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Abstract

Although many adults with B cell acute lymphoblastic leukemia (B-ALL) are induced into remission, most will relapse,
underscoring the dire need for novel therapies for this disease. We developed murine CD19-specific chimeric antigen
receptors (CARs) and an immunocompetent mouse model of B-ALL that recapitulates the disease at genetic, cellular, and
pathologic levels. Mouse T cells transduced with an all-murine CD3{/CD28-based CAR that is equivalent to the one being
used in our clinical trials, eradicate B-ALL in mice and mediate long-term B cell aplasias. In this model, we find that
increasing conditioning chemotherapy increases tumor eradication, B cell aplasia, and CAR-modified T cell persistence.
Quantification of recipient B lineage cells allowed us to estimate an in vivo effector to endogenous target ratio for B cell
aplasia maintenance. In mice exhibiting a dramatic B cell reduction we identified a small population of progenitor B cells in
the bone marrow that may serve as a reservoir for long-term CAR-modified T cell stimulation. Lastly, we determine that
infusion of CD8+ CAR-modified T cells alone is sufficient to maintain long-term B cell eradication. The mouse model we
report here should prove valuable for investigating CAR-based and other therapies for adult B-ALL.
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Introduction However, there is a significant need for relevant and physiologic
pre-clinical models to serve as a platform for the analysis and
optimization of cell-engineered therapies. We therefore developed
a syngeneic model of B-ALL in immunocompetent mice by
isolating a B-cell leukemia from an Ep-myc transgenic mouse
prone to B cell malignancies. This model resembles B-ALL based
on molecular, cellular, and pathologic analyses. In both our trial
and pre-clinical models we genetically-engineer T cells with a

S t i X chimeric antigen receptor (CAR) created by fusing the heavy and
in-principle for the therapeutic benefit of targeting leukemia by the light chains of an anti-CD19 antibody to the CD28 and CD3(
immune system comes from the Graft vs. Leukemia (GVL) effect ) .

seen in allogeneic stem cell transplants in patients with chronic
myelogenous leukemia [3]. However, while there is a GVL effect
in B-ALL patients undergoing allogeneic bone marrow transplan-
tation, it is less than that seen in CML patients [4]. Our rationale
to engineer a cell therapy targeting B-ALL was in part to generate
T cells with enhanced anti-leukemic activity.

We have opened a Phase I clinical trial (NCT01044069) to
evaluate the safety of autologous, CD19-targeted T cells as a
supplement to cytotoxic chemotherapy for adults with B-ALL [5].
We previously demonstrated that these T cells are efficient at
eradicating B cell tumors i vitro and in vivo using immunodeficient
mouse models [6,7]. Furthermore, we and others [5,8-13] have
shown elements of therapeutic benefit by targeting CD19 in
patients with indolent B cell malignancies (reviewed in [14]).

Precursor B cell acute lymphoblastic leukemia (B-ALL) in adults
remains a challenging disease to treat [1]. While complete
remission rates are high, overall survival remains low, which
indicates that residual disease after standard cytotoxic chemother-
apy is an important therapeutic target [2]. A promising direction
for novel cancer treatment strategies includes immunotherapies
that aim to stimulate tumor-specific immune responses. The proof-

signaling domains of a T cell receptor [6,7]. T cells are
retrovirally-transduced with the CDI19-targeted CAR to target
the T cells to the pan-specific B cell antigen, CD19. We
demonstrate that survival is vastly improved in mice with B-ALL
that have been treated with a CDI19-targeted cell therapy as a
supplement to cytotoxic chemotherapy in comparison to mice
treated with cytotoxic chemotherapy alone. We further use this
immunocompetent model to evaluate the effect of T cell dose,
conditioning chemotherapy, and CD8+ T cell subset on the
function of CD19 CAR-targeted T cells.
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Materials and Methods

Ethics Statement

Animal studies were carried out in accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health and
according to the Memorial Sloan-Kettering Cancer Center
Institutional Animal Care and Use Committee. All studies were
approved by the Memorial Sloan-Kettering Cancer Center
Institutional Animal Care and Use Committee under protocols
08-08-020 and 11-03-009.

Mice

C57BL/6, Thyl.1, and Ep-myc transgenic mice were obtained
from the Jackson Laboratory (Bar Harbor, ME). OTI-Rag2 "/~
mice were obtained from Taconic (Hudson, NY).

Cell line

The Ep-ALLO1 cell line was derived from an Ep-myc transgenic
mouse, which was sacrificed due to a progressive lymphoid
malignancy (Supplemental Figure Sla). Culturing of the cell line
was performed as described [15]. Briefly, an enlarged axillary
lymph node was isolated, processed into a suspension of single cells
(Supplemental Figure S1b), and cultured in complete RPMI media
supplemented with 10% fetal bovine serum (FBS). The cells were
passaged twice a week in 6-well plates untl they became
transformed, as evidenced by their ability to be subcloned as
single cells in 96-well plates. The transformed and subcloned Ep-
ALLO! cell line was frozen and archived at passage number 25.

RT-PCR

Ep-ALLOL cells were collected into Trizol (Invitrogen, Carlsbad,
CA) and RNA was purified according to the manufacturers’
instructions. cDNA synthesis and RT-PCR was performed with a
One-Step RT-PCR System with Platinum Taq (Invitrogen). Primers
for f-actin, Ragl, Rag?2, VpreB, Tdt, Igf, and Pax5 have been described
[16,17]. The primers for (d19 are CD19-For (GGCAATGTT-
GTGCTGCCATGCCTCC) and CD19-Rev (ATCTCCTGGCG-
GGGTCAGTCATTCGC). The primers for (d8 are CD8-for
(TGGCCTCACCGTTGACCCG) and CD8-Rev (CAGATCCT-
GCTGTTTCCACCT). All primer pairs were designed so that
amplification occurs across an intron thereby allowing the distinction
between amplification from genomic DNA and cDNA.

Creation of the m1928z CAR

RNA was isolated from the 1D3 hybridoma (ATCC, Manassas,
VA) that secretes a rat anti-mouse CD19 antibody. Degenerate
oligos were used to amplify the immunoglobulin heavy (IgH) and
light chain (IgL) rearrangements [18,19]. Overlap PCR was used
to create a single-chain fragment variable (scFv) composed of (5° to
3’) a mouse CD8 signal peptide, IgH rearrangement, glycine-
serine linker, and IgL rearrangement [20]. In addition, the mouse
CD8 transmembrane region, mouse CD28 signal transduction
domain, and mouse CD3{ cytoplasmic domains were cloned from
C57BL/6 mouse splenocyte mRNA. A series of overlap PCR steps
were performed to fuse the scFv to the CD8, CD28, and CD3(
domains. Lastly, to assess gene-transfer efficiency and monitor the
adoptively transferred T cells we performed an overlap PCR to
create a bicistronic genetic construct (GL-2A-m1928z) that
coexpresses GFP and the m1928z CAR by using a 2A peptide
sequence. This genetic construct was cloned into the vector
backbone SFG, which is a Moloney murine leukemia-based
retroviral vector [21].
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Mouse T cell activation, transduction, and adoptive
transfer

Spleens were harvested from sacrificed mice. T cells were
enriched from splenocytes by passage over a nylon wool column
(Polysciences, Warrington, PA) or with a negative T cell isolation
kit (Invitrogen). Mouse T cells were then activated with CD3/
CD28 Dynabeads (Invitrogen) and cultured in the presence of
human IL2 at 30 IU/mL (R & D Systems, Minneapolis, MN).
Enrichment and activation was performed according to the
manufacturers’ instructions. Spinoculations were done twice with
retroviral supernatant prepared from Phoenix-E packaging cells.
Gene-transfer is estimated by the percentage of GFP™ T cells
detected by flow cytometry or by measuring Vector Copy Number
with quantitative PCR as described [5]. Further details regarding
the isolation, activation, and transduction of mouse T cells are
available [22]. For adoptive transfer of CD19 CAR-targeted T
cells mice were injected with intraperitoneal (IP) cyclophospha-
mide followed 1 day later by an intravenous (IV) injection of T
cells.

Cytokine Detection

Transduced T cells were incubated for one day with 3T3 cells
transduced with mouse CD19 (3T3-mCD19). Culture medium
was complete RPMI supplemented with IL2 at 30 IU/mL.
Culture medium was sampled one day after co-culture with T
cells and 3T3-mCDI19. Sampled tissue culture media was
incubated with a Milliplex multi-analyte panel for mouse cytokines
(EMD Millipore, Billerica, Massachusetts) and analyzed on a
Luminex 100 system.

Flow Cytometry

The following antibodies, with their clones listed parenthetical-
ly, were obtained from Ebioscience (San Diego, CA) or BD
Biosciences (San Diego, CA), and used for flow cytometry: anti-
B220 (RA3-6B2), anti-BP1 (6C3), anti-HSA (30-F1), anti-CD3
(500A2), anti-CD4 (RM4-5), anti-CD8 (53-6.7), anti-CD62L
(MEL-14), anti-CD19 (1D3), anti-IgM (II/41) and anti-CD44
(IM7). In addition, the anti-CD43 antibody (clone 1BI11) was
obtained from Biolegend (San Diego, CA). Antibody staining of
cultured T cells or tissues obtained from sacrificed mice was
performed at 4°C with mouse Fe-block (Ebioscience) in 1% FBS in
PBS. Stained-cells were washed once with 1% FBS in PBS before
being processed through a 5-laser BD LSRII (BD Biosciences).
Flow cytometry of blood cells was performed with a lyse-no wash
preparation. Briefly, 25 uL. of retro-orbital blood was incubated
with antibodies for 25 minutes at 4°C. Afterwards, FACs Lysing
Solution was added (BD Biosciences) and the cells were evaluated
on the 5-laser BD LSRII Unless stated otherwise, Countbright
beads were used to calculate cell counts, which were done
according to the manufacturer’s instructions (Invitrogen). All flow
cytometry data files were analyzed with FlowJo software (Tree

Star, Ashland, OR).

Statistics

Comparison of means was performed using t tests or ANOVA
testing, depending on the number of groups being compared. For
comparison of survival among treatment groups we used log-rank
tests. All statistical analyses were performed with Prism 5 software

(Graphpad, La Jolla, CA).
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Results

Development of an immunocompetent mouse model for
B-ALL

To develop a syngeneic and immunocompetent mouse model of
B-ALL, we isolated malignant progenitor B cells from a lymph
node of a female Ep-myc C57BL/6 transgenic mouse with
progressive disease (Supplementary Figure 1). The isolated cells
were cultured until transformation and subsequently named Ep-
ALLO1. Cell lines have been previously isolated from Ep-myc
transgenic mice, but like other spontaneous tumors isolated from
transgenic mice, they are heterogeneous ranging from surface IgM
(sIgM) negative progenitor B cells to sigM* mature B cells, and can
appear as lymphomas or leukemias or plasmacytomas [15,23-25].
Therefore, we characterized the immunophenotype [17] and
gene-expression pattern to demonstrate that the cells have a
progenitor B cell phenotype (B220+CD19+CD43+BP1+HSA-
IgM-, Figure 1).

We injected the transformed cells intravenously (IV) into wild-
type C57BL/6 (B6) mice to determine if the subsequent clinical

CD19-Targeted T Cells for B Cell Acute Leukemia

phenotype resembled B-ALL. Around two to four weeks after IV
injection, all mice were pancytopenic and died of bone marrow
(BM) failure secondary to progressive BM infiltration by mono-
nuclear, homogenous B lymphoid cells that have the same
immunophenotype  (B220"CD43"IgM ™) as Ep-ALLOl cells
(Figure 2 and Supplemental Figure S1). While mice die around
two to four weeks after injection with Ep-ALLO1, during the first
two weeks there were no overt signs of disease or distress, and
based on complete blood counts there was no evidence of
hematologic complications (Figure 2). Furthermore, necropsies
showed variable signs of Ep-ALLO1 infiltration into the spleen and
lymph node, which suggests that the tumor cells homed to the BM
to proliferate until BM function was compromised, while their
presence in other lymphoid organs represents “spill-over” from
filled marrow space. The immunophenotype, gene-expression, and
clinical phenotype are supportive of Eu-ALLO1 as a syngeneic,
immunocompetent mouse model for B-ALL.
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Figure 1. Immunophenotyping (a) and gene-expression (b) of En-ALLO1 cells. Inmunophenotyping was performed with the antibodies
listed on the axes. Cells were first gated within a live lymphoid gate on a scatter plot. The bottom panels are isotype (iso) or fluorescence minus one
(FMO) controls. (b) RT-PCR was performed for the listed genes and electrophoresed through a 1% agarose gel and stained with Ethidium Bromide.
No-template (NT) and Cd8, which is expressed usually in T cells but not B cells, are included as negative controls. MWT refers to the 1 Kb Plus DNA
ladder (Invitrogen). The triangles point to the 1 Kb (top) and 100 bp fragments.

doi:10.1371/journal.pone.0061338.g001
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Figure 2. Progressive disease in mice after injection with Ep-ALLO1 tumor cells. (a) Retro-orbital blood was collected from 5 mice on the
days indicated after Ep-ALLO1 injection and analyzed serially over time with an AT diff cell counter (Beckman Coulter, Brea, CA). White cell count
(WBC), Hemoglobin (Hgb), and Platelets were measured and statistically analyzed with t-tests, which were non-significant for Day 0 and Day 14
means. Comparison of the Day 0 and Day 32 means by t-tests were all significant (p values are noted on graph). Error bars are the standard error of
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the mean (SEM). The mice were sacrificed 4 weeks after injection with Ep-ALLOT because of clinical deterioration and retro-orbital blood, bone
marrow, and spleen were harvested for anatomical (b) and cellular (c) analyses, with representative images displayed. (b) Blood and tissue were used
to prepare peripheral smears (left-panel) and H&E stained slides of sections of the bone marrow (middle-panel) and spleen (right-panel). (c) Single-cell
suspensions were prepared from bone marrow (BM) and spleen (SP) and then incubated with antibodies specific for B220 and IgM. The panels on the
top are cells isolated from disease-free, wild-type C57BL/6 mice (B6) and the panels on the bottom were injected with the Ep-ALLO1 cells. Cells

displayed have been gated on live lymphoid cells.
doi:10.1371/journal.pone.0061338.9g002

Syngeneic T cells expressing a CD19-targeted chimeric
antigen receptor mediate in vitro cytolysis of malignant B

cell targets

We created the m1928z chimeric receptor by cloning the [gl{
and [gl rearrangements from a hybridoma that secretes a rat anti-
mouse CDI19 IgG2a antibody (Figure 3a). The GL-2A-m1928z
bicistronic construct includes a GFP reporter protein and the
m1928z CAR, which includes the anti-CDI19 scFV, Glycine-
Serine Linker, CD8 transmembrane region, CD28, and CD3{
signaling elements. Retroviral transduction of mouse T cells with
this construct results in efficient gene-transfer (Figure 3b).
Furthermore, in a cytotoxic T lymphocyte (CTL) assay the
CD19 CAR-targeted T cells, compared to control T cells,
efficiently lyse EL4 targets transduced with mouse CDI9
(Figure 3c). T cells gene-targeted with m1928z also produce
abundant effector cytokines compared to control T cells
(Figure 3d).

CD19 CAR-targeted T cells eradicate Ep-ALLO1 in vivo

We used our immunocompetent mouse model of B-ALL to
evaluate critical factors involved in the killing of targets  vivo, such
as homing, conditioning chemotherapy, immunophenotype, T cell
dose, and persistence. Ep-ALLOL targets were injected into B6
mice for one week, during which we transduced T cells with the
m1928z CAR and expanded them ex vivo. Before treatment, we
evaluated the T cells by flow cytometry (Figure 4a). We found the
T cells to be a heterogeneous population of CD4 and CD8 T cells
with a transduction efficiency of 38.4% for the m1928z CAR [26].

One week after injection of the Ep-ALLOI tumor cells, mice
were given a single intra-peritoneal injection of cyclophosphamide
(Figure 4b). One-half of the mice injected with cyclophosphamide
were followed without further treatment to evaluate for chemo-
therapy-related killing of tumor cells. The other half were
intravenously injected with 10x10° GFP+ CD19 CAR-targeted
T cells. As in adults with B-ALL, there does appear to be a small
benefit to chemotherapy. In the mice treated with chemotherapy
alone, about 20% have long-term survival and the remaining mice
have a very short delay until death. Flow cytometry demonstrates
that these mice die with abundant tumor cells in their bone
marrow and spleen (Figure 4c). This suggests that these mice die of
progressive disease and not from complications related to the
chemotherapy.

Mice treated with both cyclophosphamide and CD19 CAR-
targeted T’ cells have significantly enhanced survival compared to
mice treated with cyclophosphamide alone (p =0.026, Figure 4b).
The only deaths in the mice treated with cyclophosphamide and
CAR-modified T cells came early (<40 days after tumor injection)
and appeared at a similar time-point as in control mice treated
with chemotherapy alone. Remaining mice have been monitored
for almost one vyear after treatment with no evidence of
complications from the gene-modified T cell infusions. No mice
have been sacrificed in this group for any reason other than
recurrent disease or interim analyses.

PLOS ONE | www.plosone.org

CD19 CAR-targeted T cells eradicate normal B cells in
vivo

We assayed for in vivo CAR-modified T cell function by
measuring the number of B cells in the peripheral blood of treated
and control mice. As early as one week after treatment with
cyclophosphamide and CD19 CAR-targeted T cells there is a loss
of peripheral B cells, which is sustained for at least two months
(Figure 5a). In contrast, there is a moderately decreased B cell
count in the cyclophosphamide only group, which normalizes by 4
weeks after adoptive transfer. A representative flow cytometry plot
of peripheral blood from mice that received cyclophosphamide
and CD19 CAR-targeted T cells is shown to have T cells, but not
B cells (Supplemental Figure S3a). Furthermore, in a chromium
release assay we detected persistent CD19 CAR-targeted T cell
function by culturing splenocytes, from mice adoptively trans-
ferred with these T cells one month prior, with EL4-mCD19
targets (Supplemental Figure S3b).

The short-lived decrease in B cells and poor survival of mice
treated with cyclophosphamide alone suggests that infused CD19
CAR-targeted T cells kill residual malignant and normal B cells.
Furthermore, the loss of B cells for two months suggest that the
adoptively transferred T cells are functional long-term. However,
claims of aplasia are incomplete without evaluating the bone
marrow and spleen, so we sacrificed a mouse with a loss of B cells
in the blood at eight months post treatment. The spleen and BM of
a wild-type mouse has normal compartments of progenitor and
mature B cells (Figure 5b). However, there is a dramatic reduction
of B cells in the BM and spleen of a mouse infused with CD19
CAR-targeted T cells. The B cells that remain are IgM- and
CD43+, which is an immunophenotype consistent with progenitor
B cells (Figure 5b).

Conditioning chemotherapy and T cell dose dependence
of CAR-modified T cell persistence and B cell targeting
Studies have demonstrated that some form of conditioning
therapy is required before gene-modified T cell infusion [27-29].
We performed a dose escalation of T cells and/or conditioning
chemotherapy to determine if maximizing the in vivo E:T ratio
would enhance B cell eradication and T cell persistence (Figure 6).
Due to concerns for possible immune rejection of GFP+ T cells we
modified the genetic constructs by deleting the GFP reporter gene.
To monitor transduction efficiency we performed qPCR and/or
Protein-L staining by flow cytometry [30]. To monitor transduced
T cells we used Thyl.1/Thyl.2 congenic markers to differentiate
between host T cells and donor CD19 CAR-transduced T cells.
Wild-type mice were injected with increasing doses of cyclo-
phosphamide (0 to 300 mg/kg) and increasing doses (1 to 9x10° T
cells) of congenic CDI19-targeted T cells (Figure 6a). T cell
persistence and B cell targeting was evaluated in the blood at
I-month post-T cell infusion. As the dose of cyclophosphamide is
increased, the number of circulating B cells decreased 600-fold
and the number of adoptively transferred T' cells increased 6-fold.
Furthermore, one-way ANOVA of the samples revealed that
increasing cyclophosphamide, while holding the CAR-modified T
cell dose constant at 3x10° or 9x10°, increased B cell eradication
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Figure 3. Generation and in vitro function of the m1928z CAR. (a) Schematic of the genetic construct GL-2A-m1928z for the reporter gene
(GFP) and CAR (m1928z). Depicted are the packaging signal \s, splice donor (SD), splice acceptor (SA), the Vy and V regions of the scFV, and the
extracellular (EC), transmembrane (TM), and cytosolic (C) regions. (b) GFP-expression in mouse T cells after transduction with GL-2A-m1928z retroviral
supernatant (right-panel). The left-panel displays untransduced (UNT) T cells as a control. The gene-transfer efficiency, estimated as the GFP+
population, is derived from a single experiment with a double-transduction of a bulk population of mouse T splenocytes as described [22]. (c)
Cytotoxic T lymphocyte antigen-specific killing was evaluated with a Chromium release assay [39]. Target cells (EL4-mCD19) are EL4 cells retrovirally
transduced with mouse CD19. Effector cells are T cells transduced with GL-2A-m1928z. Control effector cells were transduced with GL-2A-h1928z
since it is identical to GL-2A-m1928z except for the scFv, which is derived from an anti-human CD19 antibody [5]. Effector to target ratio (x-axis) are
based on the number of GFP* T cells to EL4-mCD19 cells and were performed in triplicate. Killing efficiency (y-axis) was calculated as described [39].
(d) Cytokine secretion by m1928z and h1928z T cells was evaluated after stimulation with 3T3-mCD19 cells. Stimulation with 3T3-mCD19 cells was
performed in triplicate and supernatants were obtained 1 day after stimulation. Each supernatant was evaluated for cytokines also in triplicate (no
dilution, 3 xdilution, and 9 xdilution). Error bars represent the SEM.

doi:10.1371/journal.pone.0061338.g003

at statistically significant levels, p=0.04 and p<<0.0001, respec-
tively.

CAR-modified T cells appeared to be enhanced by increasing
the T cell dose but the differences were not statistically significant
(Figure 6a). However, since the number of CAR-modified T cells
in the blood may not reflect their accumulation in the BM or

PLOS ONE | www.plosone.org

spleen we sacrificed mice in a separate experiment at 1 and 5
weeks post-T cell infusion (Figure 6). Conditioning was held
constant with 300 mg/kg IP cyclophosphamide since this dose had
optimal B cell eradication by CAR-modified T cells. We detected
high levels of persisting congenic T cells in the BM (48-67% from
1 to 5 weeks), but not in the spleen (1.5-3.7%). Furthermore, five

April 2013 | Volume 8 | Issue 4 | 61338



CD19-Targeted T Cells for B Cell Acute Leukemia

397
T

a 4 '
ot
>
8 107
(6]
o3
555 LiLUA IR | T T
oo ot 10°
CDh4
b
100+
804 A
©
2 604
c
3
= 40+
204 - i
0 - T T T T 1
0 50 100 150 200 250
Days

A NoRx A cTx L CTX+

10E6 m1928z T cells

Figure 4. Adoptive transfer of CD19 CAR-targeted T cells into mice with leukemia. (a) Flow cytometry of bulk mouse T splenocytes double-
transduced with GL-2A-m1928z. (b) Survival curve of mice injected with Eu-ALLOT and not treated (No Rx), treated only with cyclophosphamide (CTX),
or treated with cyclophosphamide (100-200 mg/kg IP) and CD19 CAR-targeted T cells (CTX+m1928z), displayed in (a). This data (n=28) is pooled
from 2 independent experiments. Another study (Supplemental Figure S2) confirms that cyclophosphamide and control T cells mediate no survival
advantage. (c) Flow cytometry of cells from the BM, spleen (SP), and lymph node (LN) of a single mouse treated with cyclophosphamide but sacrificed
due to clinical deterioration. Splenocytes were also stained with isotype antibodies (ISO) as a control.

doi:10.1371/journal.pone.0061338.g004

weeks after infusion with the lowest T cell dose (1 x10°) the entire
BM compartment contained 3.1x10° congenic T cells (31% of the
original T cell dose), which was modestly lower than the 7.1 x10°
congenic T cells (8% of the original T cell dose) in the BM after
infusion with 9x10° CAR-modified T cells (Table 1). Thus,
despite a 9-fold difference in CD19 CAR-targeted T cell dose, the
number of T cells persisting 5 weeks after adoptive transfer in the
BM was similar in both groups.

B cells were dramatically reduced in the BM (2.2x10° B cells/
femur) and virtually absent from the spleen (1.2x10" B cells/
spleen). We have demonstrated that the CD19+ cells that remain
are progenitor B cells and that this reduction can be long lasting (at
least 8 months) (Figure 5). Persistence of CAR-modified T cells
and progenitor B cells in the BM suggests an attempt to repopulate
the B cell compartment is thwarted by CD19 CAR-targeted T
cells that eradicate progenitor B cells before they complete

PLOS ONE | www.plosone.org

development. B and congenic T cell counts allow calculation of
congenic T cell to B cell ratios in the BM (Table 1). These results
suggest that the minimum E:T ratio needed to maintain the
aplasia and prevent B cell repopulation in the periphery is 1 donor
T cell for every 12 B lineage cells (Table 1).

Long-term functional persistence of CD19-targeted T
cells requires only the adoptive transfer of CD8+ gene-
targeted T cells and is independent of TCR signaling
We evaluated the immunophenotype of congenic CAR-
modified T cells in the BM from the experiment described in
Figure 6. We identified the appearance of central-memory T cells
(CD44+ CD62L+) [31] and nearly all of these CD62L+ congenic
cells are within the CD8+ T cell subset (Supplementary Figure 4).
The appearance of CD8+ central memory T cells suggests that the
infusion of CD8+ T cells alone may be sufficient for long-term B
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Figure 5. Persistent in vivo B cell targeting and regeneration after CD19 CAR-targeted T cell transfer. (a) Peripheral blood B cell counts
from mice (n=25) treated with 100 mg/kg IP cyclophosphamide (CTX) and/or CD19 CAR-targeted T cells was measured on the days listed on the x-
axis. All groups were infused with Ep-ALLO1 tumor cells and the CTX group is treated with chemotherapy alone, CTX+m1928z group is treated with
both chemotherapy and T cells, while the Eu-ALLO1 group is untreated. The red asterisks note time points when no samples were available since all
the mice in the Ep-ALLO1T group had died. The green lines mark the range of the 95% confidence interval for the peripheral B cell count in wild-type
untreated B6 mice. Error bars are the SEM. Statistical analyses were performed on both treatment groups using t tests for Days 7, 25, 40, and 61. For
every one of these comparisons p<<0.01. Retro-orbital blood was collected on the indicated days (Day 0 being adoptive transfer of T cells) and
analyzed with an AST diff cell counter and then incubated with anti-B220, anti-CD19, and anti-CD3 antibodies. The number of B cells was calculated as
the concentration of cells multiplied by the frequency of CD19" cells. (b) BM and spleen cells were isolated from a C57BL/6 mouse (B6) as a control, or
a single mouse that had been injected with Ep-ALLOT and treated eight-months prior with cyclophosphamide (100 mg/kg IP) and CD19 CAR-targeted
T cells (m1928z). Cells were stained with anti-CD19, anti-CD3, anti-lgM, and anti-CD43 antibodies. In every row, the two far-right panels are derived
from the CD19+ gate of the left-panel.

doi:10.1371/journal.pone.0061338.g005
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Figure 6. CD19 CAR-targeted T cell dependence on conditioning chemotherapy and T cell dose. T cells were transduced with m1928z
and infused at increasing doses (noted on axes) into congenic mice (n=40) that had been conditioned with increasing doses of cyclophosphamide
(noted above columns). Peripheral blood B and congenic T cells were evaluated by flow cytometry for B and T cell markers 4 weeks after adoptive
transfer. (b and c) A repeat experiment (n =44) was done while holding cyclophosphamide conditioning constant (300 mg/kg), but with increasing T
cell doses. Mice were sacrificed 1 and 5 weeks after adoptive transfer with CD19 CAR-targeted congenic T cells and flow cytometry for B cell (B220)
and congenic T cells (Thy1.1/Thy1.2) was performed on single-cell suspensions of the BM and spleen. All counts and percentages were done with
Countbright beads (Invitrogen). Statistical significance (p <0.05) was calculated by one-way ANOVA and is denoted by asterisks. For all sections of
this figure error bars represent the SEM.

doi:10.1371/journal.pone.0061338.9006

cell eradication. To evaluate this possibility we infused only CD8+ [32]. These mice have a Te¢r transgene specific for ovalbumin and
gene-modified T cells. However, to exclude any role that TCR it is CD8-restricted, while the Rag2 genetic deletion renders their T
activation may have on CAR-modified T cells we used T cells cells incapable of rearranging other 7¢r gene segments. In addition

from OTI/Rag2—/— mice as the donor of CAR-modified T cells to the second-generation m1928z CAR, groups included OTI T
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cells genetically targeted with a first-generation CAR (m19z) or
mock transduced (UNT). Peripheral blood was evaluated for B
cells and OTI T cells 4 weeks after cyclophosphamide and CD19
CAR-targeted T cell infusion (Figure 7). A dramatic reduction of B
cells is evident only in mice treated with m1928z T cells.

Six weeks after infusion of CD8+ CAR-modified OTI T cells we
sacrificed some of the mice in each group to evaluate B cells and
donor T cells in the BM and spleen. A loss of B cells in the spleen
was evident only in the m1928z group (Figure 7). The BM of these
mice had a dramatic reduction of B cells, while the remaining B
cells (3.2 to 3.6 x10° B cells/femur) likely represented progenitor B
cells attempting to re-populate the B cell compartment as in
Figure 5. Follow-up blood analyses in a separate study demon-
strated persistent B cell aplasia and OTI-T cells, compared to
control groups, nearly six months after treatment with cyclophos-
phamide and CD19 CAR-targeted OTT T cells (Figure 7).

Discussion

A model for the treatment of B-ALL using CD19-targeted
T cells

B-ALL in adults remains a challenge to medical oncologists
because of poor overall survival. We currently have three open
clinical trials for adults with B cell malignancies: two for CLL and
the other for B-ALL. We are using a second-generation CAR (19-
28z) for our clinical trials based on results showing increased B cell
tumor eradication compared to a first generation CAR [7].

We expect that our clinical trials will lead to new questions that
need to be evaluated in pre-clinical models. The development of
our immunocompetent mouse model of B-ALL was initiated
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Table 1. Antigen-dependence of CD19 CAR-targeted T cells in the BM.
Week 1
B lineage cells/femur Donor Tcells/femur
1x10° 3.0x10° 9.0x10° 1x10° 3x10° 9x10°
20x10° 3.1x10* 6.2x10* 58x10* 1.5x10* 3.2x10*
15x10° 1.6x10° 1.6x10° 1.6x10* 7.5x10* 6.5x10*
1.1x10° 1.1x10° 1.4x10° 3.1x10* 6.1x10* 1.1x10°
1.0x10° 1.1x10° 9.8x10* 4.4x10* 5.7x10* 9.8x10*
1.1x10° 7.7x10* 6.7x10* 56x10* 1.0x10° 4.0x10*
E:T ratio 1:4.0 1:1.7 1:1.7
% Dose 65.1 329 11.9
Week 5
B lineage cells/femur Donor Tcells/femur
1 x 10° 3.0x10° 9.0x10° 1x10° 3x10° 9x10°
23x10° 26x10° 2.7x10° 1.7x10* 1.9x10* 26x10*
2.5x10° 22x10° 1.8x10° 1.5x10* 2.9x10* 4.1x10*
2.4x10° 1.9x10° 2.3x10° 1.9x10* 3.3x10* 5.5x10*
2.3x10° 1.8x10° 1.7x10° 2.7x10* 1.5x10* 5.8x10*
1.6x10° 2.5x10° 2.0x10* 3.5x10*
E:T ratio 1:11.7 1:9.1 1:5.5
% Dose 31.2 13.8 7.9
B and congenic T cell counts from the BM of mice treated with cyclophosphamide (300 mg/kg) and increasing doses (labeled in bold) of congenic m1928z T cells. Mice
were sacrificed 1 and 5 weeks after adoptive transfer with congenic T cells and flow cytometry for B cell (B220) and congenic T cells (Thy1.1/Thy1.2) was performed on
single-cell suspensions of the BM. Counts were facilitated with Countbright beads (Invitrogen). E:T ratio is the ratio of congenic donor T cells to B cells in the BM.% Dose
is the m1928z T cell dose divided by the total number of BM congenic T cells, estimated by multiplying the femoral congenic T cell count by 15.8 [5].
doi:10.1371/journal.pone.0061338.t001

because immunodeficient mouse models do not account for how T
cell function is affected by regulatory T cells, abundant
endogenous target antigen (in the case of B cell target antigens),
and possible immune rejection of adoptively transferred T cells by
host NK and/or T cells. Our immunocompetent mouse model of
B-ALL offers several advantages compared to recent immuno-
competent models that also use CD19 as a target [27,28,33]. First
and foremost is that the Ep-ALLO1 tumor model resembles B-ALL
by immunophenotype, gene-expression, and pathology (Figures 1
and 2). In addition, our model does not require a conditioning
treatment before tumor infusion, suggesting that the tumor cells
are not immunogenic [27]. Furthermore, the mice used in our
studies are in-bred mice and not complex CD19 knockout/human
CD19 transgenic double mutant mice, which can have B cell
markers, counts, and humoral immunity perturbed compared to
wild-type mice [28].

In our studies, m1928z T cells efficiently recognize and kill B
cell targets, produce effector cytokines, and cure mice with B-ALL
(Figure 4). These mice have dramatic reductions of B cells in the
blood, spleen, and bone marrow (Figure 5). The few B cells that
remain are in the BM and are CD43+, which suggests that there is
an attempt to re-populate the B cell compartment but the B cells
are targeted before they complete development (IgM+CD43—).
Furthermore, these results suggest that there are two phases of
CD19 CAR-targeted T cell function: 1) immediate tumor
eradication, since mice die quickly if treated with chemotherapy
alone (Figure 4), and 2) persistent targeting of re-emerging
progenitor B cells, which may enhance long-term persistence
and tumor surveillance. Furthermore, long-term persistence of
CD19 CAR targeted T cells suggest that anti-CAR immune
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Figure 7. Adoptive transfer of CD8+ CD19 CAR-targeted T cells alone is sufficient for long-term persistence and B cell eradication.
(@) OTI Thy1.2+ T cells were transduced with the m1928z CAR or the m19z CAR, which has a CD3( signal transduction domain but lacks the CD28
signal transduction domain. Untransduced T cells (UNT) are mock-transduced cells and are included as a negative control. Donor T cells (5x1 0% were
then adoptively transferred into congenic Thy1.1 mice (n=19) 1 day after treatment with cyclophosphamide (300 mg/kg). (b) Peripheral blood B and
OTI T cell counts were evaluated by flow cytometry 4 weeks after adoptive transfer. One-way ANOVA was done for the treatment groups’ (UNT, m19z,
m1928z) B cell counts (p=0.0001) and also OTI T cell counts (p =0.03). Error bars are the SEM. (c) A few of the mice in each group were sacrificed 7
weeks after adoptive T cell transfer. BM and spleen cells were analyzed by flow cytometry for B and congenic T cell markers. A representative plot is
included from each group. Displayed cells were gated on Live and DUMP-negative cells, which were characterized with Mac1, Gr1, NK1.1, and Ter119
antibodies. (d) In another study (n = 17), peripheral blood counts of B and congenic T cells were performed from 3-22 weeks after adoptive transfer.
This study included groups of control mice that were untreated wild-type (WT), or treated with cyclophosphamide alone (CTX), or treated with T cells
modified with the m19Az CAR, which lacks any signaling element. Statistical analyses (t tests) of the treatment groups (m19Az and m1928z) were
significant (p<<0.05) when done on the B cell counts but not the OTI T cell counts (p=0.47). Error bars are the SEM. * is Not Done.
doi:10.1371/journal.pone.0061338.g007

PLOS ONE | www.plosone.org 1 April 2013 | Volume 8 | Issue 4 | 61338



responses are not present, or at least not effective. However, this
may not be true for other CARs, for example as seen with
rejection of an anti-CD20 CAR [12], so anti-CAR immune
responses should be included as part of future clinical trials to rule
this out as a possible mechanism of limited CAR T cell persistence.

The evidence of long-term CD19 CAR targeted T cell
persistence and B cell reductions suggest that clinical application
of this technology could create a population of patients that are
cured of their B lymphoid malignancy but have a long-term B cell
aplasia. Indeed, there are anecdotal case reports of B cell aplasia in
patients treated with CAR T cells targeted against CD19 [9,10].
These patients were hypo-gammaglobulinemic, which would
presumably place them at an increased risk for infection. As this
therapy is adapted to more patients it represents a significant,
potential limitation to its clinical success. It is possible that a
dramatic survival advantage could be compromised by deaths
from infections. Intermittent administration of antibiotics and/or
intravenous immunoglobulins can be given, but they represent
only temporary measures and may be ineffective over long
durations. Therefore, incorporation of suicide genes into CD19
CAR targeted constructs represents one mechanism to address
these long-term complications if they develop in patients [34,35].
Activation of the suicide gene would lead to CAR T cell death and
allow normal B cell recovery and recovery of protective
immunoglobulins.

We evaluated how conditioning chemotherapy and T cell dose
impacted T cell persistence and B cell eradication. Previous
studies have shown that some form of conditioning treatment is
required for optimal targeting of B cells [27-29]. Our results
extend these observations by demonstrating that increasing
conditioning chemotherapy increases B cell depletion, but
increasing the dose of CAR-modified T cells does not, at least
when preceded by optimal conditioning (Figure 6). Furthermore,
there appears to be strong retention of CAR-modified T cells in
the BM, but not spleen (Figure 6). It has been estimated [36] that
approximately 1.5x10° B cells are generated in the femur of a
mouse every hour, which is similar to the total number of
femoral B lineage cells we detected (0.97 to 2.2x10°) in mice
treated with CD19 CAR-targeted T cells (Table 1). Therefore,
the number of B lineage cells in the BM of treated mice likely
reflects a balance of the development of new CD19+ progenitors
B cells and their eradication by CD19 CAR-targeted T cells
(Table 1). In addition, comparison of endogenous BM B cells
and donor T cell numbers allowed us to estimate a minimum in
vivo E:T ratio (1 CD19 CAR-targeted T cell:12 B cells) required
for persistent CAR-modified T cell function and retention
(Table 1). This series of studies may allow us to finally estimate
an optimal CAR-modified T cell dose for patients based on their
tumor burden.

We evaluated the immunophenotype of adoptively transferred
CD19 CAR-targeted T cells to determine if they are solely long-
lived effector cells or if they may develop from central memory T
cells (Supplemental Figure S4). From 1 to 5 weeks after transfer,
there is a population of central-memory (CD44+CD62L+) T cells
that appear in the BM. This suggests that a central memory
population of CAR-modified T cells may serve as a reservoir for
the development of new effector CD19 CAR-targeted T cells.
Furthermore, most of the CD62L+ cells were restricted to the
CD8+ T cell subset. We demonstrated that infusion of CD19
CAR-targeted CD8+ T cells alone was sufficient for long term B
cell eradication and T cell persistence (Figure 7). This is in
contrast to a previous study that suggested CAR+ T cell function
required both CD4+ and CD8+ adoptive T cell transfer [37].
However, this study relied on immunodeficient mice and a
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limited, non-persistent antigen in mice (human erbB2). In this
setting, CD4+ T cells may be necessary for optimal CAR+ T cell
persistence and function. Since our model uses persistent,
regenerating antigen, expressed by antigen presenting B cells in
immunocompetent animals, the donor CAR-modified OTI T
cells may not require CD19 CAR-targeted CD4+ T cell help. So
these results may be applicable only in this setting and may or
may not be translatable to other settings depending on the
disease, target, and/or CAR construct. Regardless, these results
argue that further studies are warranted involving CD4 and CD8
T cell subset contributions to CD19-targeted killing by CAR-
modified T cells.

We did not evaluate for regulatory T cells since we detected
long-term persistence and function of the adoptively transferred
CD19 CAR targeted T cells. However, it is possible that
regulatory T cells may be critical for regulating CAR T cell
expansion and function so future studies will be directed at
elucidating any potential role. Indeed, production of GMCSF
(Fig. 3c) suggests that regulatory T cells could be activated by CAR
T cells. However, if clinical application of CD19 CAR targeted T
cells are compromised by regulatory T cells, as predicted by other
pre-clinical studies [38], our observation of robust B cell depletion
and CAR T cell persistence after infusion with CD8 T cells alone
suggests a potential solution.

We believe that optimization of CDI19 CAR-targeted T cell
therapy for B-ALL requires an immunocompetent and physiologically
relevant mouse model of B-ALL to address critical questions regarding
CAR modified T cell therapy. We believe that these initial, and future,
studies of mouse CD19 CAR-targeted T cells will ultimately benefit
patients by allowing more extensive and rationale analyses than are
possible with immunodeficient mouse models or patients.

Supporting Information

Figure S1 A progenitor B lymphoid tumor is isolated
from the lymph node of an Ep-myc transgenic mouse. (a)
A mouse moribund from disease was imaged with a 4.7-T 33-cm
bore magnet imaging/spectroscopy system operating at 200 MHz
while anesthetized with 2% isoflurane. The mouse was sacrificed
and the axillary lymph node marked by the arrow was harvested.
(b) A single cell suspension of this lymph node was analyzed by
flow cytometry and used to culture the Ep-ALLOL cell line.
(EPS)

Figure S$2 Survival curves for two groups of mice
(n=12) treated with cyclophosphamide and CDI19-
targeted gene-modified T cells. Mouse T cells were
retrovirally transduced with a construct encoding an m1928z
CAR or m19Az CAR, which is identical to m1928z except for lack
of the CD28 and CD3( signal transduction domains. Mice were
injected with 1x10° Ep-ALLO1 tumor cells followed 1 week later
by 300 mg/kg IP cyclophosphamide and then 1 day later by
3x10° CAR-modified T cells. Log-rank Test for differences in
survival were statistically significant (p = 0.0004).

(EPS)

Figure S3 Peripheral B cell aplasias are mediated by
CAR-modified anti-CD19 T cells. (a) B and T cell populations
in the retro-orbital blood of mice injected with Ep-ALLO1 tumor
cells and then subsequently treated with cyclophosphamide
(100 mg/kg IP) and/or m1928z-transduced T cells. Retro-orbital
blood was isolated from mice two months after treatment and
stained with anti-CD3, anti-CD19, and anti-IgM antibodies. The
groups include C57BL/6 mice (B6) as controls, mice treated with
cyclophosphamide alone (C'TX), and mice treated with cyclophos-
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phamide and m1928z T cells (C'TX + m1928z). (b) T cells retain
anti-CD19 targeted activity one month after adoptive transfer.
Splenocytes were harvested from mice injected with cyclophospha-
mide (300 mg/kg IP) and either m19Az, which lacks any signal
transduction element, or m1928z T cells. The splenocytes were
activated with CD3/CD28 beads (Invitrogen) and cultured for 5
days with cRPMI supplemented with IL2 (30 IU/mL). Splenocytes
were then incubated, in triplicate, with radioactive-labeled EL4-
mCD19 target cells at a 400:1 ratio for 16 hours and% killing was
calculated as described [5]. Error bars represent the SEM.

(EPS)

Figure S4 Immunophenotype of post-transfer m1928z T
cells. (a) B6 (Thyl.2+) mice were conditioned with 300 mg/kg IP
cyclophosphamide and 1 day later intravenously injected with
9x10° m1928z-transduced Thy 1.1+ T cells. Mice were sacrificed
1- and 5 weeks after adoptive transfer and femoral bone marrow
was prepared and analyzed by flow cytometry. The CD44 and
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CD62L expression of Live, CD3+, Thyl.1+ T cells is depicted for
one mouse, which is representative of the group of mice sacrificed
at that time point. Pre are the m1928z-transduced Thyl.1+ T cells
right before IV injection into mice. (b) CD8 and CD62L
expression of Live, CD3+, Thyl.l1+ T cells isolated from the
BM of a mouse sacrificed 5 weeks after adoptive transfer with
ml1928z T cells.

(EPS)
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