. VC log) or 83 
copies/mL of plasma (50).

Gammaretroviral vectors

Vectors are MLV-based gammaretroviral vectors (Fig. 2A). Anti-HIV CAR2 was constructed 
with the four human extracellular immunoglobulin domains (D1–D4) from CD4, the 
transmembrane and intracellular signaling domain of human CD28, and the intracellular 
signal transduction domain of human CD3ζ chain. (Fig. 2B). The M341 expresses the 
membrane-associated C46 fusion inhibitor (maC46) with a human IgG2 hinge and CD34 
transmembrane domain fused to intracellular GFP (kind gift from DVL) (Fig. 2B). The 
constructed anti-HIV-1 CAR2 and the maC46::GFP were subcloned into the MFG vector 
backbone created by Richard C. Mulligan at the Harvard Gene Therapy Institute (51). The 
αCEA CAR2 control vector was previously described (52).

Vector production

HEK293FT cells (Invitrogen) were cultured with Dulbecco’s modified Eagle’s medium 
(DMEM) (ThermoFisher) supplemented with 10% heat-inactivated fetal bovine serum 
(FBS; GIBCO, USA) and 1% penicillin/streptomycin (Gibco, USA). To prepare high-titer 
retroviral vectors, around 2 × 106 293 FT cells were seeded in T-75 flasks 24 hours before 
transfection through an optimized calcium phosphate-mediated transfection protocol 
(53) with minor modifications. Briefly, 2–4 hours before the transfection, the culture 
medium was replaced with 14 mL fresh medium in each T-75 flask. To prepare the 
transfection cocktail, 28 µg of the retroviral transfer plasmid containing CAR2, 4 µg of 
the pCMV-VSV-G plasmid, and 8 µg pCMV-MLV-gag-pol were mixed to a final volume of 
500 μL with 0.25 M calcium chloride. An equal volume of 2 x HBS is added to the mix 
dropwise while vortexing. The transfection cocktail is incubated at room temperature for 
3–5 minutes and distributed evenly to the media of a T-75 flask. Retroviral supernatants 
containing either the therapeutic or anti-CEA control vectors were PEG-concentrated (54) 
overnight at 4°C, centrifugated at 1500 x g for 30 minutes, and resuspended in 500 µL 
RPMI1640 medium without serum.

Isolation, stimulation, transduction, and expansion of CMV-specific T cells

To isolate peripheral blood mononuclear cells (PBMCs), peripheral blood from rhesus 
macaques was collected in EDTA tubes, spun, and separated using a discontinuous 
density-gradient centrifugation (LSM) (Lonza, Lake Charles, LA), processed with ACK 
lysis buffer to remove residual RBCs and cryopreserved. To stimulate PBMCs, cells were 
stimulated with anti-CD3/CD28 beads (Stem Cell Technology, Vancouver, Canada) at a 
cell:bead ratio of 1:2 in 10 mLs or three rhesus CMV peptide pools (rhCMV IE1 pool 
with 115 peptides, rhCMV IE2 pool with 149 peptides, and the rhCMV pp65 with 134 
peptides) at 0.8μg/mL plus anti-CD28 antibody (1 μg/mL). For the large-scale stimulation, 
PBMCs (2.0 × 107) were resuspending in 650 µL R10 (RPMI1640 supplemented with 10% 
heat-inactivated FBS, GlutaMax, and 50 IU/mL penicillin and 50 µg/mL streptomycin), 
mixed with 650 µL R10 with each peptide pool (5 ng per peptide) and CD28 antibody, 
incubated at 37°C for 1 hour, and mixed every 15 minutes. Following the incubation, 
cells and peptide mix are further diluted with 10 mL CTS OpTmizer T Cell Expansion SFM 
(ThermoFisher Scientific) supplemented with penicillin/streptomycin and 50 IU/mL IL-2 
(R&D systems) and 50 ng/mL IL-15 (R&D systems).
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To transduce stimulated PBMCs, 24-well non-tissue culture-treated plates were coated 
with 20 µg per well retronectin (Takara Bio, Fisher Scientific) overnight at 4°C. Plates 
were washed three times with PBS on the day of transduction, blocked with R10 for 
30 minutes at room temperature, and preloaded with viral particles by centrifuging the 
supernatant at 500 x g for 60 minutes at 30°C. Following 3 days stimulation, non-viable 
cells were removed through a separation with LSM and plated at 1 × 106 cells/mL on the 
retronectin-coated, viral-preloaded plates with an additional viral supernatant. The plates 
were spun at 500 x g for 60 minutes at 30°C to enhance transduction efficiency and then 
cultured in media plus cytokines for 10–14 days at 37°C, 5% CO2. The total cell number 
was determined. Cells were washed with PBS, resuspended in 10 mLs PBS, and injected 
into autologous animals intravenously over 10 mins.

Intracellular cytokine responses and flow cytometry

The anti-CD3/CD28 bead- or CMV peptide-expanded lymphocytes were cultured without 
IL-2 overnight and then added into FACS tubes coated with 10 µg/mL of the anti-CD49d 
mAb monoclonal antibodies in the presence or absence of a final concentration of 
0.5 µg/mL anti-CD3 (clone 6G12, NHP resource) or CMV-specific stimulating antigens 
consisting of rhesus CMV peptide pools of overlapping 15 amino acid (aa) peptides 
spanning the rhesus CMV immediate early 1 (IE1), IE2, pp65 (26). The prestimulated 
cells were also stimulated with 20 ng/mL PMA and 1 µg/mL ionomycin as the positive 
controls. Cryopreserved PBMCs without prestimulation were treated with the same 
conditions and used as controls. Cells were incubated at 37°C in a 5% CO2 incubator for 
1 hour, and then 1 µL/mL brefeldin A (Golgi Plug) was added to each tube and incubated 
for another 12 hours.

Cells (0.5 x 106–2 × 106 cells per sample) were stained with the following antibodies 
(see Table S1 at https://doi.org/10.25833/r1m2-qn67) and for surface and intracellular 
cytokine markers using standard protocols (26). Briefly, the cultured cells were washed 
with PBS supplemented with 2% fetal calf serum and stained with the LIVE/DEAD Fixable 
Aqua Dead Cell Stain Kit (Invitrogen, Grand Island, NY) and fluorochrome-conjugated 
monoclonal antibodies specific for cell surface markers (Table S1). Cells were then 
washed and fixed by incubation with FIX & PERM Medium A (Caltag Labs, Burlingame, 
CA) for 15 minutes at room temperature, followed by permeabilization with FIX & PERM 
Medium B (Caltag Labs, Burlingame, CA) along with intracellular antibodies for IFNγ, 
TNFα, and CD69. Samples were acquired on an LSR II or Fortessa flow cytometer (BD 
Biosciences, San Jose, CA), and the data were analyzed using FlowJo software (Tree 
Star, Ashland, OR). IFNγ and TNFα expression levels were evaluated by measuring the 
frequency of cytokines in each activated T lymphocyte subset (expressing CD69).

Quantitative PCR

Primers for amplification of CAR2 vectors such as the forward (5′-GCAAGCATTACCA
GCCCTAT-3′) and reverse (5′-GTTCTGGCCCTGCTGGTA-3′) primers were designed with 
melting temperature within 2°C; and the probe (5′-ATCGCTCCAGAGTGAAGTTCAGCA-3′) 
contained the FAM fluorescent reporter and Black Hole Quencher (BHQ) for added 
specificity. Cycle conditions were initial denaturation at 95°C for 10 minutes, followed 
by 40 cycles at 95°C for 15 seconds and 64°C for 1 minute. All reactions use Taqman 
Universal Mastermix (Fisher 4364338) and run on ThermoFisher 7900HT. The albumin 
gene (81 bps) was amplified with the forward (5- accatgcttttcagctctgg-3) and reverse 
(5- tctgcatggaaggtgaatgt-3) primers to quantitate genomic DNA. Amplifications were 
started at 50°C for 2 minutes and 95°C for 20 seconds, 40 cycles at 95°C for 3 seconds 
and 60°C for 30 seconds, followed by the melting curve stage of one cycle of 95°C 
for 15 seconds, 60°C for 1 minutes, 95°C for 15 seconds, and 60°C for 15 seconds. 
Real-time PCR was performed using the 7500 Fast Real-Time PCR system (Applied 
Biosystems). Product specificity was confirmed by melt curve analysis and gel electro­
phoresis. Absolute CAR copies and WBC numbers were calculated from plasmid standard 
curves.
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