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Even though other γδ T-cell subsets exhibit antitumor 
activity, adoptive transfer of γδ Tcells is currently limited 
to one subset (expressing Vγ9Vδ2 T-cell receptor (TCR)) 
due to dependence on aminobisphosphonates as the 
only clinically appealing reagent for propagating γδ T 
cells. Therefore, we developed an approach to propagate 
polyclonal γδ T cells and rendered them bispecific through 
expression of a CD19-specific chimeric antigen receptor 
(CAR). Peripheral blood mononuclear cells (PBMC) were 
electroporated with Sleeping Beauty (SB) transposon and 
transposase to enforce expression of CAR in multiple γδ 
T-cell subsets. CAR+γδ T cells were expanded on CD19+ 
artificial antigen-presenting cells (aAPC), which resulted 
in >109 CAR+γδ T cells from <106 total cells. Digital mul-
tiplex assay detected TCR mRNA coding for Vδ1, Vδ2, 
and Vδ3 with Vγ2, Vγ7, Vγ8, Vγ9, and Vγ10 alleles. Poly-
clonal CAR+γδ T cells were functional when TCRγδ and 
CAR were stimulated and displayed enhanced killing of 
CD19+ tumor cell lines compared with CARnegγδ T cells. 
CD19+ leukemia xenografts in mice were reduced with 
CAR+γδ T cells compared with control mice. Since CAR, 
SB, and aAPC have been adapted for human application, 
clinical trials can now focus on the therapeutic potential 
of polyclonal γδ T cells.

Received 23 August 2012; accepted 28 November 2012; advance online 
publication 8 January 2013. doi:10.1038/mt.2012.267

Introduction
Chimeric antigen receptors (CARs) re-direct T-cell specificity to 
tumor-associated antigens (TAAs), such as CD19, independent of 
major histocompatibility complex.1–5 This genetic modification of 
T cells has clinical applications as adoptive transfer of CAR+ T 
cells with specificity for CD19 can lead to antitumor responses 
in patients with refractory B-cell malignancies.6–9 Current trials 
administer CAR+ T cells coexpressing αβ T-cell receptor (TCRαβ) 
derived from a population that represents 95% of the peripheral 
T-cell pool. However, the remaining 1–5% of circulating T cells 
expressing TCRγδ (γδ T cells) have clinical appeal based on their 

endogenous cytotoxicity toward tumor cells as well as their ability 
to present TAA and elicit an antitumor response.10–12 This popula-
tion of T cells directly recognizes TAA, e.g., heat shock proteins, 
major histocompatibility complex class I chain-related gene A/B, 
F1-ATPase, and intermediates in cholesterol metabolism (phos-
phoantigens), in humans.13 Therefore, broad recognition of tumor 
cells and antitumor activity is achieved by these T cells express-
ing a diverse TCRγδ repertoire (combination of Vδ1, Vδ2, or Vδ3 
with one of fourteen Vγ chains).14

T cells expressing Vδ1 and Vδ2 have been associated with anti-
tumor immunity, but current adoptive immunotherapy approaches 
are limited to the Vδ2 subpopulation due to limited expansion 
methods of Vδ1 to clinically sufficient numbers of cells for human 
applications. For the most part, γδ T cells have been numerically 
expanded in vivo and ex vivo using Zoledronic acid (Zol),15 an 
aminobisphosphonate that results in selective proliferation of T 
cells expressing Vγ9Vδ2 TCR.10,12,16 This treatment modality has 
resulted in objective clinical responses against both solid and 
hematologic tumors, but has not been curative as a monotherapy. 
Vδ1 γδ T cells have not yet been infused, but their presence has 
correlated with complete responses observed in patients with 
B-cell acute lymphoblastic leukemia after undergoing αβ T cell-
depleted allogeneic hematopoietic stem cell transplantation.17–20 
As both of these subpopulations of γδ T cells are associated with 
antitumor activity, but have not been combined for cell therapy, 
we sought a clinically appealing approach to propagate T cells that 
maintain a polyclonal TCRγδ repertoire.

Recognizing that a CD19-specific CAR can sustain the prolif-
eration of αβ T cells on artificial antigen-presenting cells (aAPC) 
independent of TCRαβ usage,21 we hypothesized that γδ T cells 
would expand on aAPC independent of TCRγδ. Our approach was 
further stimulated by the observation that K562, the cell line from 
which the aAPC were derived, is a natural target for γδ T cells.18 
We report that CAR+γδ T cells can be propagated to clinically rel-
evant numbers on designer aAPC while maintaining a polyclonal 
population of TCRγδ as assessed by our “direct TCR expression 
assay” (DTEA), a novel digital multiplexed gene expression anal-
ysis that we adapted to interrogate all TCRγδ isotypes.22 These 
CAR+γδ T cells displayed enhanced killing of CD19+ tumor cell 
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lines in vitro compared with polyclonal γδ T cells not expressing 
CAR. Leukemia xenografts in immunocompromised mice were 
significantly reduced when treated with CAR+γδ T cells com-
pared with control mice. This study highlights the ability of aAPC 
to numerically expand bispecific T cells that exhibit introduced 
specificity for CD19 and retain endogenous polyclonal TCRγδ 
repertoire.

Results
CAR+γδ T cells numerically expand on aAPC
To date, it has been problematic to synchronously manipulate 
and expand multiple γδ T-cell subpopulations for application in 
humans. Viral-mediated gene transfer typically requires cell divi-
sion to achieve stable gene transfer and CARs have been introduced 
into transduced T cells expressing just Vδ2 TCR following the use 
of aminobisphosphonates to drive proliferation.23 In contrast, non-
viral gene transfer with Sleeping Beauty (SB) transposition can be 
achieved in quiescent peripheral blood mononuclear cells (PBMC) 
with the full complement of peripheral γδ T cells initially present. 
Thus, stable expression of CAR can be achieved without prior T-cell 
propagation, enabling us to investigate whether a population of T 

cells expressing polyclonal TCRγδ chains could then be numeri-
cally expanded in a CAR-dependent manner on designer aAPC. 
PBMC were electroporated (day 0) with SB transposon/transposase 
system to enforce expression of a second generation CD19-specific 
CAR (CD19RCD28)5 that signals through chimeric CD28 and 
CD3-ζ. Electroporated cells were sorted using paramagnetic beads 
to separate the 4.0 ± 1.5% (mean ± SD; n = 4) CAR+γδ T cells from 
the majority of CAR+αβ T cells. The CAR+γδ T cells were selec-
tively propagated by the recursive additions of γ-irradiated K562-
derived aAPC (clone #4, genetically modified to coexpress CD19, 
CD64, CD86, CD137L, and membrane bound interleukin (IL)-
15)5 with soluble IL-2 and IL-21. IL-21 is included in the manufac-
ture of our CAR+αβ T cells so it was used to propagate CAR+γδ T 
cells.5 Prior experiments predicted that IL-2 and IL-15 enhance the 
proliferative potential of γδ T cells, and synergy between IL-2 and 
IL-21 has led to improved antitumor activity compared with γδ T 
cells grown with either IL-2 or IL-21 alone.24–28 Sham electropora-
tions were undertaken to provide staining control T cells that were 
propagated by cross-linking CD3 using aAPC loaded with OKT3 
to numerically expand CARnegαβ T cells.29 As expected, CAR was 
expressed on the day following electroporation (day 1) in most of 
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the T cells, including γδ T cells, which comprised up to 10% of 
the mononuclear cells (Figure 1a, left). After 36 days of co-culture 
on aAPC, the majority of cells coexpressed CD3 and TCRγδ with 
30.7 ± 23.3% (n = 4) CAR expression (Figure 1a, right). The abso-
lute CAR proportions at day 36 varied in frequency depending on 
the donor, but increased compared with the initial populations of 
CAR+ γδ T cells at day 1(Figure 1b). As we have demonstrated, 
our aAPC co-culture system enforces CAR expression in αβ T cells 
(>90% CAR+ T cells by 28 days of co-culture),5 but the apparent 
lack of the same degree of selective pressure when combined with 
γδ T cells was attributed to an inherent ability of CARnegγδ T cells 
to sustain proliferation on aAPC derived from K562. Continuous 
proliferation of both CARneg and CAR+γδ T cells was observed 
over the tissue culture period. Even so, we could generate up to 1.5 
× 109 ± 1.2 × 109 (n = 3) CAR+γδ T cells from the 2.8 × 105 ± 1.5 × 
105 (n = 3) CAR+γδ T cells at the start of the culture (Figure 1c). 
Most of the propagated cells coexpressed CD3 and TCRγδ, but 
did not express TCRαβ (Figure 1d). These data demonstrate that 
aAPC could be used to sustain proliferation of CAR+ T cells coex-
pressing TCRγδ.

Immunophenotype of numerically expanded CAR+γδ 
T cells
Multiparameter flow cytometry was used to gate on CAR+ T cells 
and analyze their expression of cell surface markers (Figure 2). 
TCRγδ was expressed at high and low densities (Figure  2a, 
top). CD56, a marker of major histocompatibility complex-
unrestricted lytic ability,30 was also expressed on T cells, but 
the culture contained <1% CD3negCD56+ natural killer cells 
and <1% CD3+Vα25TCR+NK T cells (data not shown). In con-
trast to αβ T cells, no CAR+γδ T cells expressed CD4, some 
were CD8+, but most were CD4negCD8neg, which is consistent 
with what is known for γδ T cells.31 The relative frequencies for 
each donor are shown in Figure  2b. Markers associated with 
memory, e.g., CD27, CD28, CD62L, and CCR7, were expressed 
by CAR+γδ T  cells (Figure  2a, bottom). Both naive (CD45RA) 
and antigen-experienced  (CD45RO) cells were present after 

propagation on aAPC, and the T cells were not exhausted as 
measured by low expression of CD57 (Figure 2b). In aggregate, 
cultures contained a heterogonous mixture of naive (CD45RA
+CD27+CD28+CCR7+; 26.5 ± 6.2%), central memory (CD4
5RAnegCD27+CD28+CCR7+; 7.8 ± 3.6%), effector memory 
(CD45RAnegCD27+CD28negCCR7neg; 10.1 ± 5.4%), and effector 
memory RA (CD45RA+CD27negCD28negCCR7neg; 7.6 ± 3.4%) 
T-cell phenotypes.32,33 Costimulation by enforced expression of 
CD86 and CD137L (4-1BBL) on aAPC may be important for 
CAR+γδ T-cell numeric expansion due to expression of their 
receptors CD28 and CD137 (4-1BB), respectively. Molecules 
associated with homing to bone marrow (cutaneous lymphocyte 
antigen and CXCR4) and lymph nodes (CD62L and CCR7) were 
present on CAR+γδ T cells suggesting that they could migrate to 
sites known to harbor leukemia. In sum, propagated CAR+γδ T 
cells expressed T cell-associated surface markers that indicate 
desired potential for memory and homing.

Direct TCR expression assay to reveal γ and δTCR 
usage in CAR+γδ T cells
We sought to determine that aAPC-propagated CAR+ T cells were 
indeed bispecific as defined by the presence of a polyclonal popula-
tion of TCRγδ alleles. Up to now, it has been difficult to determine 
the pattern of expression of the γ and δTCR chains. Therefore, we 
adapted our DTEA to assess the complete TCRγδ transcriptome. 
This approach takes advantage of the nCounter assay system to 
measure multiple bar-coded genes in a single reaction with high 
sensitivity and linearity across a broad range of expression.34 A 
multiplexed CodeSet was designed with two sequence-specific 
probes for each allele to evaluate TCRγδ isotypes. The DTEA was 
initially validated using Zol to preferentially propagate Vγ9Vδ2 
cells from PBMC and, as expected, the resultant TCR usage was 
dominated by both Vδ2 and Vγ9 at protein and mRNA lev-
els (Supplementary Figure S1). A second validation employed 
antibodies directed against γδ T-cell subsets (Vδ1 and Vδ2) to 
measure their mRNA expression. Vδ1negVδ2neg, Vδ1+Vδ2neg, and 
Vδ1negVδ2+cells were sorted from CARneg T cells (to maximize 
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the number of Vδ2 cells recovered by fluorescence-activated cell 
sorting (FACS)) and subjected to DTEA (Figure 3a). As expected, 
Vδ1+Vδ2neg, Vδ1negVδ2+, and Vδ1negVδ2neg expressed Vδ1*01, 
Vδ2*02, and Vδ3*01 mRNA species, respectively (Figure  3b). 
These two strategies supported the validity of the DTEA panel 
enabling the identity of TCRγδ to be determined in CAR+ T cells. 
Therefore, we measured the mRNA levels for all three Vδ alleles 
as present in electroporated, separated, and propagated CAR+γδ 
T cells which correlated with multiparameter flow cytometry on 
gated CAR+ T cells to reveal the frequencies of Vδ subsets based 
on protein expression. The three Vδ populations were present in 
ascending frequency (Vδ1>Vδ3>>>Vδ2) in the electroporated 
and propagated T cells (Figure  3c). CARnegγδ T cells displayed 
similar frequencies of VδTCR usage as CAR+γδ T cells. DTEA 
array also assessed Vγ usage, which is of particular utility because 
only one antibody against Vγ9 is commercially available, thus lim-
iting the tools with which to detect Vγ usage. Of note, Vγ2, Vγ7, 
Vγ8 (both alleles), Vγ9, and Vγ10 were present in CAR+ T-cell 
cultures (Figure 3d). A lack of commercially available antibodies 
prevented assessment of pairing between individual Vδ and Vγ 
chains on the T cells. The TCR usage described for γδ T cells was 
that which was present at the time of functional assays. Our abil-
ity to digitally quantify the presence of mRNA species enabled us 
to determine that the propagated CAR+ T cells expressed a poly-
clonal population of TCRγδ chains.

T cells produced proinflammatory cytokines in 
response to stimulation through endogenous TCRγδ 
and introduced CAR
The functional activity of the CAR+ T cells was assessed by acti-
vation with leukocyte activation cocktail, which was comprised of 
phorbol 12-myristate 13-acetate and ionomycin. Leukocyte activa-
tion cocktail mimics activation through TCR by simulating protein 
kinase C and increasing intracellular Ca2+ to activate phospholi-
pase C. Measurement of secreted and intracellular cytokines (in 
the presence of the inhibitor GolgiPlug, which contains brefeldin 
A) were performed on genetically modified T cells with and with-
out leukocyte activation cocktail (Figure 4a,b). A broad range of 
cytokines were produced by γδ T cells, with the highest expression 
of interferon-γ (IFNγ), tumor necrosis factor-α, and chemokines 
macrophage inflammatory protein (MIP)-1α, MIP-1β, and regu-
lated and normal T cell expressed and secreted (Figure 4b). IL-17 
has been shown to be important for antitumor efficacy of γδ T cells 
and this cytokine was secreted by CAR+γδ T cells. These results 
suggest that TCRγδ can be activated to produce cytokines that 
could promote inflammation within the tumor. Next, CAR-specific 
cytokine production was assessed by activation using the murine 
T-cell lymphoma line EL4 and a genetically modified derivate to 
enforce expression of human CD19. Both tumor necrosis factor-α 
and IFNγ were produced by CAR+γδ T cells in response to CD19 
(Figure  4c). A less diverse repertoire of cytokines was secreted 
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following CAR stimulation when compared with stimulation 
of TCRγδ, but IFNγ, tumor necrosis factor-α, MIP-1α, MIP-1β, 
and regulated and normal T cell expressed and secreted were all 
increased in response to activation through CAR (Figure 4d). In 
aggregate, proinflammatory cytokines were upregulated by bispe-
cific CAR+γδ T cells through their TCR and CAR.

CAR+γδ T cells exhibit enhanced antitumor effects 
against CD19+ targets in vitro
It was anticipated that γδ T cells would display endogenous cyto-
toxicity to leukemia cells. Therefore, γδ T cells without CAR were 
numerically expanded on aAPC in order to test their antileukemia 
activity. Human CD19+ B-cell acute lymphoblastic leukemia cell 

lines (REH, Kasumi-2, and Daudi genetically modified to express 
β2M) were lysed by CARnegγδ T cells while primary, healthy CD19+ 
B cells were not killed by the same effectors (Figure 5a). However, 
not all B-cell acute lymphoblastic leukemia cell lines were sus-
ceptible to efficient lysis by CARnegγδ T cells. In particular, EL4 
and NALM-6 cells were largely resistant to cytolysis by γδ T cells. 
Thus, the ability of the CD19-specific CAR to amplify the inherent 
antitumor activity of γδ T cells was investigated. Enforced expres-
sion of CD19 on the surface of EL4 cells improved targeting and 
killing of this cell line by CAR+γδ T cells at significantly higher (P 
= 0.0001) levels compared with the parental CD19neg EL4 cell line 
(Figure 5b). Similarly, CAR+γδ T cells exhibited improved ability 
(P = 0.001) to kill CD19+ NALM-6 cells compared with CARnegγδ 
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T cells (Figure 5c). In summary, the introduced CAR enhanced 
the specific killing capability of genetically modified γδ T cells.

CAR+γδ T cells can target CD19+ tumor in vivo
The ability of electroporated and propagated γδ T cells to tar-
get CD19+ tumor was then investigated in vivo. NALM-6 is an 
aggressive CD19+ B-cell leukemia model and immunocompro-
mised mice engrafted with 105 NALM-6 are moribund in 20–25 

days when untreated. Control of disseminated NALM-6 tumor in 
vivo is dependent on the infused T cells homing to tumor and 
activating cytolytic machinery in the tumor microenvironment. 
After adoptive immunotherapy, the burden of tumor was signifi-
cantly decreased in mice receiving CAR+γδ T cells (donor no. 4 
from Figure 3c) compared with untreated mice (Figure 6). Mice 
in treatment group receiving CAR+ T cells displayed fewer char-
acteristics of the untreated and thus unwell mice, which included 
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lethargy, ruffled coat, temporary hind limb paralysis, and difficulty 
entering and exiting anesthesia at late stages of the experiment. 
A uniform date for euthanasia was chosen to measure the anti-
tumor effect based on flow cytometry for NALM-6 in lymphoid 
tissue. There was significant antitumor activity by the CAR+γδ T 
cell as measured by bioluminescent imaging of NALM-6-eGFP-
ffLuc (Figure 6b) as exemplified at 22 days after injection of tumor 
(Figure  6c). Noninvasive imaging was corroborated by analy-
sis of presence of tumor cells at necroscopy. Mice that received 
CAR+γδ T cells exhibited significant reductions in tumor burden 
(CD19+eGFP+) in the bone marrow, spleen, and peripheral blood 
(Figure 6d,e). These data reveal that polyclonal CAR+γδ T cells 
exhibit therapeutic activity in vivo.

Discussion
We established that introduction of a second generation CAR could 
(i) drive the numeric expansion of T cells independent of usage of 
TCRγδ chains and (ii) augment the lytic potential of CD19+ tumors 
by γδ T cells. Propagating bispecific CAR+ T cells with a broad 
diversity of TCRγδ chains are desirable based on their therapeutic 
potential. Indeed, γδ T cells other than those expressing Vγ9Vδ2 
have been generated from PBMC using TCRγδ-specific and CD3-
specific monoclonal antibodies.35–37 These prior approaches did 
not comprehensively measure TCRγδ isotype expression nor did 
they yield Vδ1 and Vδ3 at frequencies as high as seen in this study. 
The Vγ2 TCR chain was detected on our T cells, which has been 
described to pair with Vδ2, and these T cells can have antigen 
presentation capabilities.38 Our CAR+γδ T cells expressed mol-
ecules consistent with antigen presentation, e.g., CD86, CD137L, 
and human leukocyte antigen-DR (data not shown), and Vγ9Vδ2 
cells have served as aAPC for αβ T cells.11 Future experiments will 
investigate whether our polyclonal CAR+γδ T cells also have an 
ability to serve as aAPC. Also present were T-cell subpopulations 
expressing Vγ7, Vγ8, and Vγ10, where the first two chains have 
been associated with intestinal intraepithelial lymphocytes39,40 and 
the latter chain’s functional significance is not yet apparent. In all, 
our approach is the first to report expansion of CAR+ T cells that 
maintained a polyclonal TCRγδ expression.

The repertoire of TCRγδ chains employed by CAR+ T cells 
was similar to the initial pool of γδ T cells in PBMC with two 
exceptions. We noted an increase in Vδ3 usage, but this may be 
advantageous as it is associated with specificity for viruses that 
could offer enhanced immune responses to viral infections in 
immunocompromised patients receiving therapy.41 A decrease 
in Vγ9Vδ2 usage was also observed compared with the starting 
frequency of this TCR in PBMC, but this could potentially be 
increased by priming aAPC with Zol to increase Vγ9Vδ2 ligand 
expression in the co-culture. Whether this loss of Vγ9Vδ2 TCR 
expression was due to preferential activation induced cell death 
or selective out-growth of T cells expressing Vδ1 and Vδ3TCR is 
not known. Nonetheless, Vγ9Vδ2 chains were still present in the 
final T-cell cultures indicating that aminobisphosphonate therapy 
could drive expansion of this subset of T cells after administration.

Recombinant retroviruses have been previously employed to 
achieve stable expression of CARs in γδ T cells, but this required 
using an aminobisphosphonate to achieve numeric expansion of T 
cells before transduction.16,42 We now demonstrate propagation of 

T cells after, rather than before, gene transfer using SB-mediated 
transposition results in a polyclonal population of bispecific γδ T 
cells capable of CAR-mediated (i) production and secretion of pro-
inflammatory cytokines in response to CD19, (ii) enhanced lysis of 
CD19+ tumor targets, and (iii) in vivo antitumor activity against a 
CD19+ tumor. The ability of these T cells to exhibit effector func-
tions was not correlated to a particular Vδ or Vγ usage as cells with 
different VδTCR frequencies (Figure 3c) produced the same cyto-
kines (Figure 4) and displayed similar cytolysis of CD19+ targets 
(Figure 5b). We noted that frequency of CAR expression was more 
variable on γδ T cells compared with αβ T cells. This was likely due 
to an endogenous ability of K562 cells to sustain proliferation of γδ 
T cells independent of CAR. Nevertheless, adoptive transfer of γδ 
T cells of which 60% expressed CAR could still yield the same in 
vitro lytic ability as 98% CAR+γδ T cells (Supplementary Figure 
S2). This indicated that (i) CAR+γδ T cells are potent tumor kill-
ers and (ii) >90% CAR expression may not be a critically limiting 
parameter for predicting therapeutic efficacy. Nonetheless, we are 
undertaking improvements to increase the expression of CAR on 
propagated γδ T cells. Furthermore, the chimeric signaling mol-
ecules in the CAR endodomain could be specifically designed to 
enhance triggering of γδ T cells. For example, γδ T cells can be 
activated through FcγRIIIA (CD16) in the TCR complex,43 which 
raises the possibility that signaling through chimeric FcRγ (as 
compared with CD3-ζ in our current design) in a CAR endodo-
main may improve activation. However, CD16 was not detected 
on CAR+γδ T cells in this study (data not shown). Since clinical 
responses against CD19+ chronic lymphocytic leukemia have 
been achieved with T cells expressing a CAR that signaled through 
4-1BB (CD137) endodomain,7,8 another option is to swap CD28 
for CD137 for activation of γδ T cells.

In addition to improving CAR expression on γδ T cells, the 
type of γδ T cell arising after electroporation with SB system and 
propagation on aAPC could be manipulated to further improve 
antitumor activity. For instance, some γδ T cells were observed 
to secrete IL-17, a proinflammatory cytokine that has potent, yet 
context-dependent, antitumor effects.44–48 IL-17 producing lineages 
of T cells can be mutually exclusive from those that secrete IFNγ.49 
Inducible costimulator of T cells (ICOS) leads to IL-17 polarization 
in CD4+ T cells and CD28 costimulation overcame this effect to 
dictate that CD4+ T cells now produce IFNγ.50 CD86 is one of the 
costimulatory molecules on our aAPC and the majority of CAR+γδ 
T cells secrete IFNγ in response to CD19 with diminished produc-
tion of IL-17. Furthermore, the CAR contains a chimeric CD28 
endodomain which may contribute to IFNγ polarization in geneti-
cally modified T cells. Substitution of chimeric CD28 for ICOS in 
the CAR and replacement of CD86 on the aAPC with ICOS-ligand 
could potentially reverse the polarization to IL-17. Given that we 
can propagate CAR+γδ T cells on aAPC, we are prepared to design 
aAPC to evaluate whether we can skew the cytokine profile to 
reflect the propagation of desired T-cell subsets.

The human application of CAR+γδ T cells is appealing given 
their inherent potential for antitumor effects and their apparent lack 
of alloreactivity.19 The CAR, SB system, and aAPC are all already in 
use in our clinical trials. Therefore, we plan to modify our manu-
facturing scheme in compliance with current good manufacturing 
practice to generate bispecific CAR+γδ T cells. Our data provides a 
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clinically appealing approach to numerically expand and manipu-
late CAR+ T cells with multiple Vγ and Vδ pairings enabling clini-
cal trials to evaluate their therapeutic potential.

Materials and Methods
Plasmids and cell lines. Codon-optimized DNA plasmids for SB trans-
posase (SB11) and a second generation CD19-specific CAR (designated 
CD19RCD28) transposon are described elsewhere.5 NALM-6 and EL4 cell 
lines were acquired from Deutsche Sammlung von Mikroorganismen und 
Zellkulturen (DSMZ, Braunschweig, Germany) and American Type Culture 
Collection (Manassas, VA), respectively. Daudi expressing β2 micro-
globulin and NALM-6 expressing firefly luciferase and enhanced green 
fluorescent protein (NALM-6-ffLuc-eGFP) were generated as previously 
described.5 Kasumi-2 and REH cell lines were provided by Dr Jeff Tyner 
(Oregon Health and Science University). A transposon (Supplementary 
Figure S3) containing neomycin phosphotransferase linked via F2A self-
cleavable peptide sequences to human CD19 (truncated following its 
transmembrane domain) was used to express this TAA on EL4 cells follow-
ing electroporation with SB11 transposase and Mouse T Cell Nucleofector 
Kit (cat. no. VPA-1006; Lonza, Basel, Switzerland) followed by subsequent 
selection under 0.8 mg/ml G418 (InvivoGen, San Diego, CA). K562-
derived aAPC (clone #4) were used as previously described.5,51 Cell lines 
were maintained in complete media (RPMI, 10% heat-inactivated fetal 
bovine serum (Hyclone, Logan, UT), and 1% Glutamax-100 (Gibco, Grand 
Island, NY)), in humidified conditions with 5% CO2 at 37 °C. All cell line 
identities were confirmed by STR DNA Fingerprinting at the MDACC’s 
Cancer Center Support Grant (CCGS) core facility.

T-cell propagation. PBMC were obtained after informed consent from 
healthy volunteers and isolated by Ficoll-Paque (GE Healthcare, Milwaukee, 
WI).1 108 thawed PBMC were electroporated using program U-014 (on day 0 
of co-culture) with 75 μg supercoiled DNA plasmid coding for CD19RCD28 
transposon and 25 μg supercoiled DNA plasmid coding for SB11 transpos-
ase in cuvettes (2 × 107 cells per cuvette) using Nucleofector II and Human 
T cell Nucleofector Kit (Lonza).5 The following day (day 1), paramagnetic 
separation was performed with TCRγ/δ+ T-cell isolation kit (cat. no. 130-
092-892; Miltenyi Biotec, Auburn, CA) and LS columns (cat. no. 130-042-
401; Miltenyi Biotec), which separated untouched γδ T cells in the negative 
fraction from αβ T cells attached to magnet. Also on day 1, CAR+γδ T cells 
were stimulated at a ratio of one CAR+ T cell to two γ-irradiated (100 Gy) 
aAPC (clone #4) in presence of exogenous IL-2 (50 U/ml, added three times 
per week; Novartis, Basel, Switzerland) and IL-21 (30 ng/ml, added three 
times per week; eBioscience, San Diego, CA). Cells were serially re-stimu-
lated with addition of aAPC as on day 1 of co-culture every 7 days for 5 
weeks. Six donors were tested in three independent experiments. Validation 
of coexpression of CD19, CD64, CD86, CD137L, and IL-15 (eGFP) on 
aAPC were performed before addition to T-cell cultures as described.5 When 
CD3negCD56+ populations exceeded 10% of the culture, these natural killer 
cells were depleted using CD56 microbeads (Miltenyi Biotec) and LS col-
umns.5 As negative control for CAR and TCRγδ expression, αβ T cells from 
sham-electroporated PBMC (no DNA electrotransferred) were propagated 
in parallel with OKT3 (CD3-specific monoclonal antibody; Orthoclone)-
loaded γ-irradiated aAPC added every 7 days with thrice weekly adminis-
tration of IL-2, as above.29 CARnegγδ T cells were also sorted and expanded 
on aAPC with IL-2 and IL-21 as undertaken with CAR+γδ T cells, except 
that they were not electroporated, and these cells were used for cytotoxicity 
experiments. 107 PBMC were cultured with a single dose of Zol (1 μg/ml; 
Novartis) with thrice weekly additions of IL-2 and IL-21, as above, to expand 
CARneg Vγ9Vδ2 T cells.

Flow cytometry. Cultures were phenotyped using antibodies detailed in 
Supplementary Table S1. Appropriate isotype controls were used to vali-
date gating. Staining was performed in FACS buffer (phosphate-buffered 
saline, 2% fetal bovine serum, 0.1% sodium azide) for 20–30 minutes at 

4 °C, and two washes with FACS buffer were performed before staining 
and between stains. Intracellular staining was done following fixation 
and permeabilization for 20 minutes at 4 °C with BD Cytofix/Cytoperm 
(BD Biosciences, San Diego, CA). Intracellular staining was performed in 
Perm/Wash buffer, 10% human AB serum for 30 minutes at 4 °C. FITC, PE, 
PerCP/Cy5.5, and APC antibodies were used at 1:20, 1:40, 1:33, and 1:40 
dilutions, respectively. All samples were acquired on FACSCalibur (BD 
Biosciences) and analyzed with FlowJo software (version 7.6.3; TreeStar, 
Ashland, OR).

Direct imaging of mRNA molecules by DTEA. At days 0 and 36 of co-
culture on aAPC, at least 105 T cells were lysed at a ratio of 5 μl RLT Buffer 
(Qiagen, Valencia, CA) per 3 × 104 cells and frozen at −80 °C in replicate 
vials for one time use. RNA lysates were thawed and immediately analyzed 
using nCounter Analysis System (NanoString Technologies, Seattle, WA) 
following a minimum of 12 hours hybridization at 65 °C using multiplexed 
target-specific color-coded reporter and biotinylated capture probes to 
detect mRNAs of interest. Two CodeSets were generated from RefSeq 
accession numbers for selected mRNA transcripts and were used to gen-
erate the specific reporter and capture probe pairs for the designer TCR 
expression array (DTEA, Supplementary Table S2). Reporter-capture 
nCounter probe pairs were identified that (i) minimized off-target effects 
due to cross-hybridization of reporter-capture probe pairs to non-target 
molecules, (ii) target most, if not all, of the transcript variants for a par-
ticular gene, and (iii) efficiently hybridize. Five reference genes that span 
the dynamic range of RNA expression in lymphocytes (ACTB, OAZ1, 
POLR1B, POLR2A, and RPL27) were included to normalize transcript 
levels between different samples and to account for differences in the 
amount of total RNA present in the samples. A normalization factor for 
each sample was derived from the formula (Σtotal/Σsample) and then applied 
to each sample that had been background subtracted. Percentage of Vδ and 
Vγ were then calculated based on normalized values.

Cytokine production and secretion. T cells harvested at day 35 of co-cul-
ture on γ-irradiated aAPC were examined for cytokine secretion by mul-
tiplex analysis and expression by intracellular staining. The former was set 
up with triplicate overnight co-cultures of 105 genetically modified T cells 
and (i) mock (complete media), (ii) leukocyte activation cocktail (5 ng/
ml PMA (Sigma, St Louis, MO), 500 ng/ml ionomycin (Sigma)), (iii) 105 
CD19neg EL4 cells, or (iv) 105 CD19+ EL4 cells. Supernatants were harvested 
the following day and like wells were pooled and frozen at −80 °C until 
time of analysis. Samples were then thawed on ice, diluted 1:8 in complete 
media, and interrogated on Bio-Plex Pro Human Cytokine 27-plex Assay 
(Bio-Rad, Hercules, CA) according to manufacturer’s instructions using 
Luminex100 (xMap Technologies, Austin, TX). Intracellular cytokine pro-
duction was established from similar conditions as above, except (i) 5 × 105 
EL4 cells were used, (ii) the incubation period was 6 hours, and (iii) the 
secretory pathway inhibitor GolgiPlug (BD Biosciences) containing brefel-
din A was added at 1:1,000 dilution.

Chromium release assay. In vitro cytolytic capability was assessed using 
standard 4-hour chromium release assay as previously described.5

Mouse experiments. In vivo antitumor efficacy was assessed in NSG mice 
(NOD.Cg-Prkdcscid Il2rγtm1Wjl/SzJ; Jackson Laboratories, Bar Harbor, ME). 
The day after intravenous injection of 105 NALM6-ffLuc-eGFP, experimen-
tal groups (n = 5) received (i) no treatment or (ii) 107 CAR+γδ T cells. As 
controls for potential graft-versus-host-disease, three NSG mice received 
CAR+γδ T cells without tumor. T cells were administered every 7 days for 
three doses along with 6 × 104 IU/injection recombinant human IL-2 at the 
time of infusion and twice on the day after (Figure 6a). Noninvasive bio-
luminescent imaging to measure tumor burden of NALM-6-ffLuc-eGFP 
was performed during the course of the experiments following subcuta-
neous d-Luciferin (Caliper, Hopkinton, MA) administration on IVIS-100 
Imager (Caliper). Bioluminescent imaging was analyzed using Living 
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Image software (version 2.50, Xenogen; Caliper). Tumor burden in periph-
eral blood leukocytes, spleens, and bone marrow was evaluated by flow 
cytometry postmortem.

SUPPLEMENTARY MATERIAL
Figure  S1.  Distribution of Vδ and Vγ in γδ T cells expanded on 
aminobisphosphonate.
Figure  S2.  Specific lysis of CD19

+
 tumor cell lines by CAR

+
, CAR

++
, 

and CAR
+++

 γδ T cells.
Figure  S3.  Sleeping Beauty DNA transposon (designated ΔCD19-F2A-
Neo) to coexpress truncated human CD19 and neomycin phospho-
transferase for in vitro selection.
Table  S1.  Antibodies used in study.
Table  S2.  Direct TCR expression assay.
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