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Fig. 3. Recognition of the HLA-B*51:01 molecule by CTLs. (A) COS cells were
transfected with a plasmid encoding B*51:01 cDNA, B*52:01 cDNA, B*54:01 cDNA, or
no cDNA cocultured with CTL clones, and IFN-y production was measured in the
supernatant using ELISA. Data are the means and SD of triplicate determinations.
*Significant difference (p < 0.01: Student’s t-test) in the IFN-y production stimulated
by B*52:01 cDNA, B*54:01 cDNA or no cDNA compared with B*51:01 cDNA. Data are
representative of three experiments. (B) Recipient B-LCL (square), donor B-LCL
(circle), and donor B-LCL transfected with HLA-B*51:01 cDNA (triangle) were used as
targets for CTL clones. Specific lysis is shown as the mean and SD of triplicate
cultures at various E:T ratios. Significant difference (*p < 0.01; **p < 0.05) in the lysis
of B*51:01-transfected donor B-LCL compared with donor B-LCL (negative control).
Data are representative of three experiments.

were CD3+/CD4-/CD8+ (data not shown). The nucleotide
sequences of the uniquely rearranged TCR VB gene of each clone
were determined by direct DNA sequencing of the amplified PCR

products of TCR (Table 2). The TK2 and TK3 clones had the same
nucleotide sequences in the CDR3 regions of their TCR VB20,
suggesting that these CTLs originated from a single clone. Similarly,
TK4 and TK5, as well as TK6, TK7, and TK9, had the same nucleotide
sequences in the CDR3 regions of their TCR VB19*1 and VB12,
respectively, suggesting that each group also originated from a
single clone. Thus, the 10 isolated alloreactive CTL clones appeared
to have been derived from six independent clones.

3.3. CTL clones recognized the HLA-B*51:01 molecule

To evaluate the possibility that isolated CTL clones recognize
the HLA-B*51:01 molecule, COS cells were first transfected with
an HLA-B*51:01, —B*52:01, or —B*54:01 cDNA construct, COS trans-
fectants were cocultured with six independent CTL clones, and
then the production of IFN-y in the supernatant was measured.
The COS cells transfected with HLA-B*51:01 clearly stimulated
IFN-y production by six independent CTL clones, whereas neither
B*52:01 nor B*54:01 stimulated them (Fig. 3A). Then, donor B-LCL
were transfected with an HLA-B*51:01 cDNA construct and used
as target cells in a cytotoxicity assay. The donor B-LCL transfected
with HLA-B*51:01 were lysed by six CTL clones (Fig. 3B), indicating
that all clones recognized the mismatched HLA-B*51:01 molecule
as an alloantigen. On the other hand, these data suggest that the
CTL response toward the HLA-B*51:01 molecule accounted for
the majority of the recipient’s CTL alloresponse during acute
GVHD.

3.4. Recognition of HLA molecules by CTL clones was peptide-
dependent

Various forms of T lymphocyte recognition of the allogeneic
major histocompatibility antigen, ranging from peptide-dependent
to peptide-independent, have been demonstrated [20]. To confirm
peptide dependency in CTL recognition, examinations were fo-
cused on the difference in the amino acid sequences of the recipi-
ent B*51:01 and the donor B*52:01. They differed in two amino
acids at positions 63 and 67 (Fig. 4A), which constitute peptide
binding pockets A and/or B [21,22]. In particular, B-pocket has a
critical role in peptide binding to HLA-B*51:01 molecules [23],
and substitution of a single amino acid constituting peptide bind-
ing pocket can affect peptide binding [24]. Two mutated B*51:01
cDNA constructs, B*51:01-Asn63Glu and B*51:01-Phe67Ser, in which
individual amino acids were substituted with the corresponding
amino acid in B*52:01 (Fig. 4A), were generated, as well as two
more mutated B*51:01 ¢cDNA constructs, B*51:01-Val194ile and
B*51:01-Ala199Val, in which individual amino acids exist in
B*44:02 and other B alleles and localize outside the positions con-
stituting peptide binding pockets. COS cells were then transfected
with each wild or mutated cDNA construct and examined in the
CTL stimulation assay. IFN-y production of the TK3 clone was sig-
nificantly decreased when stimulated by the B*51:01-Phe67Ser mu-
tant in comparison with the wild-type B*51:01 construct (Fig. 4B).
IFN-y production of all other CTL clones, TK1, TK5, TK6, TK8, and
TK10, was significantly decreased when stimulated by B*51:01-
Asn63Glu and B*51:01-Phe67Ser mutants in comparison with the
wild-type B*51:01 construct (Fig. 4B). However, both B*51:01-Va-
1194lle and B*51:01-Ala199Val mutants stimulated all CTL clones
to the same degree as the wild-type B*51:01 construct. Thus, these
data suggest that recognition of the HLA-B*51:01 molecule by CTL
clones was peptide-dependent.

Furthermore, CTL clones should recognize certain peptides
other than leukemia antigens, presented by HLA-B*51:01 mole-
cules, because B*51:01-transfected COS cells, which are derived
from monkey kidney cells, stimulated IFN-y production of CTLs
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Fig. 4. Recognition of the HLA-B*51:01 molecule by CTLs is peptide-dependent. (A) The amino acid sequences at position 60 to 70 of the B*51:01, B*52:01, B*51:01-Asn63Glu,
and B*51:01-Phe67Ser cDNAs are shown. Asn at position 63 was substituted with the corresponding amino acid in B*52:01, Glu, in the B*51:01-Asn63Glu mutant, Phe at
position 67 was substituted with the corresponding amino acid in B*52:01, Ser, in the B*51:01-Phe67Ser mutant. (B) COS cells were transfected with a plasmid encoding
B*51:01, B*51:01-Asn63Glu, B*51:01-Phe67Ser, B*51:01-Val194lle, B*51:01-Ala199Val or B*52:01 ¢DNA construct, cocultured with CTL clones, and IFN-y production was
measured in the supernatant using ELISA. Data are the means and SD of triplicate determinations. *Significant difference (p < 0.05: Student’s t-test) in the IFN-y production
stimulated by each mutant or B*52:01 ¢cDNA construct compared with the wild-type B*51:01 cDNA construct. Data are representative of three experiments.

(Fig. 3A), and B*51:01-transfected donor B-LCL, which are derived
from B lymphocytes, were lysed by CTLs (Fig. 3B).

3.5. Leukemia blasts escaped from immunological pressure by HLA-B-
specific CILs

Whether the leukemia blasts escaped from the cytotoxicity of
HLA-B*51:01-specific CTL clones was then examined. Pre-trans-
plant and post-transplant leukemia blasts were purified by fluores-
cence-activated cell sorter (purity, ~62% and ~99%, respectively),
and a cytotoxicity assay was performed only for the TK1 CTL clone
because of the limited number of cryopreserved blasts. Weak but
clear lysis of pre-transplant leukemia blasts by the TK1 CTL clone
was observed, whereas post-transplant leukemia blasts were not

-37 -

lysed (Fig. 5A). All other CTL clones (TK3, TK5, TK6, TKS8, and
TK10) also did not lyse post-transplant leukemia blasts (Fig. 5B).

In addition, whether HLA-B*51:01-specific CTL pressure per-
sisted until leukemia relapse was examined. The [FN-y ELISPOT as-
say was performed to detect HLA-B*51:01-reactive CTLs in patient
blood on day 232, 1 month before clinical leukemia relapse (Fig. 6).
IFN-y-producing B*51:01-reactive T lymphocytes were detected at
a level nearly equal to the level of recipient B-LCL-reactive CTLs,
that is, the total CTL alloresponse.

4. Discussion

The mechanism of leukemia relapse in this recipient can be
explained as follows. CTLs specific for HLA-B*51:01 molecule/
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Fig. 5. Cytotoxicities of CTLs against leukemia blasts. (A) Purified pre-transplant
leukemia blasts (purity, ~62%) (square), purified post-transplant leukemia blasts
(purity, ~99%) (triangle) and donor B-LCL (circle) were used as targets for TK1 CTL
clones. Specific lysis is shown as the mean and SD of triplicate cultures at various
E:T ratios. *Significant difference (p = 0.024: Student’s t-test) in the lysis of the pre-
transplant leukemia blasts compared with the post-transplant leukemia blasts.
Data are representative of three experiments. (B) Purified post-transplant leukemia
blasts (purity, ~99%) (triangle), B-LCLs from the patient (square) and donor (circle)
were used as targets for CTL clones. Specific lysis is shown as the mean and SD of
triplicate cultures at various E:T ratios. Data are representative of three experi-
ments. There was no significant difference in the lysis of the post-transplant
leukemia blasts compared with B51-negative donor B-LCL (negative control).

non-leukemia peptide complex were generated in the recipient
blood during acute GVHD, and these CTLs continued to produce
immunological pressure on leukemia blasts for at least 8 months
after transplantation, but B*51:01-down-regulated leukemia blasts
escaped from the pressure of B*51:01-specific CTLs, and then the
leukemia clinically relapsed.
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Fig. 6. Detection of HLA-B*51:01-specific CTLs in T lymphocytes obtained from the
recipient on day 232 after transplantation. (A) Representative ELISPOT wells show
triplicate resuits of T lymphocytes stimulated by recipient B-LCL, donor B-LCL, and
HLA-B*51:01-transfected donor B-LCL. Data are representative of three experiments,
(B) The frequency of CTLs in T lymphocytes recognizing the HLA-B*51:01 molecule
was measured by IFN-y ELISPOT analysis. The frequency of IFN-y-producing cells is
shown against recipient B-LCL (black), donor B-LCL (white), and HLA-B*51:
O1-transfected donor B-LCL (gray). Data are the means and SD of triplicate
determinations. *p = 0.0057; **p = 0.0077; ***p =0.090 (Student’s t-test). Data are
representative of three experiments.

CTLs recognizing mismatched HLA molecules play an important
role in the immune reaction after HLA-mismatched HSCT, includ-
ing graft rejection [25-27], GVHD [28], and the GVL effect [11].
In this study, the mismatched HLA-B*51:01-specific CTLs could
participate both in GVHD and the GVL effect in the recipient. Ten
CTL clones were isolated from the recipient’s blood just after the
onset of grade Il acute GVHD involving skin, gut, and liver, and
all clones demonstrated HLA-B*51:01-specific cytotoxicity in a
non-leukemia peptide-dependent manner (Fig. 3 and 4). The pa-
tient was suffering from GVHD until his death on day 279, and in
the ELISPOT assay for T lymphocytes obtained from recipient blood
on day 232, HLA-B*51:01-reactive T lymphocytes accounted for the
majority of alloreactive T lymphocytes (Fig. 6). Meanwhile, weak
but clear lysis of pre-transplant leukemia blasts by an HLA-
B*51:01-specific CTL clone was confirmed (Fig. 5A), and the pri-
mary refractory T lymphoblastic leukemia/lymphoma was in
remission until day 261. These data are consistent with participa-
tion of the recipient HLA-B locus-specific CTLs both in GVHD and
the GVL effect.

Selective HLA down-regulation was seen in this patient’s post-
transplant leukemia blasts. Mechanisms that alter HLA class 1
expression have been investigated and summarized as follows
[29]: (1) loss of heterozygosity in chromosome 6 and/or 15, in
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which class 1 heavy chain or py-microglobulin genes are located
[30,31]; (2) mutations in these genes [32]; and (3) down-regula-
tion of the antigen processing machinery, including transporter
associated with antigen processing and low-molecular-weight pro-
tein genes [33]. Ten HLA-B cDNAs were cloned from purified post-
transplant leukemia blasts (purity, ~99%) by RT-PCR; 5 (50%)
clones were identical to the canonical B*51:01 ¢cDNA sequence,
and the others (50%) were identical to the canonical B*54:01 cDNA
sequence, which was another recipient B allele (data not shown).
These data suggest that down-regulation of HLA-B*51:01 expres-
sion in the post-transplant leukemia blasts resulted from mecha-
nisms other than loss of heterozygosity of B locus and mutation
of the B*51:01 gene itself, although the entire sequence of
B*51:01 DNA including introns has not been determined. Recently,
hypermethylation of the HLA-class I gene promoter regions has
been identified as a mechanism for transcriptional inactivation of
HLA class I genes in esophageal squamous cell carcinoma lesions
[34]. We analyzed B*51:01 promoter methylation by pyrosequenc-
ing of bisulfite-treated DNA from purified post-transplant leuke-
mia blasts and confirmed no hypermethylation of the B*51:01
gene (data not shown). Other possible mechanisms are down-reg-
ulation of translation and post-translational modification of the
B*51:01 gene, although, to the best of our knowledge, these mech-
anisms have not yet been investigated for HLA-class I genes. Fur-
ther analysis is required.

The change in expression in HLA-A*11:01 between pre-trans-
plant and post-transplant leukemia blasts was of similar magni-
tude, but in the opposite direction, to that observed for B*51:01.
Because the expression of HLA-A11 on target cells can protect
them from lysis by KIR3DL2-positive NK cells [35], the possibility
that the post-transplant blasts with high expression of HLA-A11
were resistant to NK cell-mediated cytotoxicity, resulting in leuke-
mia relapse, cannot be ruled out.

A question left unresolved is whether the present observation is
unique to this recipient or can be duplicated in additional recipi-
ents who receive HLA one locus-mismatched HSCT. However, the
present findings can explain, at least in part, the mechanism of
how leukemia relapse occurs during persistent GVHD after HSCT.
Another question is whether the present observation is unique to
T lymphoblastic leukemia/lymphoma, which is a relatively rare
subset of acute leukemia in adults. The relevance of this finding
to other leukemias, including B lymphoblastic leukemia/lym-
phoma and myeloid malignancies, should be confirmed. Further ef-
forts to identify the peptides that are presented by HLA-B*51:01
molecules and recognized by isolated CTL clones should help to
elucidate the precise mechanisms of leukemia escape.

In conclusion, immune escape of leukemia blasts from CTL pres-
sure toward a mismatched HLA molecule/non-leukemia peptide
complex may lead to clinical leukemia relapse.
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The adoptive transfer of donor T cells
that have been genetically modified to
recognize leukemia could prevent or
treat leukemia relapse after allogeneic
HSCT (allo-HSCT). However, adoptive
therapy after allo-HSCT should be per-
formed with T cells that have a defined
endogenous TCR specificity to avoid
GVHD. ldeally, T cells selected for ge-
netic modification would also have the
capacity to persist in vivo to ensure
leukemia eradication. Here, we provide
a strategy for deriving virus-specific

T cells from CD45RA-CD62L+CD8* cen-
tral memory T (Tcu) cells purified from
donor blood with clinical grade re-
agents, and redirect their specificity to
the B-cell lineage marker CD19 through
lentiviral transfer of a gene encoding a
CD19-chimeric Ag receptor (CAR). Virus-
specific Tcy were selectively trans-
duced by exposure to the CD19 CAR
lentivirus after peptide stimulation, and
bi-specific cells were subsequently en-
riched to high purity using MHC
streptamers. Activation of bi-specific

T cells through the CAR or the virus-
specific TCR elicited phosphorylation
of downstream signaling molecules with
similar kinetics, and induced compa-
rable cytokine secretion, proliferation,
and lytic activity. These studies identify
a strategy for tumor-specific therapy
with CAR-modified T cells after allo-
HSCT, and for comparative studies of
CAR and TCR signaling. (Blood. 2012;
119(1):72-82)

Introduction

Allogeneic HSCT (allo-HSCT) is the most effective postconsolida-
tion therapy for high-risk B-cell acute lymphocytic leukemia
(B-ALL) in adults and can cure a fraction of pediatric and adult
patients with ALL who relapse after conventional chemotherapy.'*
However, leukemia relapse remains a common cause of failure
after allo-HSCT, and treatment of ALL that has recurred after
transplant, either with additional chemotherapy or with donor
lymphocyte infusions to enhance a GVL effect is mostly unsuccess-
ful and can cause GVHD.!7 Thus, after transplantation therapies
that augment the GVL effect without GVHD are needed to improve
the survival of B-ALL patients, and could benefit other patients
with aggressive B-cell malignancies that undergo allo-HSCT.?
Adoptive T-cell immunotherapy is an attractive approach to
augment the GVL effect to reduce relapse, but in the context of
allo-HSCT this requires that the infused T cells specifically target
leukemia cells, lack alloreactivity to avoid GVHD, and have the
capacity to persist in vivo sufficiently long to eradicate all
malignant cells.*!!

Chimeric Ag receptors (CARs) typically consist of a single-chain
variable fragment (scFv) derived from a mAb specific for a tumor
celi-surface molecule linked to one or more T-cell signaling moieties to
activate effector function.'>3 CAR-modified T cells can be rapidly
generated by gene transfer and are MHC independent, which circum-
vents the need to isolate HLA-restricted tumor-specific T cells. Most
B-cell malignancies including B-ALL typically express cell-surface
CD19 and several groups have developed CD19-specific CARs that are

being tested in clinical trials in patients with advanced B-cell malignan-
cies, with anecdotal reports of therapeutic activity.!*'6 The use of
CAR-modified T cells could also provide a GVL effect after allo-HSCT,
but it would be desirable to engineer donor T celis that have a predefined
TCR specificity to avoid GVHD. The approach we have taken is to
modify (CMV- and EBV-specific CD8* T cells because large numbers
of donor virus-specific T cells have previously been administered to
allo-HSCT recipients without causing GVHD.!71% A second issue in
adoptive immunotherapy is that effector T (Tg) cells that have been
expanded in vitro often persist poorly in vivo, and fail to exhibit a
sustained antitumor effect.!1>20 Qur laboratory has previously identi-
fied a role for cell intrinsic properties of distinct memory T-cell subsets
in determining cell fate after adoptive transfer and shown that Tg cells
derived from central memory T (T¢y) cells not from effector memory
T (Tgy) cells are capable of persisting long-term.?!-23 Here, we describe
the development of clinical selection methods for purifying Tcy from
peripheral blood and deriving and genetically modifying CMV- and
EBV-specific T to express a CD19-specific CARs from the Ty subset.
Functional analysis of signaling through the CD19-CARs and the
endogenous TCR on Tgy-derived bi-specific Tg cells demonstrated
nearly equivalent activation of intracellular signaling pathways and
activation of effector functions, including T-cell proliferation. These
findings provide a strategy for performing adoptive T-cell therapy after
allo-HSCT to augment the GVL effect with T cells of defined specificity
and subset derivation.
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Methods

Cell lines

Raji and K562 cell lines were obtained from the ATCC, Jeko-1 and BALL-1
were provided by Dr Oliver Press (Fred Hutchinson Cancer Research
Center). TM-LCL is a CD19* EBV-transformed lymphoblastoid cell line
(LCL) that has been optimized for use as a feeder cell for T-cell culture. Cell
lines were cultured in RPMI-1640 medium containing 10% FBS, 0.8mM
L-glutamine, and 1% penicillin-streptomycin.

K562 cells were transduced with retroviruses that encode CD80 and
CD86, and selected to > 90% purity by cell sorting for expression of these
costimulatory ligands. CD80 and CD86" K562 cells were then transduced
with retroviruses that encode either a truncated cell-surface CD19 molecule
or full-length HLA-A*0201 or B*0702 (Phoenix-Ampho system; Orbigen),
and sorted twice to obtain cells of > 95% purity that expressed CD19 or
HLA class I, respectively (supplemental Figure 1, available on the Blood
Web site; see the Supplemental Materials link at the top of the online
article). The truncated CD19 construct consisted of the entire extracellular
and transmembrane domains and only 4 aa of the cytoplasmic tail to
abrogate signaling after ligation.?! Cell sorting was performed on a
FACSAria (BD Biosciences). For preparation of peptide-pulsed K562/
HLA, the cells were washed once, resuspended in AIM-V medium
(Invitrogen), and pulsed with the corresponding synthetic peptide at
5 pg/mL at room temperature for 2 hours. The cells were then washed once,
irradiated (80 Gy), and used in stimulation assays.

Peptides

The following peptides were synthesized (GenScript) and provided at
> 90% purity: VTEHDTLLY (HLA-A*0101cmyppso), NLVPMVATV
(HLA-A*0201cmyppss), TPRVTGGGAML  (HLA-B*0702cMmyppss)s
GLCTLVAML  (HLA-A*0201ggv.smirk), and  RAKFKQLL
(HLA-B*0801gpy.pzLr1). The peptides were dissolved in DMSO and
stored at —20°C.

Separation of CD45RA-CD8*CD62L* central memory T cells

Blood samples were obtained from healthy donors under protocols
approved by the Fred Hutchinson Cancer Research Center Institutional
Review Board. PBMCs were isolated by centrifugation of whole blood
using Histopaque-1077 (Sigma-Aldrich). A CD45RA-CD8" cell frac-
tion was enriched by depletion of CD4*, CD14* and CD45RA™ cells on
the AutoMACS or CliniMACS device using clinical grade mAbs
conjugated to paramagnetic beads (Miltenyi Biotec). The CD62L* cells
were then enriched from the depleted fraction by positive selection with
a clinical grade biotin-conjugated anti-CD62L. mAb (DREGS56 clone;
City of Hope Cancer Research Center) and anti-biotin microbeads
(Miltenyi Biotec).

Lentivirus vector construction

The composition of the CD19CAR-CD28 transgene was described previ-
ously.' The construct was modified to contain a transduction and selection
marker downstream of a T2A sequence that consisted of a truncated version
of the epidermal growth factor receptor ({EGFR) that lacks the EGF binding
and intracellular signaling domains.?#25 Cell-surface tEGFR can be de-
tected by biotinylated anti-EGFR (Erbitux) mAb.

Generation, expansion, and selection of
CD19-CAR-transduced virus-specific CTLs

The enriched CD8*CD62L* T cells were plated either in 96-well
round-bottom plates at 10* cells/well with 10* autologous y-irradiated
(35 Gy), peptide-pulsed PBMCs, or at 10° cells/well with 10 autolo-
gous y-irradiated (35 Gy) peptide-pulsed PBMCs in 24-well plates in
RPMI 1640 with 10% human serum (culture medium [CM]) and
50 TU/mL IL-2. In some experiments, monocyte-derived dendritic cells
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(DCs) prepared as described?® were pulsed with peptide and used as an
APC. Peptide-pulsed PBMCs and DCs were prepared by suspending the
cells in AIM-V medium with the respective synthetic peptide at
S pg/mL for 2 hours at 37°C. On day 1 after stimulation, the T cells
were exposed to lentivirus supernatant encoding the CD19-CAR at a
multiplicity of infection of 3 in the presence of polybrene at 2 pg/mL
(Chemicon International) followed by spinfection (32°C, 500g, 45 min-
utes). On day 2, the CM was changed, and after 8-10 days of culture the
cells were pooled and analyzed by flow cytometry after staining with
virus-specific HLA tetramers, and with anti-EGFR and anti-Fc Abs.

The transduced T cells were expanded in culture by plating with
y-irradiated TM-LCL at various responder to stimulator ratios in CM, and
fed with IL-2 50 IU/mL on days 1, 4, and 7. After 10-14 days of culture,
cells were counted and stained with virus-specific HLA tetramers and Abs
specific for transduction markers. The virus-specific subset of transduced
T cells was then purified using reversible class I MHC streptamers as
described.?’ D-biotin was added to dissociate the class I MHC streptamer
from the T cells after selection.

Flow cytometry

All samples were analyzed by flow cytometry on Canto II or Calibur
(BD Biosciences) instruments and the data were analyzed using FlowJo
software (TreeStar). The starting PBMCs and each of the separated
fractions were analyzed for CD4, CD14, CD8, CD45RA, and CD62L to
determine selection purity and yield, and the final product was analyzed
for CD13, CD16, CD19, and CD56 to identify the phenotype of
contaminating cells. Cells were further classified by staining with
CD62L, CD45RA, CD27, CD28, and CD127 mAbs (BD Biosciences)
before and after culture. PE-conjugated HLA class I tetramers folded
with CMV or EBV peptides were used to stain virus-specific TCRs
(Beckman Coulter). Biotinylated Erbitux and streptavidin-PE were used
to identify T cells that expressed tEGFR, and surface expression of the
CD19-CAR was confirmed by staining with a FITC-conjugated goat
anti-human Fcy (Jackson ImmunoResearch Laboratories).

Intracellular cytokine staining

Bi-specific Tg cells were activated with either untransduced, CD19-
transduced, or class ] HLA-transduced and peptide-pulsed K562 cells in
the presence of brefeldin A (Sigma-Aldrich), and then fixed and
permeabilized with the Fix and Perm kit (BD Biosciences). After
fixation, the T cells were stained with anti-IFN-y, TNF-a, and IL-2
mAbs (BD Biosciences). Before fixation, anti-CD8 or tetramer staining
was used to analyze surface coexpression of CD8 or virus-specific TCR,
respectively. As a positive control for cytokine production, cells were
stimulated with 10 ng/mL phorbol myristate acetate (PMA) and
500 ng/mL ionomycin (Sigma-Aldrich).

Intracellular phospho-flow analysis

Bi-specific Tg cells and K562 cells that expressed CD19 or viral peptide/
HLA complexes were mixed at a 1:5 ratio, spun down briefly, and incubated
for various times at 37°C. Cells were then fixed by the addition of 2%
paraformaldehyde at 37°C for 10 minutes, permeabilized in ice-cold 90%
methanol, and left on ice for 30 minutes. For staining, the following
phospho-specific Abs were used: CD3{ (pY142), ZAP70 (pY292), ZAP70
(pY319)/Syk (pY352), and p38 MAPK (pT180/pY182; all PE-conjugated;
BD Biosciences); Erk1/2 (pT202/pY204; ERK), and SAPK/INK (pT183/
pY185; JNK; unconjugated; Cell Signaling Technology); bovine anti—
rabbit IgG-FITC (secondary Ab; Santa Cruz Biotechnology).

Cytotoxicity assay and cytokine multiplexed bead assay

Target cells were labeled for 2 hours with 31Cr, washed twice, dispensed at
2 X 103 cells/well into triplicate cultures in 96-well, round-bottom plates,
and incubated for 4 hours at 37°C with CM at various E:T ratios.
Percent-specific lysis was calculated using the standard formula.?8
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Figure 1. Enrichment of CD8* Tcy from PBMCs with clinical grade reagents. (A) Schematic of 2-step immunomagnetic bead enrichment of CD8+ Tem. CD4*/14*/45RA*
cells were removed from PBMCs by negative selection with directly conjugated immunomagnetic beads and CD62L* cells were then positively selected from the remaining
population with a biotinylated anti-CD62L mAb and anti-biotin beads. (B) Representative flow plots of PBMC before selection showing the frequencies of CD4*, CD14*,
CD45RA*, CD8*, and CD62L* cells. FSc indicates forward scatter; and SSc, side scatter. (C) Representative flow plots of the intermediate CD4/14/45RA~ fraction
showing removal (> 98%) of the depleted subsets. (D) Representative flow plots of the CD62L~ and CD62L* fractions after the CD62L selection step. The left 2 panels
show the phenotype of the CD62L - fraction and the right 3 panels show the phenotype of the CD62L* fraction. Analysis of the CD8-CD62L* cells (far right panel)
revealed that the most of these cells were CD13* consistent with the selection of a CD62L* myeloid subset that was not removed with the CD4/CD14/CD45RA
depletion. (E) Phenotype of the CD8*CD62L * fraction for markers of Tcy. Data are representative of 5 independent experiments. (F) Summary of enrichment data from
independent experiments using PBMCs from 5 different donors showing the total frequency of CD8* T cells and the frequency of CD8* cells that are CD62L*. The
horizontal line indicates the mean = SEM.

For analyses of cytokine secretion, target and effector cells were  CFSE proliferation assay
plated at an E:T ratio of 1:1, and IFN-y, TNF-q, and IL-2 were measured
by Luminex assay (Invitrogen) in the supernatant after 24 hours of T cells were labeled with 0.2uM CFSE (Invitrogen), washed, and plated

incubation. with stimulator cells at a ratio of 1:1 in CM without IL-2. After 72- or
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Table 1. The absolute number of target cells obtained after each selection and the yield of the target fraction

PBMCs

CD4/CD14/CD45RA-
depleted fraction

CD4/CD14/CD45RA-depleted
CD62L" fraction

697 x 10° (558-1282 % 10)
1.7 (0.4-3.3)

Cell number f N
% CD45RA-CD8+CD62L* N )
Yield of CD4SRA=CDB*CDe2L* cellst .

8.8 x 10°(7.2-13.8 X 108)
42.1 (22.5-55.9)"
| 25.2% (15.8%-55.5%)

- 31.2 X 10° (23.4-38.6 X 105)
16.3 (9.2-25.7)
. 455%(21.3%-88.4%) |

*The majority of non-CD8* cells were CD13+*CD62L" myeloid cells.

1The yield of CD45RA-CD8*CD62L"* cells was calculated by multiplying the absolute cell number of each fraction and the proportion that were CD45RA-CD8+CD62L,
and dividing by the absolute number of CD45RA-CD8*CD82L " cells in PBMCs X 100 (%). The data are the summary of 5 experiments.

96-hour incubation, cells were labeled with anti-CD8 mAb and samples
were analyzed by flow cytometry, and division of live CD8" T cells was
assessed by CFSE dye dilution.

Results

Enrichment of CD45RO*CD8+CD62L* Ty from PBMCs with
clinical grade reagents

We evaluated a 2-step immunomagnetic selection method using clinical-
grade reagents to enrich CD8* Ty from PBMCs obtained from healthy
donors. CD8* Tey typically comprise less than 3% of PBMCs in
healthy donors, and can be identified by expression of the CD45RO
isoform that is acquired during the naive to memory transition, and by
the coexpression of CD62L.22% To enrich the CD8* Ty fraction, we
first depleted CD4*, CD14+, and CD45RA™ cells from PBMCs using
clinical grade mAb conjugated to paramagnetic beads, and then
positively selected CD62L* cells with a biotinylated anti-CD62L mAb
and clinical-grade anti-biotin beads (Figure 1A). In 5 independent
experiments starting with a median of 697 X 10° PBMCs from different
donors (Figure 1B), we obtained a median of 31.2 X 10° cells (range,
23.4-38.6 X 10°) after the CD4/14/45RA depletion. The cells remaining
after depletion contained only very rare contaminating CD4%/14%/
45RA™ cells (Figure 1C), and were predominantly (> 60%) CD8*
T cells with a median of 16.3% CD45RA~ CD8+CD62L" Tey (range,
9.2%-25.7%; Table 1). After selection of CD62L* cells from the
CD4/14/45RA ™ fraction, we obtained a median of 8.8 X 105 (range,
7.2-13.8 X 10°) cells of which a median of 87.7% (range, 84.4%-
93.1%) were CD62L* and 56.0% (range, 29.0%-66.0%) were CD8™*
cells. The CD8~ cells that remained in the CD4/14/45RA-CD62L*
fraction were primarily CD62L* myeloid cells that expressed CD13 and
were not removed by the initial density gradient separation (Figure 1D).
The fraction of CD8* T cells that expressed CD62L was 83.0% (range,
69.0%-96.0%), and these cells were predominantly CD28* and CD277,
which is characteristic of Tcy (Figure 1D-F). Contaminating CD4,
CD14, CD45RA, CD16, and CDI19 cells were very rare in the
CD4/14/45SRA-CDO62L"* fraction (Table 2). Thus, this 2-step immuno-
magnetic selection method using clinical-grade mAb-conjugated beads
provided approximately 25-fold enrichment of CD8* Tgy, with an
overall yield of 25.2% (range, 15.8%-55.5%; Table 1).

Enrichment of virus-specific Tg cells from Tey

We next examined culture formats that would induce preferential
expansion of virus-specific T cells present in the enriched Tey
fraction. The T¢y cells were cultured with CMV or EBV peptide-
pulsed, vy-irradiated PBMCs in either 24-well (10° responder
T cells/well) or 96-well plates (10* responder T cells/well), and the
frequency of tetramer-positive cells was determined on day 10. The
frequency of tetramer positive T cells in the starting Ty population was
typically low (< 0.1%) and as expected, the majority of the tetramer-
positive cells were CD62L* (Figure 2A, supplemental Figure 2).

Stimulation with CMV peptides presented by HLA-A*0201 and
HLA-B*0702 resulted in a dramatic increase in the tetramer-positive
T cells after 10 days both in the 96-well and 24-well culture formats
(Figure 2A-B). Of note, the contaminating non-CD8* cells that were
present in the starting population declined after 10 days of culture,
suggesting these cells do not persist or proliferate under these in vitro
culture conditions (Figure 2A,D).

We then evaluated whether y-irradiated, monocyte-derived DCs
might be superior APCs compared with peptide-pulsed PBMCs for
inducing expansion of virus-specific Tey in the cultures. There was
no significant difference in the frequency of tetramer-positive
T cells after 10 days in cultures stimulated with peptide-pulsed
PBMC:s or DCs (Figure 2C). Thus, for simplicity we used PBMCs
as APCs for subsequent experiments to determine whether this
method would be generally effective for rapidly enriching T cells
specific for multiple epitopes of EBV and CMV presented by other
common HLA alleles. In all cases, we observed significant
outgrowth of tetramer-positive CD8* T cells, with the 24-well
cultures for each of the epitopes containing > 35% tetramer-
positive cells after 10 days of expansion (Figure 2D).

Lentiviral transduction of virus-specific T¢y and expansion of
bi-specific T cells

The selective outgrowth of virus-specific Tey after Ag stimulation
suggested it might be possible to simultaneously transduce the cells with
a CD19-CAR lentivirus during their proliferation to rapidly derive
bi-specific T cells. Therefore, we stimulated CD8* Tey with peptide-
pulsed PBMCs and added lentivirus supernatant on day 1 followed by
spinfection (Figure 3A). After 8-10 days, the cells were examined for
tetramer staining to determine the frequency of virus-specific T cells,
and for expression of the CAR and tEGFR to determine the frequency of
transduced T cells. In 6 independent experiments, the fraction of cells
that were tetramer positive was a median of 30.1% (range, 5.8%-
94.7%), and the fraction that expressed the CD19-CAR was a median of
21.5% (range, 11.7%-27.9%). A median of 54.9% (range, 15.7%-
96.1%) of the tetramer-positive T cells was also CD19-CAR* as
assessed by staining for either the Fc portion of the CAR or tEGFR,
which is encoded downstream of a T2A sequence in the CAR vector and
coordinately expressed with the CAR (Figure 3B). The majority of
cultures had only a very minor population of Fc or tEGFR™", tetramer-
negative cells (Figure 3B). The selective transduction and expansion
of virus-specific T cells was observed after stimulations with
multiple CMV  epitopes (HLA-A*0101cmvppsos HLA-
A*0201cmypp65; HLA-B*07020mvpp65) and with EBV epitopes
(HLA-A*OZOlEB\l_BMLFI; HLA-B*OgOlEBv_BZLpl). Thus, simultane-
ous Ag stimulation and lentiviral transduction was successful in
reproducibly deriving a population of T cells that expressed both a
virus-specific TCR and a CD19-CAR.

We next evaluated whether subsequent stimulation of the
cultures with CD19* APCs would expand the CD19-CAR™* T cells
and retain the dominant virus-specific fraction. We evaluated an
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Figure 2. Comparison of culture conditions for expand-
ing virus-specific T cells from CD45RA-CD62L+CD8+
precursors. (A) Representative flow plots showing tetramer
staining of the enriched CD8*CD62L* Tcy before and
10 days after stimulation with a B*0702cmvppes peptide. Tem
cells were plated either in a 24-well or 96-well plate with
B*0702cmvppss peptide-pulsed +y-irradiated PBMCs. Shown
are data from individual wells of the 24-well cuftures and
pooled wells of the 96-well cultures. (B) Tey cells from
7 donors were cultured the same as in panel Aand tested for
tetramer positivity on day 10. Tey from 3 donors were
stimulated with an A*0201cmvppes peptide, and Teu from the
other 4 donors were stimulated with a B*0702cmvppes Pep-
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EBV-transformed LCL line (TM-LCL) that is CD19%, HLA-A2
and -B7 negative, and used widely to provide feeder cells for
expanding human T cells for clinical adoptive therapy.3%3! We
tested a range of responder-stimulator ratios and found that a
T cell:LCL ratio of 1:7 gave the greatest expansion of CD19-CAR™*
T cells (Figure 3C), with a total cell yield of > 10 T cells more
than 2 cycles of stimulation starting from 10° cells. The percentage

Table 2. Contaminating cell frequencies in CD45RA-CD8+CD62L+
fraction

Median, % Range, %
eha 06 0129
CD14 0.1 0.1-2.0
CD45RA - EhT L0032
CcD13 314 232695
coie v g 0168
cD19 0.1

of tetramer-positive T cells in the cultures increased similar to
CAR-transduced cells despite the absence of stimulation through
the virus-specific TCR, although there was variability from culture
to culture (Figure 3D right panel).

Purification of bi-specific Tg cells using class | MHC
streptamers

T cells specific for CMV and EBV, either selected by in vitro
culture or with class I MHC streptamers, have been adoptively
transferred to allo-HSCT recipients without causing GVHD.17-18.32
Thus, if donor-derived CD19 CAR-modified T cells were to be
administered for adoptive immunotherapy to prevent or treat
relapse of CD19* malignancies in the allo-HSCT setting, it
would be desirable to infuse T-cell products that were predomi-
nantly virus specific. Thus, we used reversible class I MHC
streptamers to further purify virus-specific T cells from the
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Figure 3. Lentiviral transduction, expansion, and selection of bi-specific T cells. (A) Scheme for simultaneous virus-specific stimulation and CD19-CAR transduction.
Tewm cells were plated at 106 cells/well into 24-well plates with 108 peptide-pulsed ~y-irradiated PBMCs/well and IL-2 (50 IU/mL), and transduced on day 1 with CD19-CAR
lentivirus supernatant. (B) Staining of transduced and untransduced T cells with HLA tetramer, anti-Fc, and anti-EGFR reagents after 10 days of culture. Data are shown for a
culture stimulated with an HLA-B*0702cmvppss peptide-pulsed PBMCs. Similar data were obtained for Tewm cells stimulated with A*0101cmyppso, A*0201 cmvppss, A*0201 ev.emLrr,
and B*0801gsv-szLr1 peptides. (C) Growth of bi-specific T cells after stimulation with CD19* EBV-transformed B cells (TM-LCL) at various T-cell:LCL ratios during a 10-day
stimulation cycle. Data are pooled from 5 independent experiments and the mean fold expansion in cell number and SEM are shown. (D) CD19-CAR* and tetramer-positive
T cells are enriched over 2 cycles of stimulation with CD19* TM-LCL. The bi-specific T cells were stimulated with a 1:7 ratio of TM-LCL, fed with 50 IU/mL. IL-2 and the
frequency of cells that bound the HLA tetramer and expressed celi-surface EGFR was determined on day 10-13 (left panel, CAR™ cells; right panel, tetramer-positive cells).
Data are pooled from 5 independent experiments (mean and SEM) with 4 viral epitopes (A*0101cumyppso, A*0201cuvppss, B*0702cmvppes, and A*0201 eav.auir1). (E) Purification
of tetramer positive bi-specific cells with reversible class | MHC streptamer. Streptamer selection was performed after the first stimulation with CD19+ TM-LCLs. Shown are the
data for selection of HLA B*0702cmvppes bi-specific T cells, which is representative of 4 independent experiments with A*0101cmvppso, A*0201 cmvppss: B*0702cMvppes, and
A*0201esv.amLr1 Streptamers. The yield was a median of 26.9% (range, 15.0%-43.8%). (F) Purity of final bi-specific Tcy-derived cell product. After MHC streptamer selection, a
second stimulation with TM-LCL was performed and the bi-specific T cells were stained with the class | HLA tetramer and with anti-EGFR on day 10 after stimulation. Data are
shown for a bi-specific (B*0702cmvppss; CD19CAR) T-cell product and are representative of 4 independent experiments.

transduced T-cell cultures after the first stimulation with CD19*%  96.8%), of which ~ 85% (range, 80.0%-99.7%) expressed the
LCL.?" Streptamer selection resulted in the reproducible enrich-  CD19-CAR. The overall cell yield with streptamer selection was
ment of virus-specific T cells to > 80% purity (range, 86.0%- a median of 26.9% (range, 15.0%-43.8%). Importantly, the
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Figure 4. Analysis of effector functions after stimulation of bi-specific T cells through the virus-specific TCRs and CD19-CARs. (A) Cytotoxicity. HLA-B*0702cmvppss
bi-specific T cells were tested for lysis of K562 (@), K562 transduced with CD19 (H), and K562 transduced with HLA-B*0702 and pulsed with CMVpp65 peptide (4; top left
panel). Bi-specific T cells lysed CD19" tumor cell lines (top right panel), primary CLL cells from 2 patients (bottom left panel) and primary ALL cells from 2 patients (bottom right
panel). In assays against primary tumor cells, K562 cells were used as a negative control (triangles in the bottom panels). (B) Intracellular cytokine staining. HLA-B*0702cuyppss
bi-specific T cells stimulated for 4 hours with an equal number of the indicated K562 transfectants, permeabilized, and stained for intracellular IFN-y, TNF-a, and IL-2, or left
unstimulated. Stimulation with PMA/ionomycin served as a positive control. Data are shown for B*0702cmvgpss bi-specific T cells and are representative of 5 experiments with
bi-specific T cells from different donors. (C) Time-course analyses of intracellular IFN-vy staining of the bi-specific T cells. T cells were stimulated either with the indicated K562
transfectants or with PMA/ionomycin for 4-12 hours, permeabilized, and stained for intracellular IFN-y. The mean and SEM of the percentage of T cells that stained positive for
IFN-vy is shown for 5 independent experiments with bi-specific T cells from 3 donors (N.S., not significant). (D) IFN-y, TNF-a, and IL-2 secretion. T cells were stimulated with the
indicated K562 transfectants at a 1:1 ratio, and culture supernatants were harvested at 24 hours and analyzed by Luminex assay. Data are pooled from 7 independent
experiments with bi-specific T cells from 7 donors (mean and SD).

frequency of CD19-CAR-transduced T cells in the selected stimulation through the CAR, and that incorporation of costimula-

population that did not stain with the tetramer was < 3%
(Figure 3E).

After the streptamer selection, a second stimulation with
CD19" LCL was performed to determine whetherthe high fre-
quency of bi-specific T cells was maintained through an additional
expansion cycle. The T cells proliferated equivalently well as those
that had not undergone streptamer selection and at the end of the
stimulation cycle, the frequency of tetramer-positive and CD19-
CAR™ cells in the culture increased to ~ 90% (range, 80.7%-
96.3%) and ~ 85% (range, 77.9%-95.3%), respectively (Figure
3F). Thus, large numbers of highly pure bi-specific Tg cells that are
derived from CD8* Tcy precursors and engineered to express a
CD19-specific chimeric receptor could be readily generated for
adoptive immunotherapy of allo-HSCT recipients in ~ 30-35 days
starting from 400 mL of donor peripheral blood.

Analysis of effector functions, signaling, and cell division after
stimulation through the virus-specific TCR and CD19-CAR

Prior studies have demonstrated that polyclonal T cells transduced
to express a CAR can lyse target cells and secrete cytokines after

tory domains such as CD28, 4-1BB, and OX40 into the CAR
increases IL-2 production and improves the persistence of the cells
in immunodeficient mice.'*3? However, CAR binding to its ligand
is expected to be structurally distinct from that of a TCR, and a
direct comparison of effector functions and signaling through an
introduced CAR and the endogenous TCR on the same cell has not
been evaluated. To perform this analysis, we transduced K562
tumor cells with the costimulatory molecules CD80 and CD86, and
with CD19 or HLA molecules (HLA-A*0201; HLA-B*0702) and
sorted cells that expressed each of the transgenes to high purity
(> 95%; supplemental Figure 1). The bi-specific T cells that we
generated in our cultures efficiently lysed both K562/CD19 and
K562/HLA viral peptide-pulsed target cells, in addition to CD19+
tumor cell lines, primary CD19% chronic lymphocytic leukemia
(CLL) and ALL cells, indicating that lytic function was mediated
through both the CAR and the TCR (Figure 4A). IFN-vy, TNF-q,
and 1L-2 production after ligation of the CD19-CAR or the TCR
was evaluated by stimulating aliquots of the bi-specific T cells with
each of the K562 transfectants. K562/B*0702¢cmvppss stimulation
induced a slightly higher percentage of bi-specific T cells to
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Figure 5. Analysis of intracellular signaling after stimulation through the virus-specific TCRs and CD19-CARs. Intracellular phospho-specific staining of CD3¢, ZAP70
(pY292 and pY319), p38, ERK, and JNK. Bi-specific T cells were either stimulated with K562 (gray), the indicated K562 transfectants at a 1:5 ratio, or PMA/ionomycin for
2 minutes (CD3{ and ZAP70), or 10 minutes (p38, ERK, and JNK), permeabilized and stained with phospho-specific mAbs, and analyzed by flow cytometry. The flow piots for
CD3{, ZAP70, and p38 were performed on a FACSCanto Il (BD Biosciences), and for ERK and JNK on a FACSCalibur (BD Biosciences). Data are representative of
B*0702cmvppes bi-specific T cells and representative of 4 independent experiments with bi-specific T cells from 4 donors.

produce IFN-vy, TNF-a and IL-2 by intracellular cytokine staining
than K562/CD19 stimulation, but this difference was not statisti-
cally significant (Figure 4B-C). We analyzed the rate at which
bi-specific T cells became IFN-y* by stimulating the cells with
each APC for various times before fixation and intracellular
staining. In the time-course analysis, ~ 10% more cells secreted
IFN-vy after TCR stimulation at time points after 4 hours (Figure
4C). However, IFN-y, TNF-a, and IL-2 secretion into the culture
supernatant was equivalent after CD19 and viral Ag stimulation
(Figure 4D). Taken together, these data demonstrate only slight
differences in induction of effector functions whether the T cell is
signaled through the endogenous TCR or the introduced CAR.

We next examined phosphorylation of proximal and distal
signaling molecules including CD3(, ZAP70, p38, ERK, and INK
after Ag binding using flow-based intracellular staining with
phospho-specific mAb. A short 2- to 10-minute stimulation with
CD19* K562 or K562/B*0702 pulsed with an optimal concentra-
tion of B*0702cmvppss peptide induced phosphorylation of CD3(
and ZAP70 at tyrosine 292 and 319 in the majority of T cells. In
some but not all experiments, the mean fluorescence intensity of
phosphoprotein staining was lower after stimulation through the
CAR than through the TCR. However, both the proportion of
T cells that exhibited phosphorylation of distal signaling molecules
including ERK, JNK, and p38, and the mean fluorescence intensity
of staining were not significantly different after stimulation through
the CAR or the TCR (Figure 5).

The release of cytolytic granules and cytokines after ligand
engagement and signaling through a CAR does not ensure that
the CAR-modified T cell will undergo productive cell division
after recognition of target cells. We observed similar up-
regulation of CD25 on bi-specific T cells after stimulation

through the TCR or the CAR, suggesting the cells would be
similarly responsive to endogenous or exogenous IL-2 (Figure
6A). Indeed, CFSE labeling of T cells before stimulation with
K562/CD19 or K562/viral Ag in cultures that were not supple-
mented with IL-2 showed that a comparable proportion of the
bi-specific Tey-derived Tg cells divided over 72 and 96 hours
(Figure 6B and data not shown). Cell division was more robust
after stimulation through the TCR or the CAR than after
stimulation with CD3/28 beads (Figure 6B). T-cell proliferation
induced by stimulation through either the CD19-CAR or the
TCR also resulted in an equivalent increase in absolute cell
number in the cultures over 4 days, even in the absence of
supplemental IL-2, indicating that ligand engagement through
the CAR did not induce greater activation-induced cell death
than through the TCR, and that sufficient endogenous IL-2 was
produced by Tey-derived Tg cells to promote cell proliferation
(Figure 6C). Thus, stimulation of Tey-derived T cells through
an introduced CD19-CAR that contains a CD28 costimulatory
domain induces similar phosphorylation of signaling molecules,
production of effector cytokines, and T-cell division as stimula-
tion through an endogenous virus-specific T cell receptor on the
same cell.

Discussion

Gene transfer to redirect the specificity of any human T lympho-
cyte to recognize cancer cells through the expression of a TCR
specific for a tumor-associated Ag or a CAR specific for a tumor
cell-surface molecule, is a developing area in cancer therapy.
Several issues remain to be resolved including the type of T cell
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Figure 6. T-cell activation and division after stimulation through
the virus-specific TCRs and CD19-CARs. (A) Up-regulation of
CD25 after CD19 or TCR stimulation. Bi-specific T cells were stimu-
lated with an equal number of either K562/CD19 or K562/HLA-
B*0702 cells pulsed with CMVpp65 peptide or left unstimulated and
examined for CD25 expression 24 hours later. Expression of CD25
on unstimulated cells is shown in the gray histograms and expression
of CD25 on stimulated T cells is shown in the white histograms. (B)
CFSE dilution assay after CD19 or TCR stimulation. Bi-specific
T cells were labeled with CFSE, stimulated with an equal number of
the indicated K562 transfectants or with CD3/28 beads, and CFSE
staining intensity was analyzed 72 hours after stimulation. CFSE
staining of unstimulated T cells is shown in the gray histograms and
those of stimulated in the white histograms. Data are representative
of 3 independent experiments. (C) Cell growth of bi-specific T celis
after CD19 or TCR stimulation without exogenous IL-2. A total of
2 X 108 bi-specific T cells were stimulated with either K562/CD19
transfectants or K562/HLA transfectants pulsed with CMV peptide,
and the absolute cell count was determined by the standard trypan
biue dye exclusion method 4 days after stimulation. Data are pooled
from 4 independent experiments with bi-specific T cells from

4 donors. The mean and SD of the absolute cell number is shown.
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(naive, central memory, or effector memory) to modify, and the
design of receptor constructs that mimic physiologic signals in the
engineered T cells. A potential use of gene-modified donor T cells
is to induce a GVL effect after allo-HSCT to reduce the unaccept-
ably high rates of relapse that are currently experienced by patients
with advanced malignancies.!>® The use of T cells from a normal
donor circumvents the potential difficulty deriving autologous
T-cell products from lymphopenic patients who have had extensive
prior chemotherapy, but the application of T-cell therapy after
allo-HSCT requires knowledge of the specificity of the endogenous
TCR(s) to avoid causing GVHD. Unselected autologous CAR-
modified T-cell therapy has recently been reported to exhibit
profound antitumor activity in CLL.3** The methodology de-
scribed here would enable the application of this approach to more
aggressive B-cell malignancies where allo-HSCT is the standard of
care and where engineering and infusing unselected donor T cells
would carry a risk of GVHD. We show that bi-specific (CD19-
CAR, virus-specific) CD8* Tg cells can be rapidly derived from

Tewm precursors of normal donors. We selected Tey cells for genetic
modification because they exhibit superior proliferation to Ag
compared with Tgy cells,?? and we have shown that gene-modified
virus-specific Tg cells derived from Ty cells, but not from Tgy
cells, persist long-term after adoptive transfer in animal models.?> To
select CD8* Tey, we used 3 mAbs (CD4, CD45RA, and CD14) for
depletion of undesired cells and a CD62L mAb for positive enrichment.
This 2-step depletion and enrichment was highly effective in removing
and selecting the desired subsets, and enriched for CD8*CD62L*
memory cells, although a CD62L* CDI13* myeloid population that
phenotypically and morphologically resembled basophils remained
after enrichment. The proportion of contaminating CD13* cells varied
between donors; however, these cells did not persist in culture and did
not significantly alter T-cell proliferation or transduction efficiency.

We focused on deriving CMV- and EBV-specific T cells from
Tem for genetic modification because a majority of donors retain
virus-specific CD8* memory T cells for these pathogens, and the
adoptive transfer of virus-specific T cells for even a few epitopes

-49 -



From bioodicurnal. hematologylibrary.org at MEDICAL LIBRARY OF NAGOYA UNIV on May 20, 2013. For personal use

only,

BLOOD, 5 JANUARY 2012 » VOLUME 119, NUMBER 1

after allo-HSCT confers antiviral immunity to immunodeficient
HSCT recipients without causing GVHD.!"193¢ |t has been sug-
gested that CAR-modified virus-specific Tg cells may exhibit
superior persistence in vivo as a consequence of signals delivered
through the virus-specific TCR.3"-3 The frequency and proportion
of the memory CD8* T-cell response to CMV and EBV that resides
in the CD62L* Tcy subset varied for each virus and among
individuals, but we could reliably derive Tg cells for multiple HLA
class I-restricted epitopes from both viruses from a majority of
donors. In addition, the addition of lentivirus shortly after Ag
stimulation led to efficient and preferential transduction of the
virus-specific T cells, which could then be expanded in short-term
culture by stimulation through the CAR. We show that selection
with reversible MHC streptamers as a final enrichment provides
highly pure populations of bi-specific T cells, and avoids transfer-
ring T cells that could cause GVHD. It is possible that an additional
benefit of this therapy is that the virus-specific CTL would provide
antiviral protection in the post-allo-HSCT setting, although the
consequences of inserting a CAR on TCR signaling in vivo are
uncertain, and will require careful analysis in the clinical applica-
tion of this approach.

The derivation of highly pure human Tg cells that expressed
both a virus-specific TCR and a tumor-targeting CAR enabled
comparative analysis of signaling through the naturally expressed
TCR and the introduced CAR on the same T cells. For these
studies, we used K562 cells that could present CD19 to the CAR or
HLA/peptide complexes to the TCR as APC to control for potential
differences in adhesion or other molecules that might be differen-
tially expressed if tumor cells and virus-infected cells were used as
APCs. We found that ligation of the TCR and CAR evoked uniform
phosphorylation of CD3{, ZAP70, ERK, JNK, and p38 and
induced similar secretion of IFN-y, TNF-a, and IL-2. Moreover,
signaling through either the TCR or the CAR resulted in target cell
lysis, and induced proliferation and expansion of the T cells in the
absence of exogenous IL-2. The CD19-specific CAR used in our
study has a CD28 signaling domain in tandem with CD3(, based on
prior work showing that addition of CD28 improves proliferation
and IL-2 and IFN-vy secretion.!* The incorporation of additional
signaling domains from CD134 or CD137 has been shown to
further increase cytokine secretion and lytic activity, and to
improve cell viability in vitro and in a xenogeneic mouse engraft-
ment model.34? 1t is likely that the cellular response to signaling
through a CAR will depend on many factors including the
specificity and affinity of the scFv component of the CAR,
incorporation of costimulatory signaling domains, and ligand
density and location on the target cell. The strategy of deriving
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highly pure bi-specific T cells allows comparative analysis of
signaling events induced by ligation of different CAR constructs
with those after endogenous TCR signaling, and may prove useful
in selecting the features for individual CARs that more closely
approximate physiologic signaling, and preserve T-cell function
and survival in vivo.

Our results also have implications for clinical applications of
CAR-modified T cells beyond allo-HSCT. The T-cell pool in
humans contains a diversity of phenotypic and functionally distinct
T cells that have different effector functions and migratory capacity
that are imprinted by earlier Ag experience.** Moreover, the
frequency of these subsets of T cells varies substantially from
person to person depending on age and pathogen exposure, and
may be altered in cancer patients by the type and extent of prior
chemotherapy.*+* Thus, transduction of bulk populations of autolo-
gous T cells may not provide cell products with uniform capacity to
survive, mediate desired antitumor effector function, and migrate
in vivo. The strategy of purifying defined subsets of T cells,
including those with a defined TCR specificity before genetic
modification may provide cell products that have more predictable
activity after adoptive transfer.
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