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4-1BB and CD28 Signaling Plays a Synergistic
Role in Redirecting Umbilical Cord Blood T Cells
Against B-Cell Malignancies

Syam Tammana, Xin Huang?™> Marianna Wong? Michael C. Milone®’ Linan Ma? Bruce L. Levine®”’
Carl H. June®” John E. Wagner?® Bruce R. Blazar?™* and Xianzheng Zhou'®

Abstract

Umbilical cord blood (UCB) T cells can be redirected to kill leukemia and lymphoma cells by engineering with a
single-chain chimeric antigen receptor (CAR) and thus may have general applications in adoptive cell therapy.
However, the role of costimulatory molecules in UCB T-cell activation and effector functions in context with
CAR remains elusive. To investigate the effect of costimulatory molecules (4-1BB and CD28) on UCB T cells, we
transduced UCB T cells with lentiviral vectors expressing Green Fluorescent Protein (GFP) and CAR for CD19
containing an intracellular domain of the CD3{ chain and either a 4-1BB (UCB-19BB{) or a CD28 intracellular
domain (UCB-1928(), both (UCB-1928BB(), or neither (UCB-19{). We found that UCB-19BB{ and UCB-28BB{ T
cells exhibited more cytotoxicity to CD19" leukemia and lymphoma cell lines than UCB-19( and UCB-1928(,
although differences in secretion of interleukin-2 and interferon-y by these T cells were not evident. In vivo
adoptive transfer of these T cells into intraperitoneal tumor-bearing mice demonstrated that UCB-19BB{ and
UCB-1928BB({ T cells mounted the most potent antitumor response. The mice adoptively transferred with UCB-
1928BB( cells survived longer than the mice with UCB-19BB(. Moreover, UCB-1928BB{ T cells mounted a more
robust antitumor response than UCB-19BB( in a systemic tumor model. Our data suggest a synergistic role of 4-
1BB and CD28 costimulation in engineering antileukemia UCB effector cells and implicate a design for redirected
UCB T-cell therapy for refractory leukemia.

Introduction

THE ADOPTIVE T-CELL THERAPY approach has demon-
strated potential in treating patients with viral infections
and cancer (Greenberg and Riddell, 1999; Sadelain et al., 2003;
Rossig and Brenner, 2004; Rosenberg et al., 2008). With ad-
vances in genetic engineering, in which T cells are engineered
with chimeric antigen receptors (CARs) to impart paren-
tal monoclonal antibody-directed specificity, the scope of
this approach has been extended to treat B-cell malignancies
(Sadelain ef al., 2003; Rossig and Brenner, 2004). A CAR con-
sists of a single-chain variable fragment of monoclonal anti-
body fused to CD3{ signaling domain of a T-cell receptor
(Eshhar et al., 1993). The choice of the CD19 surface molecule
is attractive because of its expression pattern on B-lymphoid
progenitors and the lack of expression on progenitor stem

cells. CARs designed against CD19 were first introduced by
the Sadelain and Cooper groups and showed that peripheral
blood T cells were effectively redirected to kill CD19" leuke-
mia cells (Brentjens et al., 2003; Cooper et al., 2003). However,
CD3({ signaling alone is not sufficient to render a durable and
complete T-cell response (Finney et al., 1998; Krause et al.,
1998).

The need for costimulatory signaling domains with CARs
to establish maximal and sustainable T-cell activation has
been demonstrated by several groups (Finney et al., 1998, 2004;
Krause ef al., 1998; Maher et al., 2002; Haynes et al., 2002a,b;
Imai et al., 2004; Friedmann-Morvinski et al., 2005; Pule et al.,
2005; Altvater et al., 2006; Kowolik et al., 2006; Loskog et al.,
2006; Brentjens ef al., 2007; Marin et al., 2007; Wang et al., 2007;
Carpenito et al., 2009; Milone et al., 2009). It has been thought
that CD28 and 4-1BB signaling domains along with CARs
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in engineered peripheral blood lymphocytes (PBLs) play an
important role in antitumor responses. However, their indi-
vidual importance to generate optimal cell activation is still
under debate. The inclusion of the CD28 intracellular co-
stimulatory signaling domain along with CD3( in CAR has
enhanced interleukin-2 (IL-2) production and activation of
primary T cells, resistance to T regulatory cells in vitro, and
tumor cell killing in vivo (Sadelain ef al., 2003; Rossig and
Brenner, 2004). CARs with the 4-1BB signaling domain are
not as potent as CARs with the CD28 signaling domain as
demonstrated by Finney et al. (2004). In contrast, Marin ef al.
(2007) have demonstrated that chimeric receptors with the
4-1BB signaling domain is as efficient as the CD28 signal-
ing domain in terms of short-term cytotoxic activity of
CD19 CAR-modified cytokine-induced killer (CIK) cells
and interferon-y (IFN-y) production. Further, chimeric re-
ceptors with the 4-1BB signaling domain significantly en-
hance the antileukemic cytotoxicity of lymphocytes when
compared with lymphocytes with receptors lacking 4-1BB
(Imai et al., 2004). Finally, CD28 together with 4-1BB sig-
naling is more potent than CD28 alone in terms of cyto-
toxicity and IFN-y production (Brentjens et al., 2007). Two
more recent studies have demonstrated that either CAR
with 4-1BB signal domain or CAR with both the 4-1BB and
CD28 signaling domains can mediate enhanced T-cell sur-
vival and antitumor efficacy in vivo (Carpenito et al., 2009;
Milone et al., 2009).

To date, most studies on adoptive T-cell therapy for cancer
and the role of costimulatory signaling in CARs have been
done with PBL (Sadelain et al., 2003; Rossig and Brenner,
2004). Cooper and colleagues first reported that naive cord
blood T cells can be differentiated into CD19-specific cyto-
lytic effectors (Serrano et al., 2006). We have further dem-
onstrated that after genetic expression of CD19 CAR via
the Sleeping Beauty system, both umbilical cord blood
(UCB)-derived CD4 and CD8 T cells become cytotoxic ef-
fector cells in vitro and mediate tumor regression in vivo,
implicating a role in adoptive therapy for UCB T cells
(Huang et al., 2008). The differences in activation kinetics,
cytokine profiles, and T-cell maturity between PBL and UCB
imply that the costimulatory molecules required for optimal
activation of PBL may simply not apply to UCB T cells
(Risdon et al., 1995; Barker and Wagner, 2003; Kaminski et al.,
2003; Chao et al., 2004). The Cooper study on UCB T cells
only investigated CD19 CAR with the CD3{ domain but did
not address the costimulatory signaling requirements (Ser-
rano et al., 2006). This work aims to study the roles of 4-1BB
and CD28 costimulatory signaling domains in CD19 CAR in
generating potent UCB T cells against B-lineage leukemia
and lymphoma.

Materials and Methods
Cell culture

K562 (erythroleukemia) were provided by Dr. Ivan Bor-
rello (Johns Hopkins School of Medicine, Baltimore, MD).
K562-CD19 cells were generated by stably transfecting K562
cells with human full-length CD19 ¢cDNA (Huang et al.,
2008). HBP-null (pre B-ALL), RS4:11 (infant B-ALL), and Raji
(B-cell Burkitt’s lymphoma) were obtained from the labora-
tory of Dr. Tucker LeBien (University of Minnesota, Twin
Cities, MN). Daudi cells (B-cell Burkitt’s lymphoma) were
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purchased from American Type Culture Collection (ATCC,
Manassas, VA). These cell lines were maintained in medium
consisting of RPMI 1640, 10% heat-inactivated (56°C, 30 min)
fetal bovine serum (FBS; HyClone, Logan, UT), 1% nonessential
amino acid, 1mM sodium pyruvate, 2mM L-glutamine,
50 U/ml penicillin, and 50 ug/ml streptomycin. K562-CD19
cells were grown in medium supplemented with G418
(0.5mg/ml; Invitrogen, Carlsbad, CA). 293T /17 cells (ATCC)
were grown in Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 10% FBS, 50 U/ml peni-
cillin, and 50 ug/ml streptomycin.

Lentivirus preparation and titering

Lentiviral production in 293T/17 cells has been previously
described (Amendola et al., 2005; Huang et al., 2008). Viral
titers were determined in 293T/17 cells in 12-well plates
(1x10° cells per well), which ranged from 1 to 10x10”
transducing units/ml.

UCB T-cell transduction

Discarded UCB was obtained from the Duke University
Cord Blood Center, St. Louis Blood Center, New York Blood
Center, and the American Red Cross in the Twin Cities, with
approval from the University of Minnesota Institutional
Review Board. After Ficoll-Hypaque (Mediatech Cellgro,
Herndon, VA) gradient separation, UCB mononuclear cells
(UCBMNCs) were collected and red blood cells were lysed
with ammonium chloride solution (StemCell Technologies,
Vancouver, Canada) on ice for 5-10 min. UCBMNCs were
washed two times with phosphate-buffered saline (PBS;
Invitrogen) and resuspended in human T-cell medium con-
sisting of RPMI-1640 (Invitrogen), 10% FBS, 10 mM HEPES,
2mM 1r-glutamine, 50 uM f-mercaptoethanol, 50 U/ml peni-
cillin, and 50 pug/ml streptomycin. The cells were transferred
into 24-well plates and activated using anti-CD3 and anti-
CD28-conjugated beads (anti-CD3/CD28 beads) for 5 days.
After removal of the beads, activated T cells (2x10°) were
mixed with lentivirus [multiplicity of infection (MOI) = 50] in
the presence of 8 ug/ml of polybrene in a 5-ml round-bottom
tube. The cells were centrifuged at 3000 rpm (1800xg) for 3 hr
at 32°C (or room temperature) and then were cultured in 24-
well plates at 37°C overnight. After removal of lentivirus by
centrifugation at 1200 rpm (350xg) for 10 min, the cells were
cultured in 24-well plates in fresh human T-cell medium with
IL-2 (50 IU/ml; Chiron, Emeryville, CA) and IL-7 (10ng/ml;
National Cancer Institute Biological Resources Branch,
Rockville, MD).

Virus-transduced UCB T cells were expanded in 24-well
plates using an OKT3 expansion protocol (Riddell and
Greenberg, 1990) and sorted for GFP* cells using fluorescence-
activated cell sorting (FACS) Aria (BD Biosciences, San Jose,
CA). The sorted cells were further expanded in T25 flasks
using OKT3 expansion and cultured in T-cell medium sup-
plemented with IL-2 and IL-7; cells were restimulated simi-
larly every 14 days.

Flow cytometric analysis

Cyanine (Cy5)-conjugated F(ab’), fragment of goat anti-
mouse IgG F(ab’), and F(ab’), fragment of ChromPure
goat IgG isotype control antibodies were purchased from
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Jackson ImmunoResearch (West Grove, PA). Fluorescein
isothiocyanate-, phycoerythrin (PE)-, or Alexa Fluor 647-
conjugated mouse IgG1, mouse IgG2b isotypes, anti-human
perforin, granzyme A, granzyme B, CD4, CD8, CD25, CD27,
CD28, CD45RA, CD45RO, CD56, CD62L, CD137 (4-1BB),
CD154 (CD40L), and CCR7 were purchased from BD Bio-
sciences. Flow cytometric analysis was carried out on a FACS
Calibur using CellQuest Pro software (BD Biosciences) and
analyzed using FlowJo software (Tree Star, Portland, OR).

Cytotoxicity and cytokine release assays

T-cell cytotoxicity assays were carried out using a chro-
mium (°!Cr) release assay (Huang et al., 2008). Cytokine re-
lease assays were performed by coculture of 1x10° T cells
with 5x10* target cells per well in duplicate in 96-well flat-
bottom plates in a final volume of 200 ul T-cell media. After
24 hr, supernatants were assayed for production of IL-2 and
IFN-y using ELISA (R&D Systems, Minneapolis, MN).

Western blotting

T cells (2x10°%) were lysed in 200 ul lysis buffer (1xPBS, 1%
sodium dodecyl sulfate [SDS], 10% glycerol). Cell lysate was
then removed by centrifugation. Each sample was denatured
under reducing condition and electrophoresed by 12% SDS-
polyacrylamide gel electrophoresis. The sample was then
transferred to PVDF membrane (Bio-Rad, Hercules, CA)
and immunoblotted with mouse anti-human CD3({ antibody
(BD Biosciences). The blot was incubated with horseradish
peroxidase-conjugated anti-mouse IgG and detected by ECL
Western Blotting Analysis System (GE Healthcare, Piscat-
away, NJ).

In vivo antitumor assays

Eight- to 10-week-old female NOD/SCID (NOD.CB17-
Pkrdc>id /], stock number: 001303) mice were purchased from
the Jackson Laboratory (Bar Harbor, ME), and all animal
work was conducted at the University of Minnesota Animal
Facility in accordance with institutional guidelines. On day 6,
the mice were y-irradiated (2.5 Gy, Cesium-137). On the fol-
lowing day, mice were injected in the peritoneum with 10°
Daudi-ffluc (Daudi cells transduced with a lentiviral vector
encoding firefly luciferase and truncated nerve growth factor
receptor [NGFR]) (Huang et al., 2008). On day 3, the mice
receiving Daudi-ffluc were examined for tumor engraftment
by bioluminescent imaging (BLI). BLI was carried out after
injection of sodium pentobarbital and p-luciferin (Xenogen,
Hopkinton, MA); images were collected and analyzed using
the Xenogen-IVIS Imaging System. A constant region-of-
interest was drawn over the tumor region and the intensity
of the signal was measured as total photon flux normalized
for exposure time and surface area and expressed in units of
photons/sec/cm?/steradian. On day 0, mice (11 = 4; see Fig. 5A-C)
were placed into six groups: five groups of mice each re-
ceived two intraperitoneal (i.p.) infusions of UCB1-19¢,
UCB1-19BB(, UCB1-1928(, UCB1-1928BB(, and UCB1-GFP T
cells (5x10°/mouse) on days 0 and 4; and one group of mice
received no T-cell infusion (the tumor only control group).
Tumor BLI was performed every 4 days after T-cell infusion.
For the animal survival experiment shown in Fig. 5D, tumor-
bearing mice (n=7) received either UCB1-19BB{ or UCB1-
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1928BB( infusion, and a third tumor control group received
no T-cell infusions. Mice were then monitored for survival
without imaging manipulations. For establishing a systemic
tumor model (see Fig. 6A and B), Raji-ffluc cells (Raji cells
lentivirally transduced with firefly luciferase and NGFR)
were intravenously (i.v.) given to NOD/SCID mice after ir-
radiation. Six days after tumor injection, three groups of mice
(n=7 per group) received two i.v. infusions of UCB2-19BB(,
UCB2-1928BB¢, and UCB2-GFP T cells (10x10° per mouse) at
4-day intervals and one group of mice (n =7) received PBS as
control. Human TL-2 (2.5x10* TU per mouse) i.p. injections
were given every 2 days after T-cell infusion for 10 days.

Statistical analyses

A three-way analysis of variance using factors such as
treatment, donor, and effector-to-target (E:T) ratios was used
to analyze the data shown in Fig. 3A and B. Mixed linear
models were applied to analyze the datasets with repeat
measurements of outcome (intensity) as shown in Figs. 5C
and 6C. To make the outcome closer to normal distribution,
all analyses from mixed models were based on natural log-
transformed outcome variables. The number of days after
treatment was treated as a discrete variable. Interaction term
of treatment and number of days after treatment was in-
cluded in the model if it was significant. Baseline values of
intensity were also adjusted in the models. Covariance
matrixes of measurement errors were set as unstructured.
p-Values from pairwise comparisons were adjusted with the
Bonferroni method. Kaplan-Meier log-rank tests were used
to analyze Fig. 5D. Statistical analyses were conducted using
the SAS 9.1 software (Cary, NC). p-Values less than 0.05 were
considered statistically significant.

Results

Lentivirus-mediated coexpression of CD19 CAR
and GFP in UCB T cells

The CD19 CAR constructs are shown in Fig. 1A. They
constitute a single-chain variable region of an antibody
fragment against CD19, a CD8u hinge and transmembrane
region, and a CD3{ chain’s intracellular domain and either a
4-1BB (19BB{) or a CD28 intracellular domain (1928(), both
(1928BB(), or neither (190). A synthetic bidirectional pro-
moter consisting of human elongation factor 1o (EFla) and
minimal cytomegalovirus core element (mCMV) was used to
regulate CARs and GFP expression, respectively (Amendola
et al., 2005).

For effective lentiviral transduction, UCBMNCs from
three units (UCB1, UCB2, and UCB3) were activated by
CD3/CD28 beads and spin transduced with GFP alone or
GFP with 19¢, 19BB(, 1928, and 1928BB{ CARs. A fourth
unit (UCB4) was similarly activated and transduced with
GFP or GFP with 19BB{ or 1928BB(. After transduction, the
cells were expanded using OKT3 as described and sorted for
GFP (Riddell and Greenberg, 1990). After another round of
OKT3 expansion, the sorted cells were analyzed for the ex-
pression of both GFP and CARs using a polyclonal antibody
directed against variable fragments of CARs.

Figure 2A shows that >90% of transduced UCB1 T cells
expressed GFP. The intensity level of GFP was higher in the
cells transduced with GFP alone than the cells transduced
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Signal peptide

19¢: CD19scFv-CD3L

19BBL: CD19scFv-4-1BB-CD3¢g

1928¢: CD19scFv-CD28-CD3L

1928BB¢: CD19scFv-CD28-4-1BB-CD3¢

AU3 R5 U5
4

- HGA RRE|cPPT| pA

CTE

v |
SD SA

FIG. 1.

CD19scFv

TAMMANA ET AL.

CD8a hinge &
transmembrane domain

Intracellular domain

AU3 RS U5
N |/

CD19 CAR WlU{=8, =

Schematic representation of the chimeric antigen receptors (CARs) for CD19 and the lentiviral vector used in this

study. (A) CD19 CARs: 19, 19BB(, 1928(, and 1928BB(. (B) A lentiviral vector with a bidirectional promoter of human EFl«
and mCMYV expressing CD19 CARs (19, 19BB(, 1928{, and 1928BB() and GFP. CARs, chimeric antigen receptors; CMV,
human cytomegalovirus; cPPT, central polypurine tract; CTE, constitutive element from the Mason-Pfizer monkey virus;
EFlu, elongation factor 1o; eGFP, enhanced green fluorescent protein; GA, 5 portion of the gag gene; mCMYV, minimal core
promoter element; RRE, Rev-response element; SA, splice acceptor; SD, splice donor; VH, variable domain of heavy chain;
VL, variable domain of light chain; WPRE, woodchuck hepatitis virus posttranscriptional regulatory element.

with 19, 19BB(, 1928(, and 1928BB{ CARs owing to the cod-
ing of two proteins by the bidirectional promoter (Amendola
et al., 2005). The cell surface expression level of CARs ap-
peared highest in UCB-19BB{ T cells, followed by UCB-19(,
UCB-1928(, and UCB-1928BB{ (Fig. 2A). Similar levels of
GFP and CAR expression in UCB2 and UCB3 were also
observed (data not shown). Western blotting analysis con-
firmed the correct sizes of CAR protein expression and the
relative higher expression in UCB1-19BB{ and UCB1-19{
than UCB1-1928{ and UCB1-1928BB{ T cells (Fig. 2B).

Immunophenotype of engineered UCB T cells
expressing CD19 CARs

The phenotype of bulk UCB T cells transduced with CD19
CARs with costimulatory signaling domains was assessed
by flow cytometry on days 13 (UCB1), 10 (UCB2), and 25
(UCB4) after OKT3 expansion. Table 1 shows that UCB1 and
UCB4 T-cell cultures contained both CD4" (14-79% for
UCBI1 and 35-73% for UCB4) and CD8" (14-65% for UCB1
and 33-54% for UCB4) T cells, whereas UCB2 contained a
predominance (>86%) of CD4" T cells. All three UCB T-cell
cultures were CD25"8", CD27°"=" CD28'*" ", CD45RAME",
CD45RO"8", CD56'*"Meh CDE2L'*Y, CD137'°%, CD154'*% ™™,
NKG2D""™8" and CCR7". They were also perforin'" and
granzyme B"" (data not shown). It appears that these T cells
cultured for 2-4 months represent effector memory T-cell
phenotypes (CD45RA RO CD25"CCR7CD62L'°") (Sallusto
and Lanzavecchia, 2004). However, there appears to be no
difference in immunophenotypes between UCB T cells with
CAR CD28 signaling (1928(), CAR 4-1BB signaling (19BB(),
both CD28 and 4-1BB (1928BB(), and CAR T cells without
costimulatory signaling (190).

Engineered UCB T cells with 4-1BB or both 4-1BB
and CD28 signaling showed enhanced cytotoxicity
against CD19* leukemia and lymphoma cells

To determine the effect of CD19 CARs with different sig-
naling domains on cytolytic activity of transduced UCB T
cells, a standard 4-hr chromium release assay was utilized.
Figure 3A and B shows that UCB1 and UCB2 T cells ex-
pressing CD19 CARs with either 4-1BB (19BB() or CD28
(1928(), both (1928BB(), or neither (19() specifically killed
CD19" Daudi lymphoma, RS4:11, and HPB-null B-lineage
acute lymphoblastic leukemia (B-ALL) cell lines as well as
CD19-transfected K562 erythroleukemia cells (K562-CD19).
CD19™ K562 cells were either not killed or slightly killed at a
high E:T ratio (30:1) possibly because of the presence of
natural killer (NK) cells in the bulk population. UCB-19BB{
and UCB-1928BB( from two donors (UCB1 and UCB2) ap-
peared more cytolytic than UCB-19{ and UCB-1928( (the
data from E:T ratios of 30:1 and 1:1 were statistically ana-
lyzed; 19 versus 19BB(, p <0.0001; 19 versus 1928(, p = 0.42;
19¢ versus 1928BB({, p =0.002; 19{ versus GFP, p <0.0001;
19BB({ versus 1928(, p<0.0001; 19BB{ versus 1928BB(,
p=0.69; 19BB{ versus GFP, 1928( versus 1928BB(, 1928(
versus GFP, and 1928BB( versus GFP, p < 0.0001; Fig. 3A and
B), suggesting that 4-1BB signaling may enhance UCB T-cell
cytotoxicity as has been shown in PBLs (Imai et al., 2004;
Marin et al., 2007). As expected, control UCB T cells trans-
duced with GFP alone (UCB1-GFP and UCB2-GFP) did not
lyse either CD19" or CD19~ target cells (Fig. 3A and B; data
not shown for UCB3-GFP and UCB4-GFP). These results
demonstrate that UCB T cells expressing CARs with 4-1BB
or both 4-1BB and CD28 signaling domains displayed en-
hanced cytotoxicity against CD19" target cells, indicating
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FIG. 2. Cell surface expression of CARs after transduction.

(A) Expression of CAR and GFP in UCB1 T cells after
transduction and cell sorting for GFP. Cy5-conjugated goat
anti-mouse F(ab), antibody was used to visualize the surface
expression of CD19 CARs. Similar data were obtained for
UCB2, UCB3, and UCB4 T cells (not shown). It should be
noted that frequent background CAR staining in UCB-GFP
cells or untransduced UCB mock cells was observed, but this
was not evident in peripheral blood lymphocytes (data not
shown) (Huang et al., 2008). (B). Western blotting of
CAR expression in transduced UCB T cells. One out of at
least five representative data is shown. UCB, umbilical cord
blood. Color images available online at www liebertonline.
com/hum.
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that 4-1BB signaling is more critical than CD28 in UCB T-cell
cytotoxicity.

Production of IL-2 and IFN-y by engineered
UCB T cells

The superior cytolytic activity of UCB T cells expressing
CD19 CARs with 4-1BB or both 4-1BB and CD28 signaling
domains against CD19™" target cell lines prompted us to ex-
amine the cytokine secretion profile of these engineered UCB
T cells. We hypothesized that UCB T cells expressing CD19
CAR with 4-1BB or CD28 signaling domain alone or both
would increase expression levels of IL-2 and/or IFN-y as has
been previously shown that CD28 or 4-1BB enhances IL-2
and/or IFN-y production in PBLs (Sadelain et al., 2003;
Rossig and Brenner, 2004). However, UCB T cells derived
from three (UCB1, UCB2, and UCB3) out of four donors
tested bearing CD19 CARs with (19BB(, 1928(, and 1928BB{()
or without 4-1BB or CD28 signaling domains (19() consis-
tently produced similar amounts of IFN-y in response to
CD19 antigen on Daudi and CD19-transfected K562 cells
(K562-CD19) but not CD19~ K562 cells (Fig. 4A). This is in
agreement with a previous report showing that CIK cells
retrovirally transduced with CD19 CARs with 4-1BB or
CD28 signaling produced a similar level of IFN-y compared
with CIK with the same CAR lacking the costimulatory
signaling (Marin et al., 2007). We also examined IL-2 pro-
duction by engineered UCB T cells. Surprisingly, we found
that IL-2 levels in the engineered UCB T cells were variable
from donor to donor. UCB1 T cells expressing CD19 CAR
with or without 4-1BB or CD28 signaling domains produced
significant levels of IL-2 when they encountered CD19-
transfected K562 cells (K562-CD19) but not CD19" Daudi
cells (Fig. 4B). These results not only support our previous
observation that both UCB and PBL T cells engineered with
the Sleeping Beauty transposon encoding CD19 CAR with
4-1BB signaling domain produced IL-2 only in response to
K562-CD19 cells (Huang et al., 2008), but also show no su-
perior activity in IL-2 and IFN-y production by CAR UCB T
cells with CD28 signaling alone or both CD28 and 4-1BB
signaling domains which is in agreement with a recent report
using PBLs (Milone et al., 2009). The second (UCB2) and
third (UCB3) donor engineered T cells were capable of pro-
ducing IFN-y and IL-2 to K562-CD19 and Daudi stimulation
(data not shown). It is not yet clear why different donor UCB
T cells transduced with CD19 CAR produced variable levels
of IL-2 although they consistently produced IFN-y. In addi-
tion, a thymidine incorporation assay did not reveal any
difference for CAR UCB T cells with 4-1BB or CD28 alone
or together when they were cocultured with Daudi and
K562-CD19 cells (data not shown). Nevertheless, our results
demonstrate that inclusion of either 4-1BB or CD28 or both
signaling domains into CD19 CARs has an equivalent effect
on IFN-y and IL-2 production by engineered UCB T cells.

Engineered 1928BB{ T cells can mount more potent
antitumor responses in vivo

Next we evaluated whether there is any cytotoxicity differ-
ence among UCBI1-derived 19(, 19BB(, 1928(, and 1928BB{ T
cells (mixtures of both CD4* and CD8" T-cell subsets; Table 1)
that could lead to antitumor efficacy against established CD19*
human Daudi lymphoma in NOD/SCID mice. To continuously
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TABLE 1. PHENOTYPING OF CD19 CHIMERIC ANTIGEN RECEPTOR UMBILICAL CoRD BLoop T CELLS

UCB1 (day 13) UCB?2 (day 10) UCB4 (day 25)
Marker (%) GFP 19( 19BB{ 1928{ 1928BB{ GFP 19( 19BB{ 1928{ 1928BB{ GFP 19BB{ 1928BB{
CD4 32 79 14 40 40 88 86 99 90 95 59 73 35
CD8 65 14 42 60 44 10 24 1 5 2 46 33 54
CD25 65 89 78 90 84 76 86 98 89 96 35 66 12
CD27 28 17 40 43 46 8 44 40 42 46 19 36 39
CD28 6 39 7 21 17 5 19 16 13 11 39 81 12
CD45RA 83 90 97 95 92 18 66 68 61 66 52 82 90
CD45RO 50 58 64 59 56 76 87 98 91 96 77 98 87
CD56 70 32 74 76 66 32 37 66 37 51 3 6 22
CD62L 5 7 5 3 3 5 6 1 2 3 33 24 20
CD137 (4-1BB) 2 1 5 1 1 1 1 1 2 1 0 1 1
CD154 (CD40L) 10 15 2 15 8 7 58 67 60 55 5 28 17
NKG2D 70 13 89 64 57 8 ND 2 1 4 43 41 58
CCR7 1 1 1 1 1 1 1 1 1 1 0 1 1

Data not shown for UCB3.
Abbreviations: GFP, Green Fluorescent Protein; ND, not done; UCB, umbilical cord blood.

monitor the tumor burden of Daudi cells by using time dy- after tumor injection, five groups of mice (four mice per group)
namic BLI, we genetically engineered the Daudi cells to con-  were i.p. infused with one of the engineered 19, 19BB(, 1928(,
stitutively express firefly lucieferase enzyme (Daudi-ffluc) 1928BB(, and GFP T cells. BLI was performed as per schedule
(Huang et al., 2008). We injected Daudi-ffluc cells i.p. and shown in Fig. 5A. All the mice in the control group, which
allowed them to establish tumor in the mice. Five and 9 days  did not receive cell-based therapy, showed continued tumor
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FIG. 3. Engineered T cells specifically kill CD19" leukemia and lymphoma cells. A 4-hr >'Cr-release assay was utilized to
assess cytotoxicity of UCB T cells against CD19™" target cells. One out of four representative data from UCB1 (A) and UCB2
(B) T cells is shown. E:T ratio, effector-to-target ratio.
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FIG. 4.

IL-2 and IEN-y production profile by engineered T cells. (A) IFN-y secretion. (B) IL-2 production. As a positive

control, UCB-derived T cells were stimulated in medium with phorbol myristate acetate (PMA) (50ng/mL) and ionomycin
(1 uM). Background cytokine production was determined from T cells and tumor cells alone. Both IFN-y and IL-2 assays were
conducted simultaneously by ELISA. IL-2 production was also examined by intracellular cytokine staining (BD Biosciences)
(data not shown). One out of two representative data is shown. IFN-y, interferon-y; IL-2, interleukin-2.

growth (Fig. 5B). Similarly, all the mice receiving UCB1-GFP T
cells without CD19 CAR experienced continued tumor growth.
The mice receiving UCB1-19{ T cells showed no significant
controlled tumor growth when compared with UCB1-GFP
(p > 0.05). The mice receiving UCB1-1928( T cells also showed
no difference in tumor growth control compared with the mice
receiving UCB1-19 (p > 0.05). The mice receiving UCB1-19BB(
and UCB1-1928BB( displayed significant tumor regression
compared with the control groups (control vs. 19BB(, p = 0.0024;
control vs. 1928BB(, p < 0.0001; GFP vs. 1928BB(, p = 0.0004)
or the mice receiving UCB1-19{ (19{ vs. 1928BB(, p = 0.025) or
UCB1-1928( (1928( vs. 1928BB(, p =0.0014), suggesting that
4-1BB signaling seems more critical than CD28 in redirecting
UCB T cells for antitumor responses in vivo (Fig. 5B). Sta-
tistical analyses indicated that there was no significant dif-
ference in tumor regression between the mice infused with
19BB( and 1928BB{ UCB T cells (p =0.15, Fig. 5C). To further
test whether UCB1-1928BB({ T cells could provide a better
survival advantage compared with UCB1-19BB{ T cells, an
independent survival experiment was conducted without
BLI. Figure 5D shows that the mice (five to seven mice per
group) infused with 1928BB({ T cells survived longer than the
mice infused with 19BB{ T cells (control vs. 19BB{, p=1;
control vs. 1928BB(, p =0.0015; 19BB{ vs. 1928BB(, p =0.02),
suggesting that 1928BB( is superior to 19BB({ in UCB T cells
concerning animal survival.

To explore the homing ability of engineered UCB T cells
expressing 19BB{ and 1928BB{ CARs, a systemic mouse
model was used in which firefly luciferase-transduced Raji
cells were i.v. injected into NOD/SCID mice and the tumor
was allowed to establish for 5 days in a way similar to the i.p.
experiment described in Fig. 5A. Five days later, four groups
of mice (seven mice per group) each were given two i.v.
infusions of the engineered 19BB(, 1928BB(, and GFP UCB2
T cells (all >86% CD4 T-cell subsets; Table 1) along with
human IL-2. BLI was performed as per the schedule shown
in Fig. 6A. All the mice in the control group receiving no cell-
based therapy showed continued tumor growth. Similarly,
all the mice receiving UCB2-GEFP cells experienced continued

tumor growth (control vs. GFP on days 2 and 8, p=1). Mice
receiving UCB2-1928BB{ T cells showed much better control
in tumor growth compared with the mice receiving UCB2-
19BB( T cells (Fig. 6B and C). BLI intensity in the mice treated
with UCB2-1928BB({ T cells was about one third the levels of
the mice treated with UCB2-19BB{ T cells on day 8 (Fig. 6C;
on day 2, GFP vs. 19BB(, p =0.12; GFP vs. 1928BB(, p < 0.001;
19BB{ vs. 1928BB({, p=0.70; on day 8, GFP vs. 19BB{, p <
0.001; GFP vs. 1928BB(, p <0.001; 19BB{ vs. 1928BB{, p <
0.001). Altogether, these data demonstrate that both 4-1BB
and CD28 signaling domains play a synergistic role in di-
recting CD19 CAR-engineered UCB T cells against CD19*
tumor cells in vivo.

Discussion

Several important findings appear in this report regarding
the costimulatory signaling requirements in generating CD19
CAR-redirected UCB T cells against CD19" leukemia and
lymphoma cells. First, inclusion of the 4-1BB costimulatory
molecule in CD19 CAR seems more critical than CD28.
Second, both 4-1BB and CD28 costimulation in CD19 CAR-
engineered UCB T cells acts synergistically and mounts the
most potent antitumor responses in vivo in both local and
systemic xenogenic tumor models.

In this study, we transduced UCB T cells with lentiviral
vectors expressing GFP and CD19 CARs containing an in-
tracellular domain of CD3{ chain and either a 4-1BB (19BB()
or a CD28 intracellular domain (1928(), both (1928BB(), or
neither (19(). The expression level of 19BB{ CAR in trans-
duced UCB T cells appears the highest, followed by 19¢,
1928(, and 1928BB{. The lower expression of 1928( and
1928BB{ CARs may have been the result of a dileucine
motif that is present in the CD28 intracellular domain. The
displacement of the dileucine motif in the CD28 intracel-
lular domain from its natural framework to an artificial
context may inadvertently expose it to protein-sorting ma-
chinery, thereby limiting the expression of CD28 intracel-
lular domain-bearing CARs (Nguyen et al., 2003). As B-cell
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of tumor growth in NOD/SCID mice (six groups, n =4 each) treated with the engineered UCB1 T cells expressing 19¢, 19BB(,
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procedure for imaging. (C) Bioluminescent intensity of the mice treated with the engineered UCB. Establishment of luciferase-
expressing CD19" Daudi cells was described prev1ously (Huang et al., 2008). (D) Animal survival after T-cell therapy (three

groups, 1 =5-7 each). BLI, bioluminescent imaging.

malignancies have high levels of CD19 expression, the low
expression of 1928( and 1928BB{ CARs should compensate
to render complete activation and effector functions of the
T cells (Weijtens et al., 2000). As is the case with murine T
cells, whether removal of this dileucine motif would lead to
enhanced 28 and 28BB CAR expression and subsequent
functions in UCB T cells remains to be examined.

We observed superior activity of CD19 CAR containing 4-
1BB signaling alone (UCB-19BB{) or both CD28 and 4-1BB

signaling domains (UCB-1928BB{) compared with the same
CAR with CD28 signaling alone (UCB-1928() or without sig-
naling domain (UCB-19{) in in vitro cytotoxicity against B-cell
lymphoma Daudi cells (Fig. 3A and B). Our findings are also
in agreement with published reports demonstrating that in-
tegration of 4-1BB signaling in CARs enhances PBL-derived
T-cell cytotoxicity (Imai et al., 2004; Marin et al., 2007; Milone
et al., 2009). However, we did not observe a differential effect
of CD28 or 4-1BB signaling or both on IFN-y and IL-2 pro-
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duction in response to CD19 antigen stimulation (Fig. 4A and
B). The discrepancy between our data in this report (sup-
ported by Marin et al., 2007; Milone ef al., 2009) and other
reports (Finney et al., 1998, 2004; Krause et al., 1998; Maher
et al., 2002; Haynes et al., 2002a,b; Imai ef al., 2004; Friedmann-
Morvinski et al., 2005; Kowolik et al., 2006; Serrano et al., 2006;
Brentjens et al., 2007; Wang et al., 2007) can be explained by
two possible reasons. First, the source of T cells that we
studied is derived from UCB, whereas others used PBLs. It is
evident that the majority of UCB T cells bear a naive pheno-
type, whereas PBLs contain both naive and memory T cells
(Hassan and Reen, 1997; Barker and Wagner, 2003; Kaminski
et al., 2003; Chao et al., 2004; Kloosterboer et al., 2006). Thus,
the optimal costimulation requirement for UCB and PBL is
likely to be different. Our observation is supported by recent
publications showing that CD28 costimulation is essential for
PBL- but not UCB-derived human regulatory T-cell expansion
and function, whereas 4-1BB or OX40 is required for UCB-
derived regulatory T-cell expansion and function (Golovina
et al., 2008; Hippen et al., 2008). Second, the nature of the
antigen used for stimulation in this study is CD19" tumor
cells or CD19 transfectants. In contrast, others have used ar-
tificially plate-bound soluble antigens, which may not pro-
vide a full engagement with CAR and also exclude cell
adhesion and molecule-mediated cell-cell interaction (Finney
et al., 1998; Finney et al., 2004; Imai et al., 2004).
Nevertheless, we did observe a different effect of en-
gineered UCB T cells with 4-1BB signaling alone or both 4-
1BB and CD28 in the in vitro cytotoxicity and in vivo adoptive
transfer experiments. We also demonstrated a superior syn-
ergistic effect mediated by both 4-1BB and CD28 signaling
but not by CD28 or 4-1BB alone in antitumor responses in
both local and systemic tumor models (Figs. 5C, D, and 6C).
Engineered UCB T cells with 4-1BB and CD28 were able
to home to the tumor sites and mediate tumor regression
(Fig. 6C). The mechanism behind the superior antitumor ef-
fect by CAR with 4-1BB and CD28 cosignaling is not pres-
ently clear. We speculate that both 4-1BB and CD28 signaling
via CAR engagement with CD19 on tumor cells enhance
T-cell survival, persistence, and cytotoxicity in the tumor
microenvironment as it has been documented that 4-1BB and
CD28 signaling upregulate Bcl-2 and Bcl-xL expression
(Finney et al., 2004; Watts, 2005; Kowolik et al., 2006; Car-
penito et al., 2009). 4-1BB costimulation also restores down-
regulated NKG2D expression in UCB CD8 T cells after
ligation of NKG2D, leading to enhanced NKG2D-mediated
tumor killing (Kim et al.,, 2008; Zhang et al., 2007). Im-
portantly, the cytotoxic activity and NKG2D induced by 4-
1BB are refractory to transforming growth factor (TGF)-f1
downmodulation, because TGF-f is one of the immunosup-
pressive cytokines produced by tumor cells (Kim et al., 2008).
More recently, CD28 has been shown to regulate memory
T-cell trafficking to target tissue, suggesting that CD28 can
have additional functions beyond that of costimulation
(Mirenda et al., 2007). Dissecting the mechanisms of the su-
perior effector function of the CAR-engineered UCB T cells
by 4-1BB and CD28 signaling awaits further investigation.
In summary, we have demonstrated that 4-1BB signaling is
more critical than CD28 in generating CD19 CAR-redirected
UCB effector T cells. Further, integration of both 4-1BB and
CD28 signaling domains into CD19 CAR can induce the
most potent antitumor effector UCB T cells and should be

TAMMANA ET AL.

integrated into the development of engineered UCB T-cell
therapy for refractory leukemia and lymphoma.
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