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Chimeric antigen receptor-redirected CD45RA-negative T cells
have potent antileukemia and pathogen memory response without
graft-versus-host activity
WK Chan1, D Suwannasaen1, RE Throm2, Y Li1, PW Eldridge3, J Houston1, JT Gray2, C-H Pui4,5 and W Leung1,5

Chimeric antigen receptor (CAR)-redirected cellular therapy is an attractive modality for cancer treatment. We hypothesized that
allogeneic CAR-engineered CD45RA-negative T cells can control cancer and infection without the risk of graft-versus-host disease
(GVHD). We used CD19þ MLL-rearranged leukemia as prototype because it is an aggressive and generally drug-resistant
malignancy. CD45RA– cells that were transduced with anti-CD19 CAR containing 4-1BB and CD3z signaling domains effectively
lysed MLL-rearranged leukemia cell lines and primary blasts in vitro. In a disseminated leukemia mouse model, CARþCD45RA– cells
significantly reduced leukemia burdens and prolonged overall survival without GVHD. CARþ cells were sustainable in blood, and all
the treated mice remained leukemia-free even after they were re-challenged with leukemia cells. Despite the transduction process,
CD45RA– cells retained recall activity both in vitro and in vivo against human pathogens commonly found in cancer patients.
In comparison with CD45RAþ cells, CD45RA– cells showed less allogeneic activity in mixed leukocyte reactions and in mouse
models. Thus, the use of CARþCD45RA– cells can separate GVHD from graft-versus-malignancy effect and infection control.
These cells should also be useful in nontransplant settings and may be administered as off-the-shelf third-party cells.
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INTRODUCTION
More than 10 000 hematopoietic cell transplantations (HCTs) are
performed worldwide annually for the treatment of leukemia.1

Although the outcomes have steadily improved over the years,
leukemia relapse after HCT remains the most common cause of
failure.2 Treatment options are limited for these patients because
leukemia is usually resistant to chemotherapy and donor
lymphocyte infusion, and the patients often have comorbid
conditions such as organ dysfunction or concurrent infections.
Moreover, salvage chemotherapy and donor lymphocyte infusion
have many side effects, including leukopenia and graft-versus-
host disease (GVHD), that may further increase the risk of
infections. Thus, novel therapies with distinct mechanisms of
action and no overlapping toxicities are needed.

We hypothesized that CD45RA– T cells expressing chimeric
antigen receptor (CAR) against a leukemia-associated antigen
are ideal effectors for leukemia control. CD45RA and CD45RO are
isoforms of CD45 (also called leukocyte common antigen, because
it is found on all cells of hematopoietic origin except erythrocytes).
In T lymphocytes, CD45RA is expressed on naive cells, whereas
CD45RO is expressed on memory cells.3 CD45RAþ naive T cells
have a high potential for alloreactivity against recipient-specific
antigens after adoptive transfer, resulting in clinical GVHD.4,5 In
contrast, CD45ROþ T cells exert a memory response to prior
pathogens or vaccines, thus providing the recipient immediate
infection immunity. Furthermore, murine studies have shown that
memory CD4 T cells can mediate a graft-versus-leukemia effect
without inducing GVHD.6,7

To improve their specificity and potency against leukemia,
CD45RA– cells can be genetically modified to express a CAR
specific for a leukemia lineage-associated antigen, such as CD19/
CD20/CD22 in B-lineage and CD33/CD123 in myeloid-lineage
hematologic malignancies.8–11 CARs that are being actively
investigated are typically recombinant artificial receptors that
contain a single-chain variable fragment of an antibody coupled
to the signaling domains of activation molecules.12–14 There are
several generations of CARs with modifications on the signaling
motifs.15 CARs can be introduced into effector cells by using
gammaretroviral,16 lentiviral,17 mRNA18,19 or Sleeping Beauty
transposon/ transposase systems.20 CAR-modified cells are
currently undergoing clinical trials for various cancers, including
hematologic malignancies and solid tumors.21 Current
optimization strategies include single-chain variable fragment
selection,22 epitope binding,8 vector construction,15 cell
transduction23 and clinical-scale production.24

Here we provide evidence to support our hypothesis that
CAR-modified CD45RA– T cells are effective and safe for
leukemia control. We used MLL-rearranged leukemia as a
prototype because it is associated with a poor prognosis and
frequent relapse after HCT.25,26 We found that anti-CD19
CARþCD45RA– cells not only could lyse CD19þ natural killer
(NK) cell-resistant MLL-rearranged leukemia cells, but also have
memory responses to common viral antigens. Importantly, the
CARþCD45RA– T cells have no GVHD activity and can prolong
survival in mouse models of refractory leukemia and those
rechallenged with leukemia.
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MATERIALS AND METHODS
Cell isolation and vector production
Peripheral blood mononuclear cells (PBMCs) were collected from healthy
donors with approval from the St Jude Children’s Research Hospital
institutional review board and written informed consent from donors. For
the depletion of CD45RAþ cells, PBMCs were labeled with CD45RA
microbeads (Miltenyi Biotec, Auburn, CA, USA) and depleted using
autoMACS or CliniMACS (both from Miltenyi Biotec) following the
manufacturer’s instructions. The purities of the CD45RA-negative fractions
were always 499%, as determined by flow cytometry. The HL20i4r-MND-
antiCD19bbz and HL20i4r-EF1a-antiCD19bbz lentiviral vectors were
derived from the clinical vector CL20i4r-EF1a-hgcOPT27 but expressed an
anti-CD19 CAR designed by Imai et al.28 and tested clinically by Porter
et al.17 It contained the single-chain variable fragment of anti-CD19
antibody, the hinge region of CD8a and the signaling domains of 4-1BB
and CD3-z. The cassette was driven by either MND or elongation factor 1a
(EF1a) promoters and insulated from surrounding chromatin with the
400 bp chicken HS4 element.29 Viral supernatant was produced by
transient transfection of HEK293T cells with the vector genome plasmid
and lentiviral packaging helper plasmids pCAGG-HIVgpco, pCAGG-VSVG
and pCAG4-RTR2. The supernatant was concentrated by ultra-
centrifugation and titrated on HeLa cells by serial dilution followed by
quantitative PCR to determine vector genome copy number.

CAR transduction
Our transduction protocol for both small-scale and clinical-scale experi-
ments required only 5 days of cell processing. On day � 5, cells were
primed at 5� 106 /ml overnight in a culture cocktail consisting of XVIVO-15
(Lonza, Walkersville, MD, USA), 250 U/ml IL-2 (Novartis Pharmaceuticals,
Emeryville, CA, USA), 10 ng/ml OKT3 (BioLegend, San Diego, CA, USA) and
10 ng/ml anti-CD28 antibody (BioLegend). On Days � 4 and � 3,
transduction was performed daily at 1� 106 cells/ml on RetroNectin-
coated plates at 10mg/cm2 according to the manufacturer’s instructions
(Takara Bio, Clontech Laboratories, Mountain View, CA, USA). For large-
scale transduction, VueLife culture bags were used (American Fluoroseal
Corporation, Gaithersburg, MD, USA). Cells were harvested on day 0 for
experiments.

Flow cytometry
Cell phenotypes were analyzed by flow cytometry. The following antibody
clones were used: anti-CD3 (SK7, UCHT1), anti-CD56 (MY31, N901), anti-
CD14 (MphiP9), anti-CD45RA (L48), anti-CD45RO (UCHL1), anti-CCR7
(150503), anti-CD4 (SK3) and anti-CD8 (T8). For the detection of CAR,
biotinylated recombinant protein L (Thermo Scientific, Pittsburgh, PA, USA)
was used together with R-phycoerythrin fluorescent-labeled secondary
anti-biotin antibody (BioLegend). Analyses were performed with BD
LSRFortessa (BD Biosciences, San Jose, CA, USA) and FlowJo 10.0 software
(Tree Star, Ashland, OR, USA).

Leukemia cell lines and primary blasts
The CD19þ MLL-rearranged cell-lines RS4;11 (American Type Culture
Collection, Manassas, VA, USA) and SEM (DSMZ, Braunschweig, Germany),
together with CD19– MV4-11 control (American Type Culture Collection),
were cultured and authenticated regularly as previously reported.26 Fresh
primary MLL-rearranged blasts were obtained from a patient with t(4;11)
diagnosed at 2 months of age under informed consent and institutional
review board approval. The lymphoblasts were CD19þ , CD33þ and
CD7dim/þ and were established as a cell line (named SJ4-11) after serial
passage subcutaneously in the rear flanks of NOD-SCID IL-2gc� /� (NOG)
mice. All animal experiments were approved by the St Jude animal care
and use committee.

Cytotoxicity assay
Cytotoxic activity was measured by using the DELFIA BATDA reagent
(PerkinElmer Life and Analytical Sciences, Waltham, MA, USA) and a flow-
based assay following the manufacturer’s instructions. BATDA-labeled MLL
cells were used as target cells at an effector/target (E/T) ratio of 5:1 for 2 h
at 37 1C. The fluorescence signals were measured using a Wallac Victor 2
Counter Plate Reader (PerkinElmer Life and Analytical Sciences). For the
flow-based cytotoxicity assay, fluorescent dye Calcein-AM (Sigma, St Louis,
MO, USA) was used to label target cells.

Antigen recall experiments
The memory responses of CD45RA– and CD45RAþ fractions were
examined in vitro using a DELFIA cell proliferation kit (PerkinElmer Life
and Analytical Sciences). Briefly, 1� 105 cells were seeded into 96-well
flat-bottom plates and challenged with viral lysates including human
cytomegalovirus (CMV), Epstein–Barr virus and herpes simplex virus (all
from Advanced Technologies Inc., Columbia, MD, USA) and tetanus toxoid
(Sanofi Pasteur, Swiftwater, PA, USA) for 5 days. Proliferation was measured
by the incorporation of 5-bromo-2’-deoxyuridine (BrdU) as detected in the
proliferating cells. The BrdU counts were read using a Wallac Victor 2
Counter Plate Reader (PerkinElmer Life and Analytical Sciences). Phytohe-
magglutinin (Sigma) was used as a positive control for cell proliferation.

For in vivo antigen recall experiments, blood samples from CMV-
seropositive, asymptomatic healthy donors were screened for HLA-A*0201.
CD45RA– and CD45RAþ fractions were isolated from CMVþ HLA-A*0201þ

PBMCs and injected intraperitoneally at 10� 106 per NOG mouse. After 1
week, the mice were either challenged with phosphate-buffered saline as
mock control or with 5� 106 monocyte-derived dendritic cells (derived
from the same donor) pulsed with human CMV viral lysate. Blood samples
were drawn on day 7 to determine the cell counts of human CD45þ cells.
On day 14, the mice were given intraperitoneal injections of BrdU (Sigma).
They were killed using carbon dioxide the next day. Splenocytes were
analyzed for proliferating cells using a BD FastImmune-BrdU Flow kit (BD
Biosciences). The percentage of proliferating cells was gated based on
human CD45 and BrdU. Percentages of CMV-tetramerþ cells were
measured from the proliferating BrdUþ populations using HLA-A*0201-
CMVpp65 tetramer-PE (iTag, Beckman Coulter, Pasadena, CA, USA).

Allogeneic mixed leukocyte reaction (MLR)
To compare the alloreactivity of CD45RA– and CD45RAþ cells, MLRs were
performed with responder cells seeded into 96-well flat-bottom plates at
1� 105 cells per well in triplicate. Unrelated third-party stimulator PBMCs
were g-irradiated at 3000 rad and mixed in a responder/stimulator ratio of
10:1. Wells containing responders or stimulators alone were used to set the
background signals. Cell proliferation was measured by the incorporation
of BrdU using a DELFIA cell proliferation kit (PerkinElmer Life and Analytical
Sciences) according to the manufacturer’s instructions. Briefly, BrdU was
added to the medium in each well on day 5. On the next day, the
incorporated BrdU was stained by anti-BrdU antibody, developed and
counted using a Wallac Victor 2 Counter Plate Reader (PerkinElmer Life and
Analytical Sciences). In addition, the production of interferon-g in the MLR
supernatant was measured using enzyme-linked immunosorbent assay.

In vivo experiments
NOG mice 8–12 weeks old were used as a preclinical model to determine
the efficacy and toxicity of the CD45RA-negative and -positive CAR cells.
CD19þ SEM cells were transduced with gammaretroviral vector containing
MSCV-luciferase-IRES-YFP (Vector Laboratory, St Jude, Memphis, TN, USA)
as previously described.26 The YFPþ cells were used as the target. Mice
were g-irradiated at a dose of 100 cGy at 1 day before 1� 106 SEM cells
were intravenously injected. On the next day or on day 18, 10� 106 CAR-
transduced cells were intravenously injected. Human IL-2 (100 U/ml,
Novartis Pharmaceuticals) was subcutaneously injected starting a day
after injection of effector cells and continued every other day for 3 weeks.
Disease progression was regularly monitored by bioluminescence imaging
(Xenogen, PerkinElmer Life and Analytical Sciences), and survival data were
recorded. The mice were killed when they displayed signs of significant
leukemia symptoms, including paralysis or 420% weight loss. The
experiments were terminated in surviving mice on day 90 after the
injection of SEM cells or after the second leukemia challenge. All the sick or
dead mice underwent autopsy, and their peritoneal fluids, blood and
spleen were collected and immunophenotyped to determine the presence
of human cells, including CARþ cells and leukemia cells. The kinetics and
persistence of CARþ cells in vivo were documented by flow cytometric
analyses of serial blood samples.

Statistical analysis
Statistical significance between two groups was calculated using Student’s
paired t-test. In cases with more than two groups, one-way analysis of
variance was used. For the survival analysis, Kaplan–Meier curves were
constructed and compared by log-rank test. The nominal significance level
was set at 0.05.
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RESULTS
CD45RA-depleted cell phenotype and CAR transduction
We analyzed the phenotypes of the negative and positive
fractions after CD45RA depletion. In the negative fraction, there
were few CD56þ NK cells, with greater enrichment of CD4þ T
cells than of CD8þ T cells (Figure 1a). More than 99% of the cells
were CD45ROþ (Figure 1b) and included both CCR7– effector
memory and CCR7þ central memory T cells. In contrast, the
positive fraction contained a large proportion of CD45RAþCCR7þ

naive T cells with high potential for alloreactivity.
Preliminary experiments in the CD45RA– cells corroborated

earlier published work in mice showing enhanced expression of
transgenes by the MND promoter relative to EF1a.30 The MND
promoter showed no evidence of genotoxicity in a clinical trial for
adrenoleukodystrophy,31 but was nonetheless inserted between
chromatin insulators for added safety and enhanced reliability of
gene expression. With the MND promoter (Figure 1c), the average
CAR expression on CD45RA– cells was fivefold higher than that

driven by EF1a, as judged by percentage of positive cells (data not
shown). At a multiplicity of infection (MOI) of only 2, CD45RA– cells
robustly expressed CAR with a median of 48.9% (Figure 1d).
Thereafter, we used MND-driven CAR for the entire study.

Lysis of CD19þ MLL cells
To test the functions of the CARþCD45RA– cells, we used three
MLL-rearranged cell lines as target cells. The expression of CD19
on SEM was the highest, whereas MV4-11 cells did not have
detectable CD19 (Figure 2a). CARþCD45RA– cells could lyse both
RS4;11 and SEM cells in a dose-dependent manner, but not MV4-
11 cells. An average of 25% and 47% of RS4;11 and SEM cells,
respectively, were lysed within 2 h at an E/T ratio of 20:1
(Figure 2b). Increasing the incubation time to 4 h increased the
cytotoxicity against SEM to 62% at the same ratio (Figure 2c).

We then extended our investigation to include fresh primary
MLL-rearranged leukemia blasts (SJ4-11). The cells were tested for

Figure 1. CD45RA-depleted cells are mainly CD3þCD45ROþ memory T cells and express a high level of chimeric antigen receptor after
lentiviral transduction. (a) Phenotypic analysis of CD45RA-negative and -positive fractions. The expressions of CD3, CD56, CD4, CD8, CD45RO,
CD45RA and CCR7 were determined and compared among PBMCs and the CD45RA– and CD45RAþ populations. (b) Percentage of CD45RAþ

or CD45ROþ cells and yield after cell depletion. The median yield for CD45RA– cells was 58.6%. (c) Schematic presentation of lentiviral vector
expressing anti-CD19 CAR used in this study. C, ‘Psi’ packaging signal; cpPT, central polypurine tract; LTRþ Ins., insulated long terminal repeat;
MND: MND promoter; RRE: Rev-responsive element. Components of the anti-CD19 CAR are indicated below the figure. (d) Flow cytometric
analysis of CAR expression on CD45RA– cells after lentiviral transduction at an MOI of 2.
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sensitivity to NK cells and to CARþCD45RA– cells that originated
from the same healthy donor. The SJ4-11 blasts were resistant to
NK lysis (less than 10% at all E/T ratios, similar to that of NK-
resistant cell line RS4;11 and much lower than that of NK-sensitive
K562; Figure 2d). However, the blasts were susceptible to CARþ

CD45RA– cells.

Memory response against pathogens by CD45RA– cells
Because CD45RA– T cells had a memory phenotype, we
hypothesized that they would have a better recall response than
CD45RAþ cells to common pathogens and vaccines. As shown in
Figure 3a, more cell proliferation was observed in the CD45RA–

cells than in CD45RAþ cells consistently in all paired samples for
human CMV, Epstein–Barr virus, herpes simplex virus and tetanus
toxoid, whereas the nonspecific response to phytohemagglutinin
mitogen was similar in the two cell fractions.

CD45RA– cells had minimal alloreactivity in vitro
To determine the alloreactivity of the two cell fractions, CD45RA–

and CD45RAþ cells (responders) were co-cultured with the same
third-party irradiated PBMCs (stimulators). Compared with
CD45RA– responders, CD45RAþ cells proliferated significantly
much more in the MLR assays (Figure 3b). Furthermore, only the
CD45RAþ MLRs produced high amounts of interferon-g in the
culture supernatant (Figure 3c).

Antileukemia activity of CARþCD45RA– cells in vivo
A leukemia mouse model was used to evaluate the efficacy and
safety of the CARþCD45RA– cells. NOG mice were given
intravenous injections of SEM cells that were transduced with
luciferase and yellow fluorescent protein (YFP). CARþCD45RA–

cells were then adoptively transferred the next day at an E/T ratio
of 10:1. The bioluminescence signals of the groups injected with
SEM alone or with SEM plus CD45RA– untransduced cells
increased over time. In contrast, the group that received CARþ

CD45RA– cells at an MOI of 2 (CD45RA–MOI2) had no detectable
signals until the end of the study on day 90 (Figure 4a). The
difference in bioluminescence on day 14 among the three groups
was statistically significant, both ventrally and dorsally (Figure 4b).
All mice in the SEM-alone group and in the CD45RA–-untrans-
duced group died before day 45, whereas 80% in the CD45RA–

MOI2 group remained alive on day 90 (Figure 4c, Po0.01
compared with SEM alone or SEM plus CD45RA– untransduced).
For the two deaths found on day 41 and day 62, no SEM cells were
found in the blood, spleen or bone marrow samples. There was no
significant weight loss or signs of toxicity before death.

During these in vivo experiments, we tracked the leukemia
burden along with the number of CARþ effector cells in the blood
every week by flow cytometry using antibodies against human/
mouse CD45, CD19 and YFP (Figure 4d). The leukemia cells were
human CD45þCD19þYFPþ and the CARþ cells were human
CD45þCD19– YFP–. Of the 10 treated mice, CARþ cells peaked
from day 21 to day 31 and then contracted thereafter
(Figure 4e, left panel). The number of leukemia cells increased
rapidly in the mice of the SEM-alone group and SEM plus CD45RA–

untransduced group, but not in the CD45RA–MOI2 group
(Figure 4e, right panel).

Refractory and relapse mouse models
We then tested the efficacy of CARþCD45RA– cells in a model
mimicking refractory leukemia, in which SEM cells were injected into
the mice intravenously several weeks in advance to allow time for
the development of intense bioluminescence before effector cell
therapy. We found that the signals began to increase starting from
day 7 and were quite intense on day 18. Therefore, CARþCD45RA–

cells were injected intravenously on day 18. Thereafter, the signals of
bioluminescence rapidly declined and reached an undetectable
level in 2 weeks (by day 31; Figure 4f). At the end of the study on
day 96, all treated mice remained signal-free. The kinetics of the
bioluminescence signals before and after CARþCD45RA– therapy
are depicted in Figure 4g. All mice in the SEM-alone group died

Figure 2. CARþCD45RA– cells lysed CD19þ MLL-rearranged leukemia cells and primary blasts in a dose- and time-dependent manner.
(a) Expression intensity of CD19 on RS4;11, SEM and MV4-11. Higher expression was observed on SEM (blue) than on RS4;11 (red), and
expression was negligible on MV4-11 (green). (b) Cytotoxicity of CARþCD45RA– cells on RS4;11, SEM and MV4-11 at different E/T ratios.
(c) Temporal difference in cytotoxicity of CARþCD45RA– cells on SEM cell line at different E/T ratios. The effector and targets were incubated
for 2 or 4 h. (d) NK-resistant primary blasts were susceptible to CARþCD45RA– cells. Cytotoxicity of NK and CARþCD45RA– cells was assessed
at different E/T ratios. RS4;11 and K562 were used as the negative and positive controls for the NK cells, respectively. Primary blasts (SJ4-11)
were tested with NK and CARþCD45RA– cells for comparison. Data are mean±s.e.m. from five independent experiments.
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before day 40, whereas all in the CARþCD45RA– group survived
(Figure 4h, Po0.001 compared with SEM alone).

We further tested in a mouse model the ability to prevent
subsequent relapse, in which the mice that survived prior SEM plus
CARþ cell injections were rechallenged with a second intravenous
injection of SEM cells on day 62 after the first inoculum. All five mice
survived, with CARþ cells detectable in the blood but no signs of
leukemia or GVHD (Figure 4i, Po0.01 compared with control mice
without prior SEM plus CARþ cell injections).

Memory response of CARþCD45RA– cells to CMV in vivo
To assess the preservation in CD45RA– cells of the in vivo memory
response to common pathogens despite CAR transduction
procedures, mice were tested for human CMV recall response
using CD45RAþ cells as controls. The two effector cell populations
were derived from the same HLA-A*0201þ asymptomatic healthy
donors and were injected intraperitoneally. After 1 week, CMV viral
lysate-pulsed dendritic cells obtained from the original effector cell
donor were injected into the mice intraperitoneally. More cell
proliferation was observed in the CD45RA– group than in the
CD45RAþ group in the blood 7 days after injection of dendritic cells
(Figure 5a). When we analyzed the percentage of proliferating
splenocytes that stained positive for CMVpp65-tetramer (defining
proliferative cells as BrdUþ in the S phase and BrdUdim7-AADbright

in the G2/M phase; Figure 5b), we observed significantly more
proliferating CMVpp65-tetramerþ cells in the CD45RA– group after
receiving dendritic cells pulsed with CMV (Figure 5c). No such
change was observed in the CD45RAþ control group.

CD45RAþ cells were antileukemic but caused GVHD
In our NOG mouse model, CD45RAþ cells with or without CAR
could exert strong antileukemia activity (Figure 6a). However, all
mice in both groups had severe xenogeneic GVHD with signs of

hair loss, diarrhea, dehydration and weight loss. Whereas all mice
in the SEM-alone group died of leukemia, all mice in both
treatment groups died before day 50 because of GVHD
(Figure 6b). Collectively, these data suggested that the antileuke-
mia effect was because of nonspecific alloreactivity (because the
effector cells were not human leukocyte antigen (HLA) matched to
the SEM cells) and not because of specific anti-CD19 CAR
signaling.

DISCUSSION
Cellular therapy is an attractive modality in cancer treatment, but
its many limitations hinder wider application. Currently, cellular
therapy is used mostly for hematologic malignancies, especially in
patients with multiple relapses, including those for whom prior
HCT failed. These diseases are often difficult to cure, and patients
are sick with poor organ function or concurrent infections. Here,
we described the preclinical use of allogeneic CARþCD45RA– cells
for the treatment of prototypic MLL-rearranged leukemia with
three major biological advantages: effective antileukemia and
anti-infection activity and no GVHD. The practical advantages
include universal availability of a large number of healthy donor
cells (because full major histocompatibility complex matching is
not required and the cells can be readily obtained by apheresis of
original HCT donors or any healthy donors in a non-HCT setting,
such as family members), rapid cell processing (requiring only 5
days of cell culture) and efficient transduction (and therefore less
demand on vector production requiring an MOI of only 2). Our
approach is even possible using off-the-shelf third-party cells,
setting a stage for wide clinical application.

Previous CAR-redirected therapy using autologous T cells has
shown remarkable clinical efficacy.17,32–37 Unfortunately, the
preparation of cells typically required 3 weeks or longer, and the
T cells from some patients failed to grow, rendering this approach
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not useful for patients with rapidly progressive leukemia. As an
alternative, we and others have pursued allogeneic NK cells as
effector cells.38–40 The cell preparation, however, is similarly
difficult, and NK cells are not easy to transduce or cryopreserve.
Previously, allogeneic T-cell therapy was limited by the risk of
GVHD. Using a simple immunomagnetic cell-separation method,
we purified CD45RA– cells and achieved successful separation
of GVHD from graft-versus-leukemia and infection immunity
both in vitro and in vivo. Based on these preclinical data,
CD45RA– cells are being adoptively transferred to our
patients after haploidentical HCT to improve immune
reconstitution (NCT 01807611). Preliminary clinical data showed
that immune reconstitution was rapid, and none of the
patients had GVHD despite the infusion of an average of
100 million haplotype-mismatched T cells per kg (W Leung,
unpublished data).

In light of the promising data from clinical trials using anti-CD19
CAR-redirected therapy, other investigators have broadened the
investigations with various modifications of the CAR constructs
and cell engineering processes.8,12,15,41 Although receptor
insertion can be mediated using gammaretroviral, lentiviral,
mRNA or Sleeping Beauty transposon/transposase systems, it
remains to be seen whether nonviral gene delivery systems
provide adequate efficacy for CAR-modified T-cell therapy in a
clinical setting. Lentiviral vectors provide enhanced transduction
efficiency on primary cells and with novel production systems can
be produced in a large scale,27,42 indicating that the method used
in this report has potential for wide application. Other than
anti-CD19, CAR cells have been generated against GD2 in
neuroblastoma,35 CD33/CD123 in myeloid malignancy,11 Her-2 in
breast cancer,43 folate receptor-a in ovarian cancer,44 fibroblast
activation protein in malignant pleural mesothelioma,45 carboxy-
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Day 18 Day 25 Day 31 Day 39 Day 46Day 11 Day 96

Mice without CAR cell
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Day 74
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Figure 4. Significant reductions of leukemia growth and longer survival in mice that received CARþCD45RA– cells. (a) Representative
bioluminescence pictures of mice for SEM-alone control, SEMþCD45RA– untransduced and SEMþCD45RA– MOI2 groups. (b) Comparison of
ventral and dorsal bioluminescence signals among SEM-alone control, SEMþCD45RA– untransduced and SEMþCD45RA– MOI2 on day 14;
***Po0.001. (c) Kaplan–Meier survival curves for SEM-alone control (circle, n¼ 10), SEMþCD45RA– untransduced (square, n¼ 10) and
SEMþCD45RA– MOI2 (triangle, n¼ 10). (d) Schematic presentation of the gating strategy for the analysis of human CD45þCD19– CARþ cells
and CD45þCD19þYFPþ SEM cells in SEM-alone control, SEMþCD45RA– untransduced and SEMþCD45RA– MOI2 mice. (e, left panel) Kinetic
analysis of absolute CARþ cell count in SEMþCD45RA– MOI2 mice. Each line was from one mouse. (e, right panel) Absolute tumor cell count
for mice with SEM alone (red), SEMþCD45RA– untransduced (blue) and SEMþCD45RA– MOI2 (black). (f ) Representative bioluminescence
pictures of mice for SEM-alone control and SEMþCD45RA– MOI2 that received cell therapy on day 18 after SEM injection. (g) Kinetic plot of
bioluminescence over time. Each line was from one mouse. The red arrow indicates the injection of the CD45RA– MOI2 cells. (h) Kaplan–Meier
survival curves for SEM-alone control (circle, n¼ 5) and SEMþCD45RA– MOI2 (triangle, n¼ 5) that received therapy on day 18. (i) Mice
survived with no bioluminescence signal even after second injections of leukemia cells. Kaplan–Meier survival curves (left panel) and
bioluminescence pictures (right panel) of mice with (n¼ 5) or without (n¼ 4) prior SEM injection on day 0 and CARþ cell injection on day 1.
The red arrow indicates the injection of SEM cells on day 62. **Po0.01; ***Po 0.001.
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anhydrase-IX in renal cell carcinoma46 and NKG2DL for a broad
range of cancers.47,48 In this study, we generated a lentiviral vector
with a MND promoter and the signaling domains of 4-1BB and
CD3z. Transduction efficiency was high with stable, intense CAR
expression during the entire 3-month duration of mouse
experiments. Memory response to pathogens common in

the cancer population remained robust, suggesting that the
transduction procedure did not alter the recall function. The
prototypic anti-CD19 backbone can be easily modified to target
other tumor-associated molecules as described above.

In addition to using the CARþCD45RA– cells in the transplant
setting (for example, to induce remission before HCT or for the
treatment of a relapse after HCT),49,50 these cells can be used in a
non-HCT setting. In this regard, we have previously showed that
low-dose cyclophosphamide and fludarabine as a preparative
regimen was well tolerated and successfully allowed adoptive
transfer of haploidentical NK cells.51 Donor NK cells were
detectable for 2–6 weeks after infusion. Thus, the same pre-
parative regimen may be used before the infusion of allogeneic
CARþCD45RA– cells. The CARþ cells would be expected to last for
several weeks after infusion; thereafter, they will be rejected by
the recipients when their immunity recovers from the condition-
ing. If necessary, several cycles of the same treatment may be
repeated monthly. Because allogeneic CARþ cells are not long
lasting in the non-HCT setting, long-term toxicity should be
limited, and cell-suicide safeguards may not be necessary.
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