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Abstract

The success of chimeric antigen receptor (CAR) T cell therapies for treating leukemia has resulted in a booming
interest for the technology. Expression of a CAR in T cells allows redirection of their natural cytolytic activity
toward cells presenting a specific designated surface antigen. Although CAR T cell therapies have thus far
shown promising results mostly in B cell malignancy trials, interest in their potential to treat other diseases is on
the rise, including using CAR T cells to control human immunodeficiency virus infection. The assessment of
CAR T cell potency toward specific targets in vitro is a critical preclinical step. In this study, we describe novel
assays that monitor the cytotoxicity of candidate CAR T cells toward simian immunodeficiency virus (SIV)
infected CD4 T cells. The assays involve live cell imaging using a fluorescence microscopy system that records
in real time the disappearance or appearance of targets infected with SIV carrying a fluorescent protein gene.
The assays are highly reproducible, and their rapid turn around and reduced cost present a significant advance
regarding the efficient preclinical evaluation of CAR T cell constructs and are broadly applicable to potential
human diseases that could benefit from CAR T cell therapy.
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Introduction

The development of cell therapies that utilize the ad-
ministration of in vitro modified autologous cells has

emerged as a robust technology for treating human dis-
eases. Chimeric antigen receptor (CAR) expressing T cells
are manipulated in vitro to express an antigen-binding
peptide or antibody-based CAR that often targets a tumor-
specific antigen. CAR T cells mediate cytotoxic activity
against target cells through their intracellular signaling
domains.1,2 CAR T cell therapies have been used predom-
inantly to treat hematologic malignancies, but their use for
other diseases, such as HIV/AIDS, is increasingly being
explored.3–6

About 38 million people are chronically infected with
human immunodeficiency virus (HIV) throughout the world,
and only about 67% of these people are receiving anti-
retroviral therapy (ART).7 Although ART is successful in
controlling viral load in the peripheral blood, it does not
prevent HIV from establishing persistent viral reservoirs in
diverse tissues.8–10 Upon ART interruption, low levels of
virus replication or reactivation of latently infected cells (i.e.,
reservoirs) results in viral rebound.

In an attempt to cure HIV, CAR T cell therapy has been
investigated for specifically targeting remaining reservoirs of
HIV infected cells in patients. Previous studies have inves-
tigated the therapeutic potential of such an approach using
CAR T cells based on the extracellular domain of CD4 or
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broadly neutralizing antibodies recognizing a conserved epi-
tope of HIV gp120 envelope.11,12 Methods to assess the ability
of CAR T cells to kill HIV-infected cells in vitro are thus
important for selecting the most efficient CAR T cells during
preclinical development of antiviral therapies. In this study,
using a simian model for HIV infection, we developed novel
cytotoxic assays to evaluate the potency of CAR T cells against
simian immunodeficiency virus (SIV)-infected CD4 T cells.

Multiple methods exist to assess the cytolytic activity of T
cells. The chromium release assay has been the standard for
assessing T cell cytolytic efficiency, but has the disadvantage
of requiring radioactive isotopes.13 Indirect methods such as
measurement of interferon gamma release by T cells assess
the activation of effector T cells, but not target cell killing
directly.14,15 Multiple assays that quantify the release of cell
components from damaged target cells or use flow cytometric
analysis have also been developed to assess cell-mediated
cytotoxicity.16–22

Unfortunately, these assays have caveats such as requiring
high cell viability or not providing data for multiple time-
points. In addition, many of these methods rely on cells ex-
pressing reporter genes and would be difficult to adapt for
primary T cells. Impedance-based approaches are another
type of assay that allows one to quantify the cytolytic activity
of immune cells in real time but require adherent cells as
targets or development of tethering approaches, when possi-
ble, with antibodies specific for suspension target cells.23

In this article, we describe killing assays that assess, in
real-time, the cytotoxic activity of SIV envelope-specific
CAR T cells against SIV-infected cells. These assays allow
assessment of killing potency as frequently as needed and for
as long as necessary after addition of effector cells to target
cells. They can be easily adapted to monitor any CAR T cell-
mediated cytolysis of target cells infected with a recombinant
virus encoding a fluorescent protein (FP).

Materials and Methods

Generation of CAR T cells

The CAR was generated with the antigen-binding domain
of the ITS06.01 monoclonal antibody (mAb) that targets the
V1 epitope of SIV envelope.24 The single-chain variable
fragment (scFv) of the ITS06.01 mAb is in a variable heavy-
light chain orientation fused through a medium size linker of
120 amino acids and was added to a CD28 transmembrane
region, a 4-1BB intracellular costimulatory domain, and a
CD3n signaling domain.

The ITS06 CAR was fused to a truncated epidermal growth
factor receptor (EGFRt) as a marker to identify transduced
cells using a Thosea asigna virus 2A (T2A) self-cleavage
peptide. This expression cassette was then cloned together
with a woodchuck hepatitis virus post-transcriptional regu-
latory element (WPRE) for increased gene expression into a
SIV-based lentiviral vector (a generous gift from Dr. Nien-
huis, St June Children’s Research Hospital, Memphis, TN).25

These elements were cloned between the AgeI and NotI site of
the pCL20c MSCV-GFP (green fluorescent protein) plasmid
downstream of the murine stem cell virus (MSCV) promoter
using the NEBuilder HiFi DNA Assembly (New England
Biolabs). For the control lentivirus, the EGFRt and WPRE
were also cloned between the AgeI and NotI site of the
pCL20c MSCV-GFP plasmid without the CAR element.

For the production of ITS06 CAR-EGFRt or EGFRt len-
tiviruses, Lenti-XTM 293T cells (Takara Bio) in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum
(FBS) and 100 U/mL Pen/Strep were transfected using the
standard calcium phosphate method with four plasmids,
12 lg of the CAR transfer vector, 6 lg of the pCAG-SIVgprre
plasmid carrying the gag/pol and rev responsive element,
4 lg of the rev/tat expression plasmid pCAG4-RTR-SIV, and
3 lg of the pMD2.CocalG containing the glycoprotein G of
the cocal virus (a generous gift from Dr. Kiem, Fred Hutch-
inson Cancer Research Center, Seattle, WA).26

Sixteen hours after transfection, the HEK293T cells were
washed with phosphate-buffered saline (PBS), and fresh
media was added. The lentivirus-containing media was har-
vested 24 and 48 h later and cleared by centrifugation at 1,000
g for 5 min followed by filtration on a 0.45 lm Millipore
filter. The lentivirus preparation was then concentrated by
ultracentrifugation at 74,000 g for 2 h at 4�C, resuspended in
PBS (*50 · concentration) by incubation overnight at 4�C,
and then stored at -80�C.

The lentivirus preparation was then titrated by adding
various amounts of lentivirus to Jurkat cells cultured in RPMI
media supplemented with 10% FBS and 100 U/mL Pen/Strep
on retronectin-coated plates with 4 lg/mL polybrene fol-
lowed by spinoculation for 2 h at 1,200 g. The percentage of
transduced Jurkat cells was quantified by flow analysis for
EGFRt using the anti-EGFRt cetuximab mAb (Erbitux, PE
conjugated at Juno Therapeutics).

Enrichment and transduction of CD4 and CD8 rhesus
macaque T lymphocytes

Frozen peripheral blood mononuclear cells (PBMCs) from
rhesus macaques (Macaca mulatta) of Indian genetic back-
ground were obtained from the Oregon National Primate
Research Center in accordance with standards of the Center’s
Institutional Animal Care and Use Committee and the Na-
tional Institutes of Health Guide for the Care and Use of
Laboratory Animals.

CD4+ and CD8+ T cells were enriched from PBMCs by
immunomagnetic negative selection (EasySep nonhuman
primate [NHP]; STEMCELL Technologies). CD4+ and CD8+

T cells were cultured in X-VIVO 15 media (Lonza) supple-
mented with 10% FBS, 100 U/mL Pen/Strep, 1 · GlutaMAX,
and 50 IU/mL human recombinant IL-2 (Peprotech). CD4+

and CD8+ T cell expansion was initiated by the addition of
ImmunoCult NHP CD2/CD3/CD28 T cell activator (STEM-
CELL Technologies) and incubation for 72 h at 37�C in a
humidified 5% CO2 atmosphere.

CD4+ and CD8+ T cells mixed at a ratio of about 1:1 were
plated on RetroNectin (Takara Bio)-coated plates and trans-
duced by adding CAR lentivirus at a multiplicity of infection
(MOI) of *2 with 4 lg/mL polybrene followed by spinocu-
lation for 2 h at 1,200 g. Cells were washed about 24 h after
transduction and expanded in fresh complete X-VIVO 15
media.

Four days after transduction, T cells were analyzed for
EGFRt expression by flow cytometry using PE-anti-EGFRt,
BV421 anti-CD4 (OKT4; BioLegend), and APC-Cyanine7
anti-CD8 (SK1; BioLegend). EGFRt expression was ana-
lyzed using FlowJo and sequential gating on lymphocytes,
single cells, and then CD4 or CD8 T cells.
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Analysis of gp140 protein binding to CD8 CAR T cells was
performed by incubation of CD8 CAR T cells or CD8 EGFR
T cells with 10 lg/mL of SIVmac239 gp140 (Immune
Technology Corp.) in PBS +1% bovine serum albumin (BSA)
at room temperature for 30 min. For the detection of cell-
bound gp140, SIV-ENV specific ITS52 mAb24 biotinylated
with EZ-Link Sulfo-NHS-LC-Biotin (Thermo Scientific)
following the manufacturer’s instructions was added to the
washed cells and incubated for 30 min at room temperature
followed by a 15-min incubation with BV421 streptavidin
(BioLegend) and analyzed by flow cytometry.

Production of SIV-GFP and SIV-mruby3 viruses
and CD4 T cell infection

To generate the SIVmac239 viruses that express FPs, an
expression cassette containing an internal ribosome entry site
(IRES) element followed by the cDNA encoding the enhanced
green fluorescent protein (EGFP) or a monomeric red fluores-
cent protein (mRuby3) was introduced downstream of the nef
gene into a plasmid containing the full-length SIVMAC239

proviral DNA. For virus production, HEK293T cells were
transfected with 20lg of the SIVmac239-EGFP or SIVmac239-
mruby3 plasmid DNA using the calcium phosphate method.

Sixteen hours after transfection, the HEK293T cells were
washed with PBS, and fresh media was added. The SIVmac239-
containing supernatant was collected 48 h later, cleared by
centrifugation for 5 min at 1,000 g, and filtered on a 0.45 lm
Millipore filter. The EGFP or mruby3-SIVmac239 viruses
simian immunodeficiency virus-fluorescent protein (SIV-
FP) were then concentrated by mixing one volume of Lenti-
X concentrator (Takara Bio) with three volumes of cleared
supernatant. After an incubation of 30 min at 4�C, the SIV-FP
were pelleted by centrifugation for 45 min at 1,500 g, resus-
pended in PBS (final concentration *25 · ), and aliquots
were stored at -80�C. Stock of SIV-FP viruses was titrated
using TZM-bl cells as described by Wei et al.27

After expansion for 8–10 days of CD4 T cells prepared as
described above, infection was performed by adding 20 lL of
concentrated SIV-FP viruses to 105 CD4 cells (*MOI 0.5)
plated on RetroNectin-coated 96-well plates followed by
spinoculation for 2 h at 1,200 g. Cells were then incubated for
at least 3 days at 37�C for the virus propagation and for the
accumulation of FPs. The percentage of SIV-FP-infected
cells was assessed using flow cytometry after gating on
lymphocytes and single cells.

Real-time killing assay

Fluorescent SIV-FP-infected targets at 20,000 cells per
50 lL of X-VIVO 15 media were plated on BioCoat poly-d-
lysine coated flat bottom 96-well plates (Corning). The assay
was performed with preparation of target CD4 T cells con-
taining *20% of SIV infected cells. After a 2 h incubation at
37�C, effector CAR T cells or effector EGFR T cells in
200 lL complete X-VIVO 15 media were added in triplicate
at various effector-to-target (E:T) ratios as indicated; the
number of effector CAR T cells being calculated based on
the percentage of transduced EGFRt-positive cells. Plates
were incubated at 37�C for up to 3 days, and five images were
recorded per well every 3 h and analyzed with the IncuCyte
image analysis software.

The killing potency of the anti-SIV CAR T cells was as-
sessed by comparing the number of fluorescent targets over
time relative to their number at time 0. To evaluate the viral
spread to EGFR T cells during the killing assay, SIV-FP
infected CD4 T cells were cocultured with EGFR T cells at
the indicated E:T ratios for 3 days as described above and in
triplicate. The percentage of infected EGFR+ and EGFR-

CD8- T cells was determined using flow cytometry after
gating for lymphocytes, single cells, and CD8-. CD8- was used
as a surrogate gate for CD4 T cells as SIV-infected cells do not
express CD4 or express it at a low level.

Assessment of CAR T cell potency by real-time
monitoring of cell infection

For the infection of CD4 rhesus macaque cells, a master
mix of CD4 T cells/SIV-FP virus was prepared by adding
4 lL of concentrated viruses per 20,000 CD4 T cells (*MOI
0.5) in 50 lL X-VIVO media. The target/SIV mix was plated
on BioCoat poly-d-lysine coated flat bottom 96-well plate
followed by spinoculation for 2 h at 1,200 g. The assay was
then carried out similarly to the real-time killing assay as
described above by adding effector T cells at various E:T
ratios in triplicate and recording five images per well every
3 h. To evaluate the EGFR T cell infection over the time of
the assay, 3 wells of a 96-well plate were set up in the same
condition; that is, target cells were infected with SIV-FP and
EGFR T cells were then added at various E:T ratios. After 3
days of coculture, the percentage of infected EGFR+ and
EGFR- CD8- T was determined using flow cytometry after
gating for lymphocytes, single cells, and CD8-.

Flow cytometry

Jurkat cells or rhesus macaque T cells were washed with
PBS containing 1% BSA and incubated with the indicated
antibodies for 30 min at room temperature. Samples were
then washed with PBS-BSA and fixed in 2% paraformalde-
hyde in PBS. Flow cytometry was performed on a BD LSRII
flow cytometer, and the data were analyzed using the FlowJo
10 software.

Statistical analysis

Data are presented as the mean – standard error of the
mean. Statistical significance was analyzed by Student’s
t-test for each timepoint.

Results

Preparation of effector cells for killing assay

Our goal was to develop an assay that will allow rapid
screening of antiviral CAR T cells for killing potency. First, we
generated a lentiviral vector that encodes an anti-SIV CAR
based on the scFv of the ITS06.01 mAb. This mAb was se-
lected based on its high binding affinity for gp140 of various
SIV strains24 and neutralization of both tier 1 and 2 isolates of
SIVsmE660 and SIVmac251, but not the tier 3 SIVmac239.
The anti-CAR was also composed of a 4-1BB intracellu-
lar costimulatory domain and a CD3n activation domain
(Fig. 1A).24 To easily assess the lentiviral transduction effi-
ciency into T cells, the DNA construct also included a truncated
version of the EGFR that lacks the EGF binding domain and
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intracellular domains. This truncated protein can be detected
on the cell surface using an anti-EGFR mAb (cetuximab).

Rhesus macaques have been used extensively as animal
models for HIV infection. To achieve a high level of simian T
cell transduction, CAR-EGFRt DNA was cloned into a SIV-
based lentiviral system composed of four plasmids that
provides the necessary viral functions for lentiviral DNA
packaging.25 The helper plasmid encoding the vesicular
stomatitis virus G protein was replaced with a plasmid en-
coding the cocal virus envelope glycoprotein, which has been
shown to increase the transduction efficiency of lentiviral
vectors in macaque cells.26

CD4 and CD8 T cells were enriched from rhesus macaque
PBMCs by negative selection using a commercially available
kit. After expansion for 3 days, CD4 and CD8 T cells were
mixed at a ratio of about 1:1, similarly to the optimized CAR
T cell infusion products used in some clinical trials,28–30 and
transduced with lentivirus carrying the SIV-CAR. The per-

centage of transduced cells was then assessed by analyzing
the expression of EGFRt by flow cytometry. On average, a
transduction efficiency of 50%–80% was observed using this
lentiviral system (Fig. 1B).

To verify that the CAR scFv binding domain has the ability
to bind target antigen, binding of SIVmac239 gp140 to CAR
T cells was analyzed by flow cytometry using CD8 CAR T
cells. CD4 CAR T cells could not be used for this analysis
because of the intrinsic binding affinity of gp140 to the CD4
receptor. Binding of SIV gp140 was detected to EGFRt+

CAR T cells (Fig. 1C). We did not detect binding of gp140 to
cells expressing EGFRt only.

Development of fluorescent target cells

The development of a novel real-time imaging killing as-
say required the availability of fluorescent target cells. The
susceptibility of NHP CD4 T cells to SIV infection is often

FIG. 1. Assembly of viral vectors and preparation of effectors for the killing assays. (A) Schematic diagram of the anti-
SIV ENV CAR and the control EGFR lentiviral vectors (left) and of the expressed proteins at the cell surface (right).
(B) Flow cytometry analysis of CAR T cells for the expression of EGFRt in CD8 (top) and CD4 (bottom) T cells transduced
with the SIV ENV CAR or EGFR lentiviral vectors shown in (A). Assessment of the CD8 and CD4 T cell preparations (left)
and of EGFRt expression in cells transduced with the EGFR lentivirus (middle) or SIV ENV CAR lentivirus (right). (C) Env
binding to CD8 CAR T cells. CD8 CAR T cells or CD8 EGFR T cells were incubated with SIVmac239 gp140 proteins
followed by incubation with biotinylated anti-Env mAb and BV421-streptavidin. CAR, chimeric antigen receptor; EGFR,
epidermal growth factor receptor; mAb, monoclonal antibody; SIV, simian immunodeficiency virus.
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low and highly variable among animals. We observed that
CD4 T cell susceptibility to SIV infection was affected by
several experimental parameters, including expansion of
CD4 T cells for 8–10 days before infection, concentration of
SIV, infection on RetroNectin-coated plates, and spinocula-
tion. We observed a CD4 T cell rate of infection by SIV
ranging from *1% to 25% (data not shown).

Because of the low rate of SIV infection, labeling the entire
CD4 T cell population with a fluorescent cell tracking dye
would result in a high background coming from the abundant
noninfected CD4 cells. To overcome this issue, we developed
two new recombinant SIVmac239 viruses encoding FPs by
cloning the cDNA for the EGFP or mRuby3 FP in fusion with
an IRES downstream of the nef gene (Fig. 2A). These SIV-FP
viruses were infectious and replication competent and led to
high levels of FP expression in up to 25% of CD4 infected
cells (Fig. 2B). As previously reported for wild-type SIV,31

these SIV-FP viruses downregulate the expression of CD4
antigens on the surface of infected cells (Fig. 2B). Using
these new SIV-FP recombinant viruses, we were able not
only to eliminate the background signal but also to measure
more accurately the CAR T cell cytotoxic activity against
SIV-infected CD4 target cells (see Fig. 3).

IncuCyte assay to assess real-time killing
of SIV-infected cells by anti-SIV gp120 CAR T cells

To evaluate the killing potency of anti-SIV CAR T cells
toward SIV-infected CD4 T cells, we first determined the
optimal number of SIV-FP-infected CD4 target cells to seed
in 96-well plates, considering the variable percentage of in-
fected cells obtained among the CD4 target cell preparations.
The optimal amount of target cells to use for accurate
quantification was 20,000 cells per well, which was also se-
lected to avoid high cell density after addition of effector
cells. CD4 T cells were infected with fluorescent SIV for a

minimum of 3 days before the assay to reach a suitable per-
centage of infected targets (Fig. 3A).

On the day of the assay, target cells settled for at least 2 h
after seeding in triplicate in 96-well plates. CAR T cells or
EGFR control T cells were then added to the plate at various
E:T ratios, and five images per well were recorded every 3 h
for 3 days.

The killing potency of the CAR T cells toward SIV-
infected cells was assessed by comparing the number of
fluorescent target cells at each timepoint to their number at
time 0. Killing of SIV-infected cells was readily detectable at
the first 3-h timepoint and increased over time as shown by
the decrease in the percentage of fluorescent CD4 in the
presence of the CAR T cells (blue curve, Fig. 3B). Killing
was proportional to the ratio of effector cells and occurred
between E:T ratios of 5:1 and 1:3 (Fig. 3B–D). As shown in
Figure 3B and D, cytotoxicity of control EGFR T cells toward
infected targets was undetectable. The observed increase in
the number of fluorescent cells with control T cells (red
curve) is likely due to proliferation of infected targets and
cell-to-cell viral spread. Noninfected CD4 cells were not
killed by CAR T cells or EGFR T cells (Fig. 3E).

We investigated the possibility that CD4+ CAR T cells
could become infected with SIV and subsequently affect
analysis of the data using EGFR T cells as effectors because
SIV-infected ITS06 CAR T cells could be killed before the
expression of GFP. SIV-infected CD4 T cells and EGFR T
cells were cocultured under the same conditions for the
maximum assay time and then assessed for infection using
flow cytometry. We gated on CD8- T cells for CD4 targets as
SIV-infected cells express no or low level of CD4. The
number of EGFR+ CD8- T cells that became infected over
time was negligible and did not affect assay quality (Fig. 3F).
All together, these data indicate that this assay can be used for
fast evaluation of the cytotoxicity of antiviral CAR T cells
toward infected targets in real time.

FIG. 2. Generation of fluorescent targets. (A) Scheme of the SIVmac239 genome with the IRES-FP cassette inserted
downstream of the nef gene. (B) IncuCyte image and flow cytometry analysis of EGFP or mRuby3 expression in purified
CD4 T cells infected with the SIV-EGFP (left) or SIV-mRuby3 (right) virus. EGFP, enhanced green fluorescent protein; FP,
fluorescent protein; IRES, internal ribosome entry site.
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Assessment of CAR T cell potency in killing
SIV-infected cells upon infection

Recently infected cells can contribute to the observed in-
crease in viral load following ART interruption. A second
assay was developed to evaluate the CAR T cell potency
against freshly infected target cells. If CAR T cells kill CD4 T
cells upon infection or SIV binding, expression of FPs would
not occur.

For this second assay, SIV-FP was added first to CD4 T cells
for 2 h, as required for infection of the cells by spinoculation
(Fig. 4A). Anti-SIV CAR T cells were then added to the 96-well
plate at different E:T ratios, and cell infection was monitored
by recording images every 3 h for 3 days. Three days after in-
fection, fluorescently infected CD4 cells were barely detectable
in the presence of CAR T cells between E:T ratios of 5:1 and 1:1
compared with EGFR T cells; and the number of infected
cells remained small at the lowest E:T ratio of 1:5 (Fig. 4B–D).
This effect of anti-SIV CAR T cells toward CD4 cells during
infection is detected as soon as EGFP or mruby3 expression is
visible starting *24 h after exposure to SIV-FP (Fig. 4B–D).

We also evaluated the percentage of CD4 CAR T cells that
could become infected in this assay using EGFR T cells.
After infection of the targets with SIV-FP, they were co-
cultured with EGFR T cells in the same condition and for the
maximum time of the assay. Cells were collected from three
wells and analyzed for infection using flow cytometry. The
number of EGFR+ CD8- T cells that became infected over
time was also negligible (Fig. 3F). Overall, these data dem-
onstrate that this assay can assess the potency of CAR T cells
in affecting cell infection.

Discussion

In this study, we developed new fast assays to evaluate the
in vitro potency of antiviral CAR T cells in killing SIV targets.
The assay described in Figure 3 analyzes directly in real time
the killing of SIV-infected CD4 targets by anti-SIV CAR T
cells. The assay described in Figure 4 assesses indirectly the
ability of CAR T cells to affect cell infection and suppress
target cells, which might occur through multiple pathways. In
addition to CAR T cell killing of infected cells, SIV targets
might be eliminated before viral entry when coated with virus
particles. Activated CAR T cells might also secrete soluble
factors that could inhibit SIV entry into CD4 T cells.32 This
second assay is thus also valuable for testing additional
damaging effects of the CAR T cells toward SIV target cells.

Various assays have been developed that assess the release
of cell components from damaged or dead cells such as ra-
dioactive chromium, enzymes, and cytokines after exposure to
activated T cells13,16–19 or that measure targets labeled with
fluorescent dyes.20–22 Indirect methods such as measurement of
interferon gamma or granzyme B release by T cells or intra-
cellular granzyme and perforin upregulation in T cells assess
the activation of effector T cells but not target cell kill-
ing.14,15,33,34 The evaluation of caspase 3 or granzyme B ac-
tivity in target cells are other approaches to detect injury by
effector T cells but do not demonstrate a direct result of the
elimination of targets.35 Flow cytometry with anti-p24 anti-
bodies can be used to quantify infected cells.36 Nevertheless, all
these assays have similar drawbacks: for example, high back-
ground due to nonspecific labeling or release of assessed
components from unhealthy cells and/or single time point data.

The assays described here have several advantages such as
being fast, simple, and inexpensive. It is highly reproducible
with no cell processing required after the addition of the
target and effector cells to the plate and no need for com-
mercial reagents. The analysis of the images is straightfor-
ward and rapid using IncuCyte software. In addition, the
killing assay specifically monitors the killing of SIV-infected
cells by CAR T cells in real time, allowing adaptation of
image acquisition frequency and assay length as needed.
While our assays typically lasted 2–3 days, CAR T cell po-
tency could be detected as early as a few hours after addi-
tion of effector CAR T cells to SIV-infected targets. With a
practically unlimited number of measurements, this assay
also allows us to compare the kinetics of killing. Impedance-
based assays are another option to quantify the cytolytic ac-
tivity of immune cells in real time but require target cells to
be attached to the electrodes and are thus less suitable to
assess killing of nonadherent target cells such as primary
CD4 T cells.23

The preparation of target cells is a critical factor in these
assays. The low rate of infectivity of CD4 T cells by SIV in
our simian model requires the use of viruses carrying a FP for
the identification of the infected cells. Still, for other exper-
imental models, target cells could be labeled with commer-
cially available fluorescent dyes. We observed toxicity when
labeling the primary rhesus macaque T cells with commer-
cially available dyes reported as nontoxic for live cells and
recommend instead the use of recombinant FP viruses for the
identification of the infected cells when possible. This assay
was usually performed with preparation of target cells con-
taining *20% of infected cells. However, the assay could be
performed with CD4 target preparations containing as little
as 3% infected cells when T cells from some rhesus macaque
animals were more refractory to infection by SIV.

The CAR T cells analyzed using these assays do not re-
quire protection because rhesus macaque CD4 T cells are
poorly permissive to SIV infection when not conditioned
(as described in our protocol for target preparation), and the
timeframe of the assay is short. Negligible numbers of CAR T
cells did get infected during the assay as evaluated with
control EGFR CD4 T cells (Figs. 3F and 4E). However, for
long-term in vivo studies or in vitro studies with highly per-
missive targets, CAR T cells should be protected against viral
infection; for example, by disruption of the CCR5 gene in
CAR T cells37 or by coexpression of gp41-derived peptides.38

Although the assay can be performed with any cell culture
plates, we recommend the use of poly-lysine plates that
promote adherence of the target cells and, thus, limit move-
ment of nonadherent target cells at the well edges. However,
the IncuCyte S3 instrument offers the option of recording
images from the whole well that can compensate for this edge
effect if it occurs.

Conclusions

Given the growing interest in developing novel cell ther-
apies, assessing CAR T cell potency in vitro is an important
step in preclinical development. We have demonstrated using
the described methods that the ITS06.01-based CAR T cells
kill SIV-infected CD4 T cells and affect the level of infection
of target cells by SIV. Using both assays will ensure evalu-
ation of cytolytic and noncytolytic effects of CAR T cells on
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SIV-infected cells. These methods are fast, cheap, and highly
reliable. They can not only be used for large-scale screening
of CAR T cells but also for quality control during CAR T cell
manufacturing for immunotherapy. These assays were de-
veloped using anti-SIV CAR T cells and SIV-infected CD4,
but can be adapted to any antiviral CAR T cells for which a
virus with a FP marker is available.
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