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Abstract

Adoptive T-cell therapy with CD19-specific chimeric antigen receptors (CARS) is promising for
treatment of advanced B-cell malignancies. Tumor targeting of CAR-modified T-cells is likely to
contribute therapeutic potency; therefore we examined the relationship between the ability of
CD19-specific CAR (CD19-CAR)-transduced T-cells to accumulate at CD19* tumor lesions, and
their ability to provide antitumor effects in xenograft mouse models. Normal human peripheral
blood lymphocytes, activated with immobilized RetroNectin and anti-CD3 antibodies, were
transduced with retroviral vectors that encode CD19-CAR. Expanded CD19-CAR T-cells with a
high transgene expression level of about 75% produced IL-2 and IFN-y in response to CD19, and
lysed both Raji and Daudi CD19* human B-cell lymphoma cell lines. Furthermore, these cells
efficiently accumulated at Raji tumor lesions where they suppressed tumor progression and
prolonged survival in tumor-bearing Rag2~/~ yc™/~ immunodeficient mice compared to control
cohorts. These results show that the ability of CD19-CAR T-cells to home in on tumor lesions is
pivotal for their anti-tumor effects in our xenograft models, and therefore may enhance the efficacy
of adoptive T-cell therapy for refractory B-cell lymphoma.
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1. Introduction

Chimeric antigen receptor (CAR)-based T-cell therapy is a promising approach to targeted
cancer immunotherapy. CARs are hybrid proteins consisting of an extracellular single chain
fragment of variable region (scFv) fused to intracellular lymphocyte signaling domains
CD28 or 4-1BB (CD137), coupled with CD3€, to mediate T-cell activation. This particular
configuration of CARs is widely used in current preclinical and clinical studies [1].
Independent of the human leukocyte antigen system, CAR-transduced T-cells can directly
recognize and Kill tumor cells that express specific cell surface antigens.

CD19 antigen is an attractive target for CAR-based T-cell therapy since it is a B-cell lineage-
specific surface molecule, which is expressed on normal and most malignant B-cells but not
on hematopoietic stem cells [2]. Preclinical studies have demonstrated that CD19-specific
CAR (CD19-CAR) T-cells eliminated CD19* B-cell malignancies [3-5]. Recent phase |
clinical trials using CD19-CAR T-cells have been shown to be safe and exhibit impressive
anti-tumor effects for advanced CD19* chronic lymphocytic leukemia (CLL), acute
lymphoblastic leukemia (ALL), and B-cell lymphoma patients [6—-11]. However, the optimal
CAR-based T-cell therapy for maximizing therapeutic potency is yet to be realized.

Both persistence and tumor targeting of adoptive transferred CAR-modified T-cells are
likely to contribute to therapeutic potency. Preclinical and early clinical trial results have
shown that persistence of CD19-CAR T-cells in vivowas correlated with anti-tumor effects
for B-cell malignancies [4,5,12]. Thus, CAR designs which involve a signaling feature, that
activates and prolongs T-cell survival in vivo, have been extensively pursued [13-16]. In
contrast, much less is known regarding the correlation between the anti-tumor effects of
CD19-CAR T-cells and their tumor targeting ability.

In the present study, we generated large numbers of primary T-cells that expressed CD19-
CAR with a CD28 signaling domain. These expanded T-cells exhibited CD19-dependent
redirected effector functions /n vitro. We also observed that they accumulated at the site of
tumors and exhibited anti-tumor effects at these sites in human B-cell lymphoma xenograft
immunodeficient mice. Our results show that efficient accumulation at tumors of CD19-
CAR T-cells can enhance CAR-based T-cell therapy for B-cell lymphoma.

2. Materials and methods

2.1. Plasmids

The gamma retroviral vector SFG-1928z that encodes CD19-specific scFv fused to CD28-
and CD3¢ intracellular signal domains has been described [3] (Fig. 1A). A luciferase
expression plasmid pEF-Luc was generated by ligating the luciferase gene from pGL3
(Promega, Madison, WI) into a pEF-PGKneo vector containing the EF1a promoter and
Neomycin resistance gene cassette [17].

2.2. Peripheral blood lymphocytes and cell lines

Peripheral blood lymphocytes (PBLs) from three healthy donors were obtained with the
approval of the Jichi Medical University Institutional Review Board, and written consent of
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each donor. PBLs were cultured with X-VIVO 15 (Takara Bio, Shiga, Japan), supplemented
with 5% human AB serum (NOVA Biologics, Oceanside, CA) and 1 nanomolar recombinant
human interleukin-2 (IL-2) (Life technologies, Carlsbad, CA). The retrovirus packaging
cells PG13 [18] and mouse fibroblast NIH3T3 cells that expresses human CD19 (3T3/
CD19) [19] were cultured with DMEM, supplemented with 10% FBS. Human Burkitt
lymphoma cell lines Raji and Daudi (Health Science Research Resources Bank, Osaka,
Japan) were maintained in RPMI11640 supplemented with 10% FBS. Raji cells expressing
luciferase (Raji/Luc) were established by transfection with the pEF-Luc plasmid, followed
by G418 selection.

2.3. Retroviral transduction and T-cell expansion

For retroviral transduction, PBLs were stimulated with 20 pg/ml of immobilized
RetroNectin (Takara Bio) and 10 pg/ml anti-CD3e antibodies (R&D Systems, Minneapolis,
MN) for 3 days and transduced with retroviral particles using a preloading method [20].
Briefly, PG13 viral producer cells were established by stable transduction of SFG-1928z
retroviral vectors (Fig. 1A). RetroNectin-coated plates were loaded with retroviral particles
obtained from the PG13 cells, and centrifuged (1000g, 2 h, 32 °C). Stimulated PBMCs were
added to the preloaded plates, and incubated overnight. The procedure was repeated on the
next day. For selective ex vivo expansion, transduced T-cells were co-cultured with y-
irradiated (50 Gy) 3T3/CD19 cells at 1:1 ratio. On days 5 and 10, the 3T3/CD19 cells were
added to the T-cell cultures.

2.4. Flow cytometry

We analyzed cell surface expression of CD19-CAR on transduced T-cells by flow cytometry
using a BD LSR with CellQuest software (BD Biosciences, San Jose, CA). Antibodies used
for CD19-CAR detection were biotin goat anti-mouse F (ab"), PE Strep-tavidin (Jackson
Immunoresearch, West Grove, PA), and FITC anti-human CD3 (Biolegend, San Jose, CA).
Isotype-matched antibodies were used as controls.

2.5. Western blotting

CD19-CAR cellular protein expression was examined by Western blotting. Cell lysate
prepared from CD19-CAR T-cells was separated on 12% polyacrylamide gels and then
transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA). The
membranes were incubated with a mouse monoclonal anti-human CD3§ antibody (BD
Biosciences) or a rabbit anti-human B-actin antibody (Cell Signaling, Danvers, MA) as a
control, followed by anti-mouse immunoglobulin conjugated with horseradish peroxidase.
Proteins recognized by antibodies were visualized with an enhanced chemiluminescent
detection system (GE Healthcare, Buckinghamshire, UK).

2.6. Elisa

Supernatants from the duplicate wells of co-cultures of 3T3/CD19 cells with CD19-CAR T-
cells at 1:1 ratio were harvested after 48 h incubation. Human IL-2 and IFN-vy levels in
supernatants were measured by ELISA kits (Biolegend).
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2.7. Cell lytic activity

Cell lytic activity of CD19-CAR T-cells was examined by standard 4-h chromium release
assays [21].

2.8. Mouse tumor model

To determine if modified T-cells accumulated at tumor lesions /7 vivo, 10- to 12-week-old
Balb/c Rag2~/~yc™~ (Rag2~/y~) immunodeficient mice [22-24] were injected
subcutaneously with 5 x 108 Raji/Luc cells. Two weeks after inoculation, 10’ CD19-CAR T-
cells were injected intravenously into tumor-bearing mice. Tumors were removed 24 h after
T-cell infusion, and analyzed by immunohistochemistry with an anti-human CD3 antibody
(Dako, Glostrup, Denmark). The localization of human CD3" T-cells was examined using a
BX50 microscope (Olympus, Tokyo, Japan). To evaluate accumulation at tumor sites of
CAR-modified T-cells and their anti-tumor effects, Rag2™/-y~ mice injected intravenously
with 5 x 10% Raji/Luc cells on day 0, were adoptively transferred with a single intravenous
infusion of 107 CD19-CAR T-cells on day 3. To monitor the progression of Raji/Luc cells in
vivo, the substrate of luciferase, D-luciferin was injected intraperitonealy into mice (75
mg/kg body weight), and bioluminescence imaging was performed using an 1VIS imaging
system (Xenogen, Hopkinton, MA) with Living Image software (Xenogen). In this
therapeutic experiment, accumulations at tumor lesions of CD19-CAR T-cells were
determined by immunohistochemistry as described above. All mouse experiments were
carried out in a humane manner after receiving approval from the Institutional Animal
Experiment Committee of Jichi Medical University.

2.9. Statistics

Student's ¢test was used to evaluate /n vitro experimental differences. Survival data was
assessed by the log-rank test. GraphPad Prism 5 (GraphPad Software, San Diego, CA) was
used for the statistical calculations. p < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Generation of CD19-CAR T-cells and transgene expression

To generate CD19-CAR T-cells, we utilized RetroNectin/anti-CD3 stimulation to activate
PBLs from healthy donors, since this method allows efficient proliferation and high-level
transgene expression in retrovirally modified T-cells, with less differentiated phenotypes as
described previously [20]. Comparative analysis showed that RetroNectin/anti-CD3
treatment mediated ex vivo expansion of transduced T-cells to levels comparable to
treatment with anti-CD3 and anti-CD28 beads, but was significantly higher than treatment
with anti-CD3 alone [20]. Activated PBLs were transduced with SFG-1928z retroviral
vectors that encode the 2nd generation of CD19-CAR with the CD28 gene (Fig. 1A), and
were selectively propagated on 3T3/CD19 cells. Transduced T-cell numbers increased about
200-fold within two weeks (data not shown). Expression of CD19-CAR* CD3* in
transduced T-cells was approximately 75%, as assessed by flow cytometry (Fig. 1B).
Cellular protein expression of CD19-CAR in transduced T-cells was also confirmed by
Western blotting using an anti-CD3€ antibody (Fig. 1C). We then examined
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immunophenotypes of CD19-CAR T-cells by flow cytometry. At day 14 of culture, CD19-
CAR T-cells predominantly expressed CD8 (75%), compared to the control PBLs without
culture (35%) (Fig. S1) as described previously [20]; whereas, anti-CD3 and anti-CD28
beads preferentially induced the CD4* population (63%), under the same experimental
setting (data not shown). While both CD4* and CD8* T-cell subsets are targets for CD19-
CAR gene transduction, it is not known which subset is suitable for T-cell therapy.
Compared to control PBLs without culture, CD19-CAR T-cells cultured with antigen
contained primarily central or effector memory subpopulations as exemplified by the co-
expression of either CD62L or CCR7 along with CD45RA, or CD27 with CD28 (Fig. S1).
Especially noteworthy is the fact that many of the CD19-CAR T-cells were less
differentiated (i.e., exhibited a more primitive phenotype), and co-expressed both CD27*
and CD28*, an expression phenotype thought to be suitable for adoptive T-cell transfer [25].
In addition, the lack of CD279 (PD-1) expression (<1%) supports the absence of exhaustion
among the CD19-CAR T-cells (data not shown). These results show that large numbers of
these cells with high-level transgene expression were generated in our culture conditions.

3.2. CD19-dependent cytokine production and cell lytic activity

We examined the ability of CD19-CAR T-cells to produce cytokines by ELISA and found
that they selectively produced IL-2 and IFN-vy in response to CD19™ target cells (Fig. 2A).
Cytotoxic assays revealed that they also effectively lysed CD19" Raji and Daudi cells at
increasing effector/target ratios compared to non-transduced T-cells (Fig. 2B). To address the
specific Killing ability of CD19-CAR T-cells, K562 cells expressing CD19 (K562/CD19)
and parental K562 cells (CD19 negative) were used as target cells. As expected, CD19-CAR
T-cells lysed CD19* cells more effectively than CD19~ cells (Fig. S2). Taken together, these
results show that expanded CD19-CAR T-cells exhibited CD19-dependent redirected
effector functions /in vitro.

3.3. Accumulation at tumors and anti-tumor activity

To investigate that modified T-cells were able to accumulate at tumor lesions, Rag2™/y~
mice with subcutaneous Raji tumors were injected with either CD19-CAR T-cells or non-
transduced T-cells. Immunohistochemistry showed that robust accumulation of human CD3*
T-cells occurred at tumor lesions 24 h after administration of CD19-CAR T-cells. A few
CD3™" T-cells were detected in control mice (Fig. 3A). Engineered T-cells effectively
localized to tumor lesions compared with control T-cells (Fig. 3B). These results are similar
to those found for infused T-cells that accumulated at tumors induced by the subcutaneous
injection of NALM-6 cells (an ALL cell line) into SCID/beige mice 48 h after T-cell
infusion with first generation CD19-CARs [26]. We examined the relationship between
accumulation at tumor sites of CD19-CAR T-cells and their anti-tumor effects using a
systemic Raji tumor mouse model that we established. When Rag2~/-y~ mice were injected
intravenously with Raji/Luc cells, these tumors grew progressively as assessed by
bioluminescent imaging. We further confirmed CD19* tumor infiltration in the spleen, liver
and bone marrow by immunohistochemistry (Fig. S3). These infiltrates resembled an
aggressive form of human B-cell lymphoma.
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For adoptive T-cell therapy, Rag2~/y~ mice injected intravenously with Raji/Luc cells were
subsequently infused with CD19-CAR T-cells. Bioluminescent imaging revealed that the
infused cells successfully suppressed Raji tumor progression; whereas, infusion of non-
transduced T-cells did not (Fig. 4A), thereby excluding alloreactivity as a mechanism of
tumor suppression. Furthermore, mice treated with CD19-CAR T-cells exhibited
significantly prolonged survival compared to control cohorts (Fig. 4B). We also examined
the ability of infused T-cells to accumulate at tumors in each cohort. Immunohistochemistry
revealed more efficient accumulation of human CD3* T-cells at spleen lesions in mice
receiving CD19-CAR T-cells, compared to mice receiving non-transduced T-cells at day 29
(Fig. 4C and D). These results suggest that such cells survive for at least 29 days in tumor
bearing-mice, and that the ability of CD19-CAR T-cells to accumulate at tumor lesions is
likely associated with the anti-tumor effects observed in human B-cell lymphoma xenograft
mouse models.

It is important to note that other parameters, in addition to the accumulation of CD19-CAR
T-cells at tumor sites, may also contribute to tumoricidal effects. In CLL patients for
example, the localization of CD19-CAR T-cells to tumor lesions was detected by
immunohistochemistry up to two months post T-cell infusion, but the accumulation of CAR-
modified T-cells at tumor sites was not always consistent with clinical outcomes [7].

In any event, tumor targeting of infused effector T-cells is likely an important prerequisite
for CD19-CAR anti-tumor effects. Parameters such as a CAR's structure, scFv antibody
region, specific target epitope, and affinity for a given epitope, may be important factors
which influence CAR-mediated tumor targeting. In current clinical trials using CD19-CAR
T-cells for advanced B-cell malignancies, two types of CD19-CARs expressing either
FMC63 or SJ25C1 monoclonal antibody-derived scFvs recognize distinct epitopes with
different binding affinities that may play an important role in tumor targeting, anti-tumor
effects, and subsequent clinical outcomes [27]. However, there is no direct functional
comparison between two CD19-CARs, and critical determinants to select the optimal scFv
remain unknown. Recently, Haso et. al. demonstrated that epitope specificity has a major
impact on CAR efficacy, since CD22 antigen-specific CARs (CD22-CAR) incorporating an
scFv directed to a more membrane proximal epitope, mediated more potent anti-tumor
effects in an ALL tumor mouse model than other CD22-CARs of similar affinity, but which
targeted distinct epitopes [28]. Thus, the careful selection of a specified CAR antigen
epitope is an important consideration towards the improvement of CAR-modified T-cells in
eliciting anti-tumor effects. As an alternative approach to efficient tumor targeting of CARs,
Craddock et. al. showed that the transfer of CCR2b-chemokine-receptor-expressing CAR-
modified T-cells (targeted to GD2 antigen) could enforce preferential migration to tumor
lesions, and boost anti-tumor effects in a neuroblastoma mouse model [29]. Therefore,
refinement with regard to tumor targeting of CAR-modified T-cells may confer enhanced
therapeutic potency to CAR-based T-cell therapy.

In conclusion, we have successfully generated large numbers of CD19-CAR T-cells that
exhibited antigen-specific cytokine production and cell lytic activity /n vitro. We also
showed that adoptive transfer of these cells strongly suppressed human B-cell lymphoma
progression, and this activity correlated with the ability of infused T-cells to accumulate at
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tumor sites in the xenograft mouse model. These studies expand the repertoire of more
potent CD19-CAR-based T-cell therapies for refractory B-cell lymphoma.

Based on our findings here and in other clinical trials [6,7], we will conduct a phase I/11
clinical trial, whereby patients with chemorefractory non-Hodgkin B-cell lymphoma will be
treated with autologous CD19-CAR T-cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Generation of CD19-CAR modified T-cells using RetroNectin/anti-CD3 stimulation. (A)

Schematic structure of SFG-1928z retroviral vector. VH and VL: variable heavy- and light
chain; SD: splice donor; SA: splice acceptor; LTR: long terminal repeat; Gray box: CD8a
signal peptide; Black box: (GGGGS)3 linker. PBLs were stimulated with RetroNectin/anti-
CD3 and transduced twice with SFG-1928z retroviral vectors. They were propagated on
CD19™" feeder cells. (B) Surface expression of CD19-CAR on transduced or non-transduced
T-cells was examined by flow cytometry. All numbers show the percentages of CD3* CD19-
CAR?* populations. Representative data was shown in three independent experiments. (C)
CD19-CAR expression in cell lysates from transduced T-cells or the control non-transduced
T-cells was detected by Western blotting with anti-CD3€; p-actin is a loading control.
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Fig. 2.
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Antigen-specific cytokine production and cell Iytic activity of CD19-CAR T-cells. (A) IL-2
and IFN-vy secretion by CD19-CAR T-cells after co-culture with 3T3/CD19 or the control
3T3 cells (p< 0.05). N.D., not detectable. (B) Cell lytic activity of CD19-CAR T-cells
(black circles) or the control non-transduced T-cells (white circles) against Raji and Daudi
cells in ®1Cr release assays. Data show mean + SD of triplicate wells. CD19-CAR T-cells
lysed well compared to non-transduced T-cells at all effector/target ratios (p < 0.01).
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Fig. 3.

Accumulation at tumor lesions of CD19-CAR T-cells in subcutaneous xenograft mouse
models. (A) Immunohistochemical staining for human CD3 (brown) in subcutaneous Raji
tumors from Rag2~/y~ mice at 24 h after infusion of either CD19-CAR T-cells or the control
non-transduced T-cells. Sections from representative mice are shown. (B) CD3* cell counts
in tumor sections from mice receiving CD19-CAR T-cell were higher than those of control
sections (p < 0.01). Data show mean = SD of four different fields of view per section. N.D.,
not detectable. Scale lines, 50 um. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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(A) Bioluminescent imaging of systemic Raji tumor progression in Rag2~/y~ mice
following T-cell infusion. Mice inoculated intravenously with Raji/Luc cells on day 0, were
injected intravenously with either CD19-CAR T-cells or control non-transduced T-cells on
day 3. Bioluminescent imaging was performed at days 15, 21 and 29. (B) Enhanced survival
of CD19-CART-cell-treated mice when compared with the control cohorts (p < 0.01). (C)
Immunohistochemical staining for human CD3 (brown) in spleen lesions from tumor-
bearing mice at day 29 after T-cell administration. (D) CD3™ cell counts in tumor sections
from mice receiving CD19-CAR T-cell were higher than those of control sections (p < 0.01).
Data show mean * SD of four different fields of view per section. Scale lines, 50 um. (For
interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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