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Adoptive cellular therapy using chimeric antigen receptors (CARs)
has revolutionized our treatment of relapsed B cell malignancies
and is currently being integrated into standard therapy. The
impact of selecting specific T cell subsets for CAR transduction
remains under investigation. Previous studies demonstrated that
effector T cells derived from naive, rather than central memory T
cells mediate more potent antitumor effects. Here, we investigate
a method to skew CAR transduction toward naive T cells without
physical cell sorting. Viral-mediated CAR transduction requires ex
vivo T cell activation, traditionally achieved using antibody-
mediated strategies. CD81 is a T cell costimulatory molecule that
when combined with CD3 and CD28 enhances naive T cell activa-
tion. We interrogate the effect of CD81 costimulation on resultant
CAR transduction. We identify that upon CD81-mediated activa-
tion, naive T cells lose their identifying surface phenotype and
switch to a memory phenotype. By prelabeling naive T cells and
tracking them through T cell activation and CAR transduction, we
document that CD81 costimulation enhanced naive T cell activa-
tion and resultantly generated a CAR T cell product enriched with
naive-derived CAR T cells.

CAR T cells j CD81 j naive T cells j adoptive immunotherapy

Genetic manipulation of T cells has enabled adoptive T cell
therapy to be translated to the clinic (1–10). Chimeric anti-

gen receptor (CAR) therapy has evoked recent enthusiasm upon
mediating curative outcomes in aggressive, refractory B cell
malignancies (1–7, 11–15), leading to Food and Drug Adminis-
tration approval (16–18). The process of ex vivo transduction and
expansion of T cells to express CARs influences the phenotype,
function, and ultimate fate of the final CAR T cell product
(19–23). Preclinical data in animal models indicate that selecting
specific T cell subsets for CAR transduction improves efficacy
(21, 22, 24–26). Naive-derived T cells have been shown to exhibit
greater replicative capacity, persistence, and antitumor function,
compared with both effector- and memory-derived Tcells (19, 20,
27). Naive CD4+ T cells, specifically, have a critical role in
enhancing the cytotoxic effect of the CD8+ cooperating central
memory cell subset (21). Furthermore, the translational CAR
experience demonstrates that the presence of cells consistent
with the naive and early memory phenotype in premanufactured
T cell products correlates with successful clinical responses in
both pediatric and adult B cell leukemia (28–30). Here, we
explore if selective activation of naive Tcells can result in skewing
of transduction toward this specific Tcell subset without the need
for physical subset sorting.

CAR constructs rely on intrinsic costimulatory signals, such as
the intracellular domains of CD28 or 41BB, for efficacy (1–9).
Here we focus on exogenous costimulatory signals necessary to
induce proliferation and permit viral-mediated gene transfer.
Prior to CAR transduction and antigen encounter, the majority
of T cells are in a state of rest. Resting T cells mandate primary
and costimulatory signals for activation (31, 32). CD28 is best
known for its ability to costimulate Tcells (33–38) and along with
CD3 activation renders T cells susceptible to viral transduction
(1, 39). CD81 is a member of the tetraspanin family that

physically associates with CD4 and CD8 on the surface of Tcells.
CD81 was shown to have independent costimulatory properties
and, when used with anti-CD3 and -CD28 antibodies, preferen-
tially activates naive T cells as compared with effector and mem-
ory T cells, despite conserved surface CD81 expression across T
cell subsets (40). Tetraspanins have no known cell-surface ligands,
and therefore antibodies are used to engage and stimulate them.
CD81 is the only tetraspanin whose complete three-dimensional
structure has been solved (41). Moreover, the crystal structure of
5A6, the anti-CD81 antibody used in our study, in complex with
CD81 has also been most recently solved (42). These authors
demonstrate that engagement by this antibody changes the con-
formation of the large extracellular loop of the CD81 molecule.
This conformational change may affect the interaction of CD81
with its associated CD4 and CD8 molecules.

Here, we costimulate purified T cells with CD81 as a proof
of principle to illustrate that the in vitro activation window
prior to CAR transduction can be leveraged to favor transduc-
tion of a specific Tcell subset.

Results
Addition of CD81 Costimulation Enhances Activation of Naive T Cells.
To interrogate the effect of CD81 costimulation on different T
cell subsets, we isolated T cells from healthy donors and stimu-
lated them with various activation conditions: antibodies to
CD3, CD3/CD28, or CD3/CD28/CD81. We observe that adding
CD81 costimulation to that of CD3/CD28 significantly enhances
CD4 and CD8 T cell activation, as evident by increased CD69
expression (Fig. 1A). We dissected the differential activation
effects on naive (CD62L+/CD45RO�), central memory (CD62L+/
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CD45RO+), and effector memory (CD62L�/CD45RO+) T cell
compartments using flow cytometry. We establish that the
engagement of CD81 enhances the activation of central memory
and effector memory populations, but the effect is most pro-
nounced in naive CD4 T cells (Fig. 1 B and C) despite known
uniform CD81 expression across T cell subsets (40). This effect
is not solely explained by increased cumulative costimulation, as
supported by titration experiments demonstrating a specific
CD81 effect (SI Appendix, Fig. S1).

CD81 Costimulation of Isolated Naive T Cells Induces a Shift toward
Memory Phenotype. We hypothesized that enhancing activation
of naive T cells using CD81 costimulation would improve CAR
transduction efficiency of this T cell subset. To interrogate the

specific contribution of CD81 stimulation to the fate of the
input naive T cells, we first isolated naive T cells (CD62L+/
CD45RO�) and took them through the process of activation
and CAR transduction. Since the starting population was com-
posed of purified naive T cells, we were able to document that
the activation process induced phenotypic changes characteris-
tic of effector memory T cells as soon as 24 h after costimula-
tion (Fig. 2A). The CD81-costimulated naive-derived T cells
yielded a higher degree of activation, as shown by their
increased expression of CD69 (Fig. 2B).

CD81 Costimulation Enhances CAR Transduction in Naive T Cells.
We demonstrate that inputting T cells with enhanced activation
through CAR transduction yields a T cell product with

A

B

C

Fig. 1. CD81 costimulation enhances activation of T cells, with maximal effect seen in naive CD4 T cells. Isolated T cells were activated using CD3, CD3/
CD28, or CD3/CD28/CD81 for 24 h. (A and B) Activation of (A) CD4 and CD8 T cells and (B) CD4 naive (CD62L+/CD45RO�), central memory (CM) (CD62L+/
CD45RO+), and effector memory (EM) (CD62L�/CD45RO+) T cells was measured by levels of CD69 expression. (C) Summary data of seven experiments
include the gating strategy, identify the significance of the CD81 effect in CD4 (<0.0001) and CD8 T cells (<0.0002), and highlight the specific CD81-
mediated activation advantage in naive T cells (<0.0001). Error bars illustrate mean with standard deviation (SD).
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increased CAR expression. In specific, activating naive T cells
with additional CD81 costimulation achieved greater transduc-
tion efficiency as compared with CD3 or CD3/CD28 activation
conditions (Fig. 3A and SI Appendix, Fig. S2A). Furthermore,
the naive-to-memory phenotype shift seen with CD81-mediated
T cell activation was further enhanced upon CAR gene trans-
duction (Fig. 3B and SI Appendix, Fig. S2B).

Tracking CAR Transduction of Naive T Cells within the Total T Cell
Pool. Activating naive T cells in isolation may not represent the
phenomenon occurring when all T cell subsets are interacting
together. We therefore investigated the potential of CD81 co-
stimulation to preferentially activate and transduce naive Tcells
within a pool of all T cell subsets. Because, as shown above,
naive T cells lose their surface signature throughout activation,
we first isolated naive T cells, labeled them with violet tracking
dye (VTD), and returned them to the parental T cell pool
replete with effector and memory Tcells. We then activated this
replete T cell pool with the costimulation conditions under
study (Fig. 4 A and B) and transduced the resulting activated T
cells with the CAR (Fig. 4 C and D). CD81 costimulation
remarkably enhanced CAR transduction of both the labeled
naive-derived Tcells and the unlabeled Tcells (Fig. 5A).

Naive-Derived T Cells That Undergo Cell Division Have Increased
CAR Expression and Increased Phenotypic Shift. To assess the
impact of cellular division on CAR transduction efficiency, we
analyzed VTD-labeled naive cells that have undergone succes-
sive cellular divisions. We costimulated a mixed T cell popula-
tion that included VTD-labeled naive T cells with CD3, CD28,
and CD81, followed by CAR transduction. We gated cell
populations that have undergone increasing cellular divisions
(Fig. 5B), and performed a linked analysis of CAR transduction

and surface marker expression (Fig. 5C). We demonstrate that
cells that have undergone increased divisions have the greatest
CAR expression. Furthermore, with increased cell divisions
and CAR transduction, we observed increased surface marker
remodeling with a specific increase in memory markers (Fig. 5C),
as was seen with isolated naive Tcells (Fig. 3B).

Discussion
Adoptive T cell transfer using CARs has become an integral
treatment strategy for advanced, refractory hematologic malig-
nancies. Viral-mediated genetic engineering techniques have
proven essential to effective CAR scalability. The CAR clinical
experience to date revealed that varying CAR intracellular
domains render differential T cell functions. CD28 induces an
earlier peak in in vivo CAR activity in contrast to 41BB, which
facilitates long-term persistence and immune memory (43).
Independent of CAR endogenous domains, T cells require
in vitro stimulation, traditionally using CD3 and CD28 costimu-
lation, to permit efficacious viral-mediated gene transduction
(1, 39). Little attention has been placed on the impact of vary-
ing costimulation signals at the stage of CAR transduction. We
hypothesized that this period of in vitro T cell stimulation influ-
ences the phenotype of the final transduced T cell product and
can be manipulated to skew transduction toward desired T cell
subsets.

We introduce CD81, used as a Tcell costimulator, to the pro-
cess of viral-mediated CAR transduction. The addition of
CD81 to CD3 and CD28 T cell stimulation introduces a more
robust activation of naive T cells, compared with CD3 and
CD28 stimulation. We demonstrate that stimulation signals that
induce enhanced activation of a specific T cell subset enhance
CAR transduction of that specific T cell population. We found

A B

Fig. 2. CD81 costimulation enhances activation of isolated naive T cells. (A) Isolated naive T cells were activated as indicated for 24 and 48 h. Flow-
cytometry plots illustrate change over time of naive (CD62L+/CD45RO�), CM (CD62L+/CD45RO+), and EM (CD62L�/CD45RO+) markers on CD4 and CD8
activated, naive-derived T cells. (B) CD69 expression is shown for CD4 and CD8 isolated naive T cells following 48 h of activation (time point of retroviral
transduction). These data are representative of four experiments with average CD69 expression prior to CAR transduction across experiments illustrated.
For activation, we employed the nonparametric Friedman test and exact test for repeated-measures experiments. Our null hypothesis (H0) is that there
is no difference in median activation between groups. Our data reject the null hypothesis, indicating a statistically significant difference in activation
(P = 0.038) for cells treated with additional CD81 costimulation.
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that combined stimulation of CD3/CD28/CD81 preferentially
activates naive T cells, compared with CD3/CD28. These triple-
activated naive T cells switched their phenotype to a memory
signature with ongoing evolution toward a more distinctive
memory phenotype with CAR transduction. Importantly, the T
cell product derived from these CD81-costimulated naive T

cells achieved greater transduction efficiency, with greater lev-
els of CD19 CAR expression.

We specifically chose to investigate CD81 due to its unique
capacity to preferentially activate naive T cells (40), a subset
previously shown to be desirable for adoptive cell therapy (19,
20). Alternative antibodies targeting ligands that have a role in

A B

Fig. 3. CD81 costimulation improves CAR transduction efficiency. (A) Transduced CAR T cells were detected by staining with a fluorescent CD19–Fc fusion
protein. (B) CAR T cells derived from CD81-costimulated naive T cells were costained with the indicated memory subset markers. These data are represen-
tative of three experiments, with transduction efficiency across experiments illustrated. For CAR transduction, we employed the nonparametric Friedman
test and exact test for repeated-measures experiments. Our null hypothesis (H0) is that there is no difference in median transduction between groups.
Our data reject the null hypothesis, indicating a statistically significant difference in transduction (P = 0.096) for cells treated with additional CD81
costimulation.

A

B

C

D

Fig. 4. CD81 costimulation enhances activation, induces surface phenotype changes, and improves CAR transduction efficiency of labeled naive T cells
added back to their derived T cell pool. Isolated naive T cells were labeled using VTD and added back to the replete T cell pool, and then activated with the
CD3, CD3/CD28, or CD3/CD28/CD81 antibodies, followed by lentiviral CD1928z CAR transduction. (A and B) CD69 expression (A) and parallel CD62L and
CD45RO surface phenotyping (B) of the labeled naive T cell addback, shown at 48 h (time point of retroviral transduction). (C) CAR transduction of labeled
naive T cells, as determined by CD19–Fc expression. (D) Parallel CAR T cell CD62L and CD45RO phenotyping, shown 7 d following initial T cell activation.
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manipulating T cell signaling pathways (i.e., CTLA4, PD-1,
41BB, ICOS, OX40) might have other unique effects on spe-
cific T cell subsets that could be further harnessed toward the
goal of selective CARTcell transduction. Additionally, utilizing
antibodies that impact T cell function during this ex vivo win-
dow, prior to the infusion of CAR T cells, is an opportunity to
manipulate T cell function without introducing the added risk
of systemic antibody-mediated toxicity.

Overall, through tailored activation and fate mapping span-
ning CAR transduction, we demonstrate that the process of
in vitro activation and CAR transduction impacts the resultant
CAR T cell phenotype. We additionally demonstrate the proof
of principle that activation can be manipulated to drive CAR
transduction toward a desired Tcell subset.

Materials and Methods
T Cell Purification. T cells were isolated from healthy donors in accordance
with ethical guidelines and with informed written consent. T cells were
purified using magnetic bead negative selection. Unsorted pan-T cells were
isolated using the Dynabeads Untouched Human T Cell Kit (Thermo Fisher Sci-
entific; 11344D) and isolated naive T cells were purified using the Naive Pan
T Cell Isolation Kit (Miltenyi Biotec; 130-097-095). All T cell purifications were
performed according to the manufacturers’ guidelines.

T Cell Activation and Phenotyping. Purified T cells (1 × 106) were differentially
stimulated using anti-CD3 antibody (clone OKT3; eBioscience; 16-0037085;
0.1 μg/mL), anti-CD28 (clone 28.2; eBioscience; 16-0289-85; 2.5 μg/mL), and/or
CD81 (clone 5A6; generated in the laboratory of S.L.; 2.5 μg/mL). Antibodies
were then cross-linked using goat F(ab)2 anti-mouse immunoglobulin G (IgG)
(Jackson ImmunoResearch; 115-006-062; 4 μg/mL). Unstimulated T cells were

A

B

C

Fig. 5. Naive-derived T cells that have undergone increased proliferation have greater CAR expression and increased surface phenotype remodeling.
(A) CAR expression of VTD-labeled naive added back as in Fig. 4C. (A, Right) Naive-derived T cells costimulated with CD81 are outlined in red. (B and C)
Analysis of CD81-costimulated, activated, and CAR transduced naive addback. (B, Left) VTD labeling of naive-derived cells distinguishes cells undergoing
zero to five divisions. (B, Right) CAR expression across cells undergoing zero to five divisions. (C, Upper) CAR expression. (C, Lower) CD62L and CD45RO
expression of the indicated cell divisions.
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used as a control. T cells were cultured in RPMI1640 with L-glutamine (Corning
Cellgro; 10-040-CV) supplemented with 10% heat-inactivated donor calf
serum (HyClone; GE Healthcare Life Sciences; SH30109.03), L-glutamine
(Mediatech; 25-005-Cl), and penicillin:streptomycin (Gemini Bio-Products; 400-
109) and incubated for 24 and 48 h. Following incubation, cells were washed
with phosphate-buffered saline containing 1% bovine serum albumin and
blocked by 50 μg of whole-mouse IgG (Jackson ImmunoResearch; 015-000-
003) for 20 min on ice (to prevent unbound goat anti-mouse cross-linkers
from nonspecifically binding to mouse anti-human phenotyping antibodies).
Following blocking, cells were washed and then stained for surface expression
of CD4 (Pacific Blue; BD Pharmingen; 558116), CD8 (fluorescein isothiocya-
nate; BD; 347313), CD62L (APC; BD Pharmingen; 559772), CD45RO (PE-Cy7;
BD; 337168), and CD69 (PE; BD; 341652).

Flow Cytometry. Flow cytometry was performed using an LSR II flow cytome-
ter (BD Biosciences). Cytobank software was used to analyze data generated
from flow cytometry.

Retroviral CAR Transduction. The 1928z SFG CAR construct (44) and its stable
producer cell line, 293GP-GLV9, were used in this study (45), generously shared
by Renier Brentjens, Memorial Sloan Kettering Cancer Center, New York, NY.
The 293GP-GLV9 retroviral producer line was cultured in Dulbecco’s modified
Eagle’s medium (GIBCO) supplemented with 10% heat-inactivated calf serum.
Isolated human T cells were maintained in RPMI1640 with L-glutamine (Corn-
ing Cellgro; 10-040-CV) supplemented with 10% heat-inactivated calf serum
(HyClone; GE Healthcare Life Sciences; SH30910.02), L-glutamine (Mediatech;
25-005-Cl), and penicillin:streptomycin (Gemini Bio-Products; 400-109). T cells
were activated using CD3 (0.1 μg/mL), CD28 (2.5 μg/mL), and/or CD81 (2.5 μg/
mL) -specific antibodies, followed by cross-linking with goat F(ab)2 anti-mouse
IgG (Jackson ImmunoResearch; 115-006-062; 4 μg/mL), as described (16). Fol-
lowing 48 h of stimulation, activated T cells were transferred to retronectin-
coated (Takara Bio) non–tissue-culture plates. Filtered supernatant from the
293GP-GLV9 1928z producer line was added to the T cells and retronectin-
coated plates were centrifuged at 3,200 rpm for 60 min on 3 consecutive days.

Cells were cultured with recombinant human IL-2 (PeproTech; 200-02; 100 IU/
mL). Gene transduction was assessed using flow cytometry 7 d following initial
T cell activation.

CAR T Cell Detection. CAR T cell-surface expression was measured by binding
of a recombinant fusion protein containing the extracellular region of human
CD19 protein linked to the mouse IgG2a Fc domain, generated in-house by
Chiung Chi Kuo, followed by goat anti-mouse IgG2a (Southern Biotech) and
flow cytometry analysis.

Phenotyping CAR Transduced T Cells. Transduced T cells were blocked with
mouse IgG1 (BD Biosciences; 349040) to bind to excess cross-linking antibody.
CAR T cells were detected as described followed by a second blocking step with
whole-mouse IgG (Jackson ImmunoResearch; 015-000-003), used to prevent non-
specific binding of mouse anti-human phenotyping antibodies to the secondary
goat anti-mouse IgG2a used for CAR detection. CD4, CD8, CD62L, and CD45RO
antibodies were used to identify naive T cells (CD62L+/CD45RO�), central mem-
ory cells (CD62L+/CD45RO+), and effectormemory cells (CD62L�/CD45RO+).

Tracking Naive T Cells through Retroviral Transduction. Naive T cells were iso-
lated from healthy donors and purified using the Naive Pan T Cell Isolation Kit
(Miltenyi Biotec; 130-097-095). Naive T cells were labeled with VTD (CellTrace
Violet Cell Proliferation Kit; Invitrogen, Thermo Fisher Scientific; C34557), and
then returned to the replete pool of donor-derived unsorted T cells. T cells
were activated and transduced to express 1928z CAR as described, followed
by cell phenotyping and CAR transduction analysis using flow cytometry. VTD
labeling permitted assessment of proliferation and surface phenotype
changes through retroviral transduction of cells of naive origin.

Data Availability. All study data are included in the article and/or SI Appendix.
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