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Anti-4-1BB Ab for the Generation of VSTs

TABLE 1. Viral Peptides Used to Generate Virus-specific CD8* T Cells

Virus Protein Epitope Sequence Restriction Donors
CMV ppo5 341-349 QYDPVAALF HLA-A*24:02 1,2,3,4,5
CMV ppoes 495-503 NLVPMVATV HLA-A*02:01 1,2,6
CMV ppoes 417-426 TPRVTGGGAM HLA-B*07:02 7
CMV ppos 123-131 [PSINVHHY HLA-B*35:01 1
EBV EBNA3A 246-254 RYSIFFDYM HLA-A*24:02 1,2.58,9
AdV Hexon 37-45 TYFSLNNKF HLA-A%*24:02 1,3, 4

AdV indicates adenovirus; CMV, eytomegalovirus: EBV. Epstein-Barr virus.

anti-4-1BB antibodies.'* Although extensive clinical studies
have been conducted using these antibodies,'*! their effi-
cacy in generating VSTs for adoptive therapy has not been
investigated. The potential benefits of using immunosti-
mulatory antibodies are: (1) substitution of antibodies for
APCs, which would save the time and effort that are
required to prepare APCs, (2) universal applicability irre-
spective of the patients’ HLA types, (3) casy applicability to
clinical settings due to the lack of requirements for virus
vectors, (4) more uniform quality of the antibodies com-
pared with APCs, and (5) capability of providing sufficient
costimulatory signals to T cells, which might not be possible
when PBMCs are stimulated with viral peptides alone. In
the current study, we investigated the efficacy of anti-CD28
and anti-4-1BB antibodies for the generation of VSTs for
adoptive therapy. We found that anti-4-1BB antibody sig-
nificantly increases the expansion of VSTs ex vivo without
causing excessive differentiation or functional deterioration
of the generated T cells. The use of this anti-4-1BB anti-
body may pave the way for a novel strategy to generate
VSTs for adoptive therapy.

MATERIALS AND METHODS

Donor Cells and Cell Lines

PBMCs from 9 healthy volunteer donors were
obtained after informed consent. The donors were tested
for immunity to the target virus.

EBV-transformed B-lymphoblastoid cell lines were
generated by infection of PBMCs from healthy donors with
concentrated EBV-containing supernatants of cultured
B95-8 cells.!® K562 cells were transduced with retroviruses
that encode CD80 and CD86 and were selected to >90%
purity by cell sorting for expression of these costimulatory
ligands. CD80* and CD86 " K562 were then transduced
with retroviruses that encode a full-length HLA-A*24:02 or
HLA-A*02:01 (Phoenix-Ampho System, Orbigen) and
were sorted twice to obtain cells of >95% purity that
expressed transduced HLA (named K562/A*24:02 and
K 562/A%02:01).17 Cell lines were cultured in RPMI-1640
medium (Sigma, St Louis, MO) containing 10% feétal
bovine serum.

Preparation of Autologous DCs

Autologous DCs were generated as previously descri-
bed with some modifications.'®1® PBMCs obtained from
healthy volunteers were placed at a concentration of
5-10x 10% cells per well in a 6-well plate with 2mL of
RPMI-1640 medium containing 10% human serum (refer-
red to as culture medium) and were incubated for
90 minutes at 37°C in a humidified CO, incubator. After
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incubation, the nonadherent cells were removed by gentle
washing, and the adherent cells were cultured in culture
medium with 80ng/mL granulocyte-macrophage colony-
stimulating factor and 17 ng/mL interleukin (IL)-4 (Milte-
nyiBiotec. Auburn, CA). Fresh cytokines were added on
days 3 and 5. On day 6, 10 ng/mL tumor necrosis factor-o,
2ng/mL IL-1B (R&D Systems, Minneapolis, MN), 10 ng/
mL IL-6 (MiltenyiBiotec, Auburn, CA), and 1000 ng/mL
prostaglandin E2 (Cayman Chemical, Ann Arbor, MI)
were added for maturation of the DCs. Autologous DCs
were harvested on day 8 or 9 and were used for stimulation
of PBMCs,

Viral Peptides

Minimal peptides corresponding to previously identi-
fied virus-specific CD8 © T-cell epitopes were synthesized
by Medical & Biological Laboratories (Nagoya, Japan)
(Table 1).

Preparation of Peptide-pulsed APCs

For preparation of peptide-pulsed APCs, the cells were
washed once, resuspended in RPMI-1640 medium, and
pulsed with the corresponding synthetic peptide at 5 pg/mL
at room temperature for 2 hours. The cells were then
washed and used for the gencration of VSTs and for
stimulation assays. Where indicated, peptide-pulsed APCs
were irradiated before use.

Generation of Virus-specific CD8* T Cells

PBMCs obtained from healthy volunteers were placed
at a concentration of 1 x 10° cells per well in a 48-well plate
with I mL of culture medium and were directly stimulated
with peptides at a concentration of 1 pg/mL and with either
the indicated concentration of agonistic antibody to cos-
timulatory receptors (anti-CD28 antibody; MiltenyiBiotec,
Auburn, CA) and/or anti-4-1BB antibody; R&D Systems,
Minneapolis, MN) or isotype control antibody. As initial
experiments showed that adding anti-4-1BB antibody 24
hours after peptide stimulation yielded maximum numbers
of virus-specific CD8 * T cells (Fig. 1C), anti-4-1BB anti-
body was added to the culture at this time point unless
otherwise specified. In some experiments, PBMCs were
stimulated with 25Gy-irradiated DCs that were loaded
with peptides at a ratio of 10:1. A total of 25IU/mL of
recombinant human IL-2 (ProSpec-Tany Technogene,
Rehovot, Israel) were added to the cultures on day 3 and
every 3 or 4 days thereafter. VSTs were harvested on days
13 or 14, were counted and were used for phenotypic and
functional analyses.
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FIGURE 1. Optimization of culture conditions for the generation of virus-specific T cells using anti-CD28 or anti-4-1BB antibodies. A and
B, PBMCs from healthy volunteers were stimulated with viral peptides and the indicated concentration of anti-CD28 (A) or anti-4-1BB
(B) antibodies. The cells were collected on day 13, and absolute numbers of CD8* tetramer* cells were calculated by the formula: (the
absolute number of viable cells x percentage of CD8* tetramer* cells among viable cells)/100. Data are representative of 8 independent
experiments with 4 different virus-specific CD8* T-cell responses. C, PBMCs were stimulated with viral peptides, and 0.3 ug/mL of anti-
4-1BB antibody were added to the culture at the indicated time points after peptide stimulation. The cells were collected on day 13, and
absolute numbers of CD8* tetramer™ cells were determined. Data are representative of 6 independent experiments with 3 different
virus-specific CD8* T-cell responses. PBMCs indicates peripheral blood mononuclear cells.

Flow Cytometric Analysis

All antibodies were purchased from BD Biosciences
(San Jose, CA) unless otherwise noted. The cultured T cells
were analyzed for CD8, CD62L, CD45RA, CD27, CD?28,
and virus-specific TCRs. For the staining of virus-specific
TCRs, the following phycoerythrin (PE)-conjugated HLA
class I tetramers were used.

HLA-A*24:02-CMV-pp65-QYDPVAALF (QYD),
HLA-A*02:01-CMV-pp65-NLVPMVATYV (NLV), HLA-B*
07:02-CMV-pp65-TPRVTGGGAM (TPR), HLA-B*35:01-
CMV-pp65-IPSINVHHY  (IPS), HLA-A*24:.02-EBV-
EBNA3A-RYSIFFDYM (RYS), and HLA-A*24:02-AdV-
serotype 5-hexon-TYFSLNNKF (TYF) tetramers (Medical
& Biological Laboratories). Data acquisition were performed
with a FACSAria or FACSCanto flow cytometer (BD Bio-
sciences), and data were analyzed using FlowJo software
(TreeStar Inc., Ashland, OR).

Intracellular Cytokine Staining

Intracellular staining assays for the cytokines inter-
feron (IFN)-y and IL-2 were performed as previously
described with some modifications.? In brief, cells were
cocultured with peptide-pulsed or peptide-unpulsed stim-
ulator cells and were incubated at 37°C for 6 hours. K562/
A*24:02, K562/A*02:01, or autologous lymphoblastoid cell
lines were used as stimulator cells for the analysis of CMV-
specific and AdV-specific T cells, whereas K562/A%*24:02 or
K3562/A*02:01 were used for the analysis of EBV-specific
T cells. Brefeldin A (Golgiplug, BD Biosciences) was
added during the last 4.5 hours of incubation to block the
secretion of cytokines. Subsequently, the cells were fixed,
permeabilized, and stained with anti-IFN-vy, anti-IL-2, and
CD8 antibodies, using FIX/PERM and PERM/Wash
solution (BD Biosciences). The frequency of cytokine-pro-
ducing cells among CD8 * tetramer * cells was calculated
as follows: (frequency of cytokine-producing cells among
CDS8 * cells)/(frequency of tetramer * cells among CD§ ~*
cells) x 100.

CD107a Mobilization Assay
T-cell degranulation was evaluated by a CD107a
mobilization assay using the IMMUNOCYTO CDI107a
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Detection Kit (Medical & Biological Laboratories)
according to the manufacturer’s instructions. In brief, T
cells were cocultured with peptide-pulsed or peptide-
unpulsed K562/A*24:02 or K562/A*02:01 at an effector-to-
target ratio of 1:1, 2 L of anti-CD107a antibody and 2 uL
of monensin in 200 uL of culture medium. After incubation
for 4 hours at 37°C, the cells were stained with anti-CD8
antibody and PE-conjugated HLA class I tetramer. The
frequency of CD107a ™ cells among virus-specific CD8 * T
cells was calculated by subtracting the background
observed with the no peptide control

Carboxyfluorescein Succinimidyl Ester (CFSE)
Proliferation Assay

The CFSE proliferation assay was performed as pre-
viously described with some modifications.!” Briefly, T cells
were labeled with 0.2uM CFSE (Invitrogen, Carlsbad,
CA), washed, and cocultured with peptide-pulsed or pep-
tide-unpulsed, 25Gy-irradiated autologous PBMCs at a
ratio of 1:1 in culture medium with 5IU/mL of recombi-
nant human IL-2. After 120-hour incubation, the cells were
stained with anti-CDS8 antibody and PE-conjugated HLA
class T tetramer. Division of CD8 * tetramer © cells was
assessed by CFSE dye dilution using flow cytometry.

Statistics

Differences between groups were evaluated by a 1-way
analysis of variance followed by the Tukey multiple com-
parison tests, where appropriate. Differences were consid-
ered significant when P < 0.05.

RESULTS

Optimization of Culture Conditions for
Generating Virus-specific CD8* T Cells Using
Anti-CD28 and Anti-4-1BB Antibodies

In the first set of experiments of VST generation, the
effects of different concentrations of anti-CD28 and anti-
4-1BB antibodies that were added at the time of culture
initiation were examined. Addition of increasing concen-
trations of antibodies to PBMCs from healthy volunteers
that were stimulated with viral peptides generally resulted

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 2. Frequencies and absolute numbers of virus-specific CD8* T cells generated with control, anti-CD28, anti-4-1BB, or a
combination of anti-CD28 and anti-4-1BB antibodies. CD8* T cells specific for cytomegalovirus (CMV, n=10), Epstein-Barr virus (EBV,
n=>5), or adenovirus (AdV, n=3) were generated with control, anti-CD28, anti-4-1BB, or a combination of anti-CD28 and anti-4-1BB
antibodies. The concentrations of all antibodies were 0.3 ug/mL, and anti-4-1BB antibody was added 24 hours after culture initiation, as
previously determined. After 13 days of culture, the cells were collected, counted, and analyzed using flow cytometry. A, Representative
flow plots of the postculture cells showing the frequency of CD8* tetramer* cells among viable cells. Frequencies (B) and absolute
numbers (C) of CD8* tetramer™* cells. Actual values (upper panel) and the ratio of the actual values for the indicated culture conditions
to those for control (lower panel) are shown for each measure. Horizontal lines in the upper panels mark the mean values. Means and
SEMs are shown in the lower panels (*P<0.05, **P<0.01, ***P<0.001, NS, not significant, repeated measures 1-way analysis of
variance followed by the Tukey multiple comparison tests). D, Ratios of absolute numbers of CD8* tetramer™ cells generated with anti-
4-1BB antibody to those generated with control antibody according to the epitopes of virus-specific T cells. Means are shown. B-D
shows data pooled from more than 18 independent experiments with 18 different virus-specific CD8* T-cell responses to CMV-pp65-
QYDPVAALF (QYD), CMV-pp65-NLVPMVATV (NLV), TPRYTGGGAM (TPR), CMV-pp65-IPSINVHHY (IPS), EBV-EBNA3A-RYSIFFDYM
(RYS), and AdV-serotype 5-hexon-TYFSLNNKF (TYF).

in an increased frequency and number of virus-specific whereas anti-CD28 antibody was added at a concentration
CD8 ™ T cells, with the maximal response observed at of 0.3 pg/mL at the time of culture initiation.

concentrations of 0.3-1ug/mL for both antibodies . . . .
(Figs. 1A, B and data not shown). Next, as the surface Effect of Anti-CD28 and Anti-4-1BB Antibodies

expression of 4-1BB on activated T cells reaches its peak at ~ ©Nn the Number of Virus-specific CD8* T Cells
about 24-48 hours poststimulation and has declined by 4-5 Generated

days,222 we investigated the optimal time of addition of To evaluate and compare the effects of anti-CD28
anti-4-1BB antibody to the culture. Addition of anti-4-1BB and anti-4-1BB antibodies, CD8 * T cells specific for
antibody 24 hours after culture initiation yielded the high- CMV-pp65-QYD (n=35), CMV-pp65-NLV (n = 3),
est frequency and number of virus-specific CD8 * T cells CMV-pp65-TPR (n = 1), CMV-pp65-IPS (n = 1), EBV-
(Fig. 1C and data not shown). Therefore, for subsequent EBNA3A-RYS (n=35), or AdV-hexon-TYF (n=3)

experiments, anti-4-1BB antibody was added at a concen- epitopes were generated by stimulating PBMCs with viral
tration of 0.3pg/mL 24 hours after culture initiation, peptides and with either control, anti-CD28, anti-4-1BB, or
Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved. www.immunotherapy-journal.com | 65

-38-



Imahashi et al

J Immunother ¢ Volume 38, Number 2, February/March 2015

A
4-1BB Ab +
Control Ab CDZ8 Ab 4-188 Ab CD28 Ab
of BESETUUERR o) [RARTTTERE BEL ot 318%

CDB2L. i

33.6%

07%

Tbr

11%  09%

SR D A

CD4SR.

65.2%

3 b4

T

IR I

PR TR TR

B

0 30.3%

CD2B v

56.3%

]

7.0%

63.9%

8.4%

3
& (BT

1@;6%
6t st ut o
8 C D
100, 100 400 100 -
g NS, ” (A ?::.: .’.'! w3 2 ." :0 “e L
g g 861 % 801 ., - e gev G 807 sans  age sget e
£ 2 . * © Tens® “.o st e ©, » + L P we® o
—_— 8¢ 4 . d P e +¢) 60 + o® hd [} .: z 60 . T‘.J g ) f.
Po g - * » Pys . [ 1]
=& . *e ol e ] [} hd *e
gg 401 “""5: r‘. :‘ ..' 8 401 ) (-3 401 .:. o’ ..t :'
SRS R XL DR ¥ 2 20+ = 204 . o .
B . o* * . o N.S. o N.S.
Control CD28 4-1BB 4-1BB Ab Control CD28 4-1BB 4-1BB Ab Control CD28 4-1BB 4-1BB Ab
. A Ab Ab +CD28Ab Ab  Ab  Ab +CD28Ab Ab  Ab  Ab +CD28Ab
£
g< 20; 2 135, 2 s
g 2 8. 8~
EE 43 2 . 2
® 9 2 404 - - . N2 10
e g 8 g
&3 1.0 (N £ 2 g
e *8os =805
g o5 S Sy
L3 o2 e
62 = Z
= o 6o & 0.0+ P 0.0
E£ " control CD28 4-1BB 4-1BBAb Control CD28 4-1BB 4-1BB Ab Control CD28 4-1BB 4-1BB Ab
‘Ab Ab  Ab +CD2BAb Ab  Ab  Ab +CD28Ab Ab  Ab  Ab +CD2BAb

FIGURE 3. Phenotypes of virus-specific CD8* T cells generated with control, anti-CD28, anti-4-1BB, or a combination of anti-CD28 and
anti-4-1BB antibodies. CD8™ T cells specific for CMV (n=10), EBV (n=35), or AdV (n = 3) were generated with control, anti-CD28, anti-4-
1BB, or a combination of anti-CD28 and anti-4-1BB antibodies. After 13 days of culture, the cells were collected, counted, and analyzed
using flow cytometry. A, Representative flow plots of the postculture cells showing the phenotypes of the CD8* tetramer* cells. B-D,
Frequencies of central memory phenotype (B), CD28* (C), and CD27* (D) cells among CD8* tetramer* cells. Actual values (upper
panel) and the ratio of actual values for the indicated culture conditions to those for control (lower panel) are shown for each measure.
Horizontal lines in the upper panels mark the mean values. Means and SEMs are shown in the lower panels (NS, not significant, repeated
measures 1-way analysis of variance). B-D, Show data pooled from at least 18 independent experiments with 17 (B) or 18 (C, D)

different virus-specific CD8* T-cell responses.

a combination of anti-CD28 and anti-4-1BB antibodies.
The frequencies and numbers of CD8 ™ tetramer = cells
that were generated with anti-4-1BB antibody were sig-
nificantly higher than those generated with control or anti-
CD28 antibody (Figs. 2A-C). The number of CD8 * tet-
ramer © cells generated with anti-4-1BB antibody was on
an average 7.9 times higher than that generated with con-
trol antibody (P < 0.001) (Fig. 2C). In contrast, the com-
bination of anti-CD28 and anti-4-1BB antibodies did not
result in an increased frequency or number of CD8 * tet-
ramer © cells compared with anti-4-1BB antibody alone
(Figs. 2B, C). Importantly, the positive effect of anti-4-1BB
antibody was observed regardless of the epitopes of the
VSTs (Fig. 2D).

66 | www.immunotherapy-journal.com

Effect of Anti-CD28 and Anti-4-1BB Antibodies
on the Phenotype of the Generated Virus-
specific CD8* T Cells

Previous studies have shown that extensive ex vivo
expansion of T cells may reduce the in vivo activity of
adoptively transferred T cells.32* We therefore evaluated
the effect of anti-CD28 and anti-4-1BB antibodies on the
phenotype of the generated VSTs. Most of the generated
CD8 ™ tetramer * cells exhibited either a central memory
(CM) (CD62L "CD45RA~) or effector memory
(CD62L~CD45RA ™) phenotype (Fig. 3A). The proportion
of cells with a CM phenotype, which persist longer and are
more effective in vivo after adoptive transfer,”” among the
CD8 ™ tetramer © cells did not differ with the type of

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 4. Function of virus-specific CD8"* T cells generated with control, anti-CD28, anti-4-1BB, or a combination of anti-CD28 and
anti-4-1BB antibodies. A-C, Virus-specific CD8* T cells generated with control, anti-CD28, anti-4-1BB, or a combination of anti-CD28
and anti-4-1BB antibodies were restimulated with APCs loaded with or without the corresponding peptides. After incubation, the cells
were collected and analyzed for cytokine production and CD107a degranulation, as described in the Materials and methods section.
Frequencies of interferon (IFN)-y* (A), interleukin (IL)-2* (B), and CD107a* (C) cells among CD8* tetramer* cells are shown. A and B
show data pooled from at least 10 independent experiments with 10 different virus-specific CD8* T-cell responses. Actual values (upper
panel) and the ratio of actual values for the indicated culture conditions to those for control (lower panel) are shown for each measure.
Horizontal lines in the upper panels mark the mean values. Means and SEMs are shown in the lower panels [NS, not significant, repeated
measures 1-way analysis of variance (ANOVA)]. C, Representative data from 6 independent experiments with 3 different virus-specific
CD8* T-cell responses. Mean + SD of triplicate wells are shown (NS, not significant, ordinary 1-way ANOVA). D, Generated virus-specific
CD8* T cells were labeled with carboxyfluorescein succinimidyl ester (CFSE), restimulated with irradiated autologous peripheral blood
mononuclear cells loaded with the corresponding peptides, and analyzed for CFSE dilution using flow cytometry 120 hours after
restimulation. Representative flow plots gated on CD8* tetramer* celis are shown. The numbers in the histograms indicate the CFSE
mean fluorescence intensities (MFis) of CD8* tetramer* cells. Gray shaded histograms indicate CD8* tetramer™ cells cultured with
medium alone. Data are representative of 6 independent experiments with 6 different virus-specific CD8* T-cell responses.

antibody used. The mean percentage of cells with a CM target cells were assessed. Virus-specific CDS * T cells that
phenotype was approximately 35% irrespective of the were generated in the presence of control, anti-CD28, anti-
antibody used (Fig. 3B). Similarly, the proportion of 4-1BB, or a combination of anti-CD28 and anti-4-1BB
CD28 * and CD27 ™" cells, which are also associated with antibodies showed similar levels of IFN-y production, IL-2
superior in vivo efficacy after adoptive transfer,2®?7 among  production, and CD107a expression in response to the
the CD8 * tetramer © cells did not differ with the type of peptide stimulation (Figs. 4A-C). In addition, the pro-
antibody used. The mean percentage of CD28 " and liferative capacity of the generated virus-specific CD8 © T

CD27 " cells was approximately 80% and 60%, respec- cells in response to the viral peptide-pulsed target cells was

tively, irrespective of the antibody used (Figs. 3C, D). assessed. Of note, proliferation of the anti-4-1BB Ab-
. . . . treated cells was greater than that of the control antibod

Effect of Anti-CD28 .and Ant'j‘!JBB Antibodies treated cells, as indicated by the lower mean ﬂuorescenc}é

on the Generated Virus-specific CD8* T-cell intensity value in CFSE proliferation assays (Fig. 4D). The

Function combined results indicate that anti-4-1BB antibody pro-

To compare the effector functions of the generated motes the expansion of VSTs without causing excessive

virus-specific CD8 % T cells, cytokine production and differentiation or functional deterioration of the generated
cytotoxic activity®® in response to the viral peptide-pulsed T cells.

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved. www.immunotherapy-journal.com | 67
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FIGURE 5. Absolute numbers of virus-specific CD8* T cells generated with control antibody, anti-4-1BB antibody, or autologous dendritic
cells (DCs). CD8* T celis specific for CMV-pp65-QYD (n=3), CMV-pp65-NLV (n=2), CMV-pp65-IPS (n=T1), or EBV-EBNA3A-RYS (n=2)
epitopes were generated either with control antibody, anti-4-1BB antibody, or irradiated autologous DCs. After 13 days of culture, absolute
numbers of CD8* tetramer* cells were determined. The means+SD of at least triplicate wells are shown (*P<0.05, **P<0.01, NS, not
significant, ordinary 1-way analysis of variance followed by the Tukey multiple comparison tests. Differences are shown only between anti-4-
1BB antibody and DCs). Data are representative of at least 8 independent experiments with 8 different virus-specific CD8* T-cell responses.

Comparison-of Anti-4-1BB Antibody and DCs for
Virus-specific.CD8* T-cell Generation

DCs are the most powerful APCs* and are widely used
for the generation of antigen-specific T cells for adoptive
immunotherapy.®!! To compare anti-4-1BB antibody and
DCs in terms of their capacity to generate virus-specific
CD8 ™ Tcells, CD8 * T cells specific for CMV-pp65-QYD
(n = 3), CMV-pp65-NLV (n = 2), CMV-pp65-IPS (n = 1),
or EBV-EBNA3A-RYS (n = 2) epitopes were generated
either with control antibody, anti-4-1BB antibody, or irra-
diated autologous DCs. The generated DCs consistently
exhibited a mature phenotype (data not shown). Of note,
the capacity of the DCs to generate VSTs differed consid-
erably depending on the epitopes of the VSTs. The number
of CMV-pp65-NLV-specific CD8 * T cells generated with
anti-4-1BB antibody was similar to that generated with
DCs. In contrast, the number of CMV-pp65-QY D-specific,
CMV-pp65-1PS-specific, or EBV-EBNA3A-RYS-specific
CD8 * T cells that was generated with anti-4-1BB antibody
was significantly higher than that generated with DCs
(Fig. 5). The phenotypes and functions of CD8* tet-
ramer © cells generated with anti-4-1BB antibody were
similar or superior to those generated with DCs (data not
shown). These results indicate that anti-4-1BB antibody
generated comparable or higher numbers of VSTs compared
with DCs without causing excessive differentiation or
functional deterioration of the generated T cells.

DISCUSSION

We demonstrated that VSTs can be generated rapidly
and efficiently by simply stimulating PBMCs with peptide
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and anti-4-1BB antibody without using APCs. As there are
2 clinical grade anti-4-1BB antibodies (BMS-663513 and
PF-05082566),13-30 this method can be readily tested in
clinical trials. We propose using anti-4-1BB antibody as a
novel strategy to generate VSTs for adoptive therapy.

It has been reported that DCs (cytokine-activated
monocytes) have only a limited capacity for generation of
cytotoxic T-cell responses to subdominant epitopes.'%3! In
line with these studies, in the present study the number of
VSTs generated with DCs was similar to the number gen-
erated with anti-4-1BB antibody for CMV-pp65-NLV-
specific CD8 * T cells, whose epitope is generally regarded
as an immunodominant epitope,'? but the number of DC-
generated VSTs specific for other epitopes was lower
(Fig. 5). These results suggest that DCs may be suboptimal
for the generation of VSTs that are specific for sub-
dominant epitopes. In contrast, anti-4-1BB antibody pro-
moted the generation of VSTs irrespective of the epitope of
the VST (Fig. 2D). Therefore, anti-4-1BB antibody may be
used to promote the generation of VSTs for both dominant
and subdominant epitopes.

Previous studies that compared the functions of puri-
fied T cells that received TCR stimulation alone and those
that received TCR and 4-1BB stimulation showed that 4-
1BB stimulation improved the effector function of T
cells.>3233 In contrast, we did not find significant differ-
ences between the effector function of VSTs generated with
anti-4-1BB antibody and those generated with control
antibody. As PBMCs contain B cells and monocytes, which
have the capacity to function as APCs, these cells might
have provided some costimulatory signals to VSTs, result-
ing in similar effector functions to the control cells.

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
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Anti-4-1BB Ab for the Generation of VSTs

Although VSTs generated with the anti-4-1BB antibody
showed similar phenotypes and effector functions to those
generated with control antibody, the former had improved
proliferative capacity (Fig. 4D). Thus. the results of the
current study suggest that anti-4-1BB antibody. at the least,
does not lead to deterioration of the function of the gen-
erated VSTs.

In the current study, anti-4-1BB antibody was more
potent than anti-CD28 antibody in expanding VSTs. which
was in accordance with the results of previous studies that
evaluated the effect of costimulatory signals on T-cell
expansion using artificial APCs expressing costimulatory
molecules.” This result could be explained by the fact that
CD28 costimulation preferentially expands naive T cells,
whereas 4-1BB costimulation preferentially expands memory
T cells.*? In addition, the combination of anti-4-1BB and
anti-CD28 antibodies did not show additive or synergistic
effects compared with anti-4-1BB antibody alone. A previous
study reported that additive effects of 4-1BB and CD28 dual
costimulation on T-cell expansion were observed only when
IFN-y in the culture medium was neutralized.® Therefore, an
antibody cocktail consisting of anti-4-1BB, anti-CD28, and
IFN-y neutralizing antibodies may further enhance the
expansion of VSTs. Alternatively, a combination of anti-4-
IBB and anti-OX40 antibodies may further promote the
generation of VSTs.” The optimal combination of antibodies
for the generation of VSTs remains to be determined.

Overlapping peptide pools that span the complete
sequence of viral proteins are becoming more widely used
to generate VSTs because VSTs specific for both known
and unknown epitopes can be generated.!!* Another
advantage of overlapping peptide pools is that both CD4 *
and CD8 * VSTs can be generated,'! which may promote
the survival and persistence of the generated T cells after
adoptive transfer.’® As in the current study we stimulated
PBMCs with viral-specific CD8 © T-cell epitope peptides,
the effect of anti-4-1BB antibody on the generation of viral-
specific CD4 ™ T cells was not examined. In this regard.
some studies have shown that 4-1BB stimulation activates
CD4 * T cells and CD8 ¥ T cells to a similar extent,?>3¢
whereas others have suggested that 4-1BB stimulation
preferentially activates CD8 ™ T cells over CD4*" T
cells.?337 Whether anti-4-1BB antibody can improve the
generation of not only CD8 ™ VSTs but also of CD4 ™
VSTs from PBMCs stimulated with overlapping peptide
pools needs to be investigated in future studies.

In conclusion, we have clearly demonstrated that VSTs
can be generated rapidly and efficiently by simply stim-
ulating PBMCs with viral peptide and anti-4-1BB antibody
without using APCs. We propose using anti-4-1BB anti-
body as a novel strategy to generate VSTs for adoptive
therapy.
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Target Antigen Density Governs the Efficacy of
Anti—-CD20-CD28-CD3 { Chimeric Antigen
Receptor—Modified Effector CD8" T Cells
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The effectiveness of chimeric Ag receptor (CAR)-transduced T (CAR-T) cells has been attributed to supraphysiological signaling
through CARs. Second- and later-generation CARs simultaneously transmit costimulatory signals with CD3( signals upon ligation,
but may lead to severe adverse effects owing to the recognition of minimal Ag expression outside the target tumor. Currently, the
threshold target Ag density for CAR-T cell lysis and further activation, including cytokine production, has not yet been investigated in
detail. Therefore, we determined the threshold target Ag density required to induce CAR-T cell responses using novel anti-CD20 CAR-
T cells with a CD28 intracellular domain and a CD20-transduced CEM cell model. The newly developed CD20CAR-T cells demon-
strated Ag-specific lysis and cytokine secretion, which was a reasonable level as a second-generation CAR. For lytic activity, the
threshold Ag density was determined to be ~200 molecules per target cell, whereas the Ag density required for cytokine production
of CAR-T cells was ~10-fold higher, at a few thousand per target cell. CD20CAR-T cells responded efficiently to CD20-downregulated
lymphoma and leukemia targets, including rituximab- or ofatumumab-refractory primary chronic lymphocytic leukemia cells. Despite
the potential influence of the structure, localization, and binding affinity of the CAR/Ag, the threshold determined may be used for
target Ag selection. An Ag density below the threshold may not result in adverse effects, whereas that above the threshold may be
sufficient for practical effectiveness. CD20CAR-T cells also demonstrated significant lytic activity against CD20-downregulated tumor

cells and may exhibit effectiveness for CD20-positive lymphoid malignancies. The Journal of Immunology, 2015, 194: 000-000.

therapy is an emerging therapeutic strategy for refractory
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phocytic leukemia (CLL) (1, 2). Second- and later-generation CARs
generally consist of a single-chain variable fragment (scFv) from
a mAb fused to the signaling domain of CD3(, and contain one or
two costimulatory endodomains, respectively (3-5). This technol-
ogy has two main potential benefits over TCR gene insertion. One is
that Ag recognition by CAR is independent of HLA, meaning that
CAR therapy can be used to treat all Ag-positive patients regardless
of their HLA. The other is that once CARs ligate to target mole-
cules, full activation signals, including costimuli such as CD28 or
4-1BB, are transmitted to CAR-T cells (3-5). A superior effector
function and proliferation following activation have been reported
in second- and third-generation CAR-T cells (6-9).

In contrast, CAR-T cells may induce adverse effects by rec-
ognizing low expression levels of the target Ag in an off-target
organ. This activity has been referred to as the “on-target/off-
tumor effect.” A serious adverse event induced by CAR-T cells,
which recognize very low expression levels of ERBB2 on lung
epithelial cells, was reported with CAR therapy targeting ERBB2
based on trastuzumab (Herceptin) (10). Although ERBB2 is
expressed at low levels in various normal tissues, including lung,
the anti-ERBB2 humanized mAb trastuzumab has been used
safely in clinical settings (11), indicating that ERBB2 expression
levels on lung cells are negligible in terms of trastuzumab therapy
(12). However, ERBB2-CAR-T cells induce significant Ag-
specific responses against this low expression of ERBB2 (10,
11). Therefore, selection of a target Ag is critical for both efficacy
and avoiding adverse effects. TCRs recognize very low numbers
of peptide/HLA complexes, whereas a relatively high number of
target molecules are required for mAbs to induce cytotoxic ac-
tivity (13, 14). However, the range of Ag density in which CAR-T
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2 DETERMINATION OF THE TARGET Ag DENSITY OF THE CAR-T RESPONSE

cells can recognize and induce cytotoxicity has not been investi-
gated in detail. Furthermore, research has not yet clarified the
number of Ag molecules expressed that could be candidates for
targets when expressed at low levels or that should be avoided
owing to the on-target/off-tumor cffect (15).

CD20 is an activated glycosylated phosphoprotein that is
expressed on the surface of B lymphocytes. An anti-CD20 mAb is an
effective therapeutic option for various B cell malignancies such as
ALL (16), CLL (17), and malignant lymphoma (18. 19). Although
combination chemotherapies with rituximab have achicved favor-
able results in CD20-positive B cell lymphoma patients, acquired
resistance to rituximab has become a problem, with a suggested
mechanism of reduced expression of CD20 (20-24). Accordingly,
a therapeutic option that efficiently eradicates target cells expressing
low levels of CD20 that survive rituximab or ofatumumab (ofa)
therapy needs to be developed. Therefore, we developed a novel
CD20-CAR and investigated the minimum threshold Ag expression
level required for lysis of target cells and activation of CAR-T cells.
To avoid possible immunological rejection against anti-mouse Abs,
we used a humanized anti-CD20 mAb to construct CD20CAR (25).
We also assessed its effects against tumor cell lines and primary
cells isolated from mAb therapy-refractory, CD20-downregulated
B cell tumors (24, 26, 27).

Materials and Methods
Cell lines

K562, CCRF-CEM, SU-DHL-4, SU-DHL-6, SU-DHL-10, Raji. RRBLI,
and WILL2 cells were cultured in RPMI 1640 medium. OCI-Ly3 and OCI-
Ly10 cells were kind gifts from Dr. K. Takeyama (Dana-Farber Cancer
Institute, Boston, MA) and were cultured in IMDM (Sigma-Aldrich, St.
Louis, MO). Each type of medium contained 10% FBS, 0.8 mM L-gluta-
mine, and 1% penicillin-streptomycin, RRBL1 and WILL2 cells are cell
lines established from a B cell lymphoma patient who exhibited CD20-
negative phenotypic changes after repeated chemotherapy with rituximab
(26, 27). CD20-transduced CCRF-CEM cell lines (CD20-CEMs) ex-
pressing various levels of CD20 were described elsewhere (28). CD20-
transduced K562 (CD20-K562) cells were generated by retroviral
transduction with the full-length CD20 molecule, as described (29).

Primary B cell tumor cells

Primary B cell tumor cells were obtained from PBMCs (CLL patient) or
pleural effusion (lymphoma patient) according to protocols approved by the
Institutional Review Board of Nagoya University School of Medicine, and
written informed consent was obtained from each patient in accordance with
the Declaration of Helsinki.

Quantification of CD20 molecules

CD20 molecules expressed on the surface of CD20-CEMs or other cell lines
were quantified using quantitative immunofluorescence indirect assay
(QIFIKIT; Dako, Glostrup, Denmark). Briefly, cells were stained with
unlabeled anti-CD20 mouse mAb (BD Bioscience, San Jose, CA) or pu-
rified mouse IgG-k (BioLegend, San Diego, CA) as an isotype control. The
cells of interest and calibration beads from the kit were then simulta-
neously labeled with primary mAb, followed by FITC-conjugated goat
anti-mouse secondary Ab staining. Labeled cells and calibration beads
were analyzed on a flow cytometer, and a standard regression line between
fluorescence intensity and Ag density that was expressed as Ab-binding
capacity (ABC) in molecules per cell was calculated. Finally, the specific
ABC (sABC) was determined by subtracting the background Ab equiva-
lent of the isotype control from ABC (30).

Retroviral vector construction

CD20-binding scFv was constructed based on the reported sequences of the
humanized anti-CD20 mAb (OUBM mADb) (25). OUBM mAb exhibits high
CD20 binding affinity (Kp, 10.09 nM). H chain and L chain V region
segments were linked with an 18-aa linker. scFv was then fused to a human
IgG, hinge, a CD3- chain, a CD28 costimulatory domain, and a truncated
version of the epidermal growth factor receptor (tEGFR) that lacked epi-
dermal growth factor binding and intracellular signaling domains down-
stream of the self-cleaving T2A sequence (31-33). By inserting the T2A

sequence between CD20CAR and tEGFR, the two proteins were coex-
pressed at equimolar levels from a single transcript. Cell-surface tEGFR
was detected using the biotinylated anti-EGFR mAb Erbitux (Bristol-
Myers Squibb, New York, NY). The CD20CAR transgene was assem-
bled by overlap extension PCR (34). CD20CAR was inserted into LZRS-
pBMN-Z, using HindlII and Notl sites, and the CD20CAR-encoding
retrovirus was produced using the Phoenix-Ampho system (Orbigen, San
Diego. CA) and concentrated with Retro-X Concentrator (Clontech Lab-
oratories, Mountain View, CA).

Generation, expansion, and selection of CD20CAR-transduced
T cells

The PBMCs of a normal donor were isolated by centrifugation of whole
blood using Ficoll-Paque (GE Healthcare, Wauwatosa, WI). CD8" lym-
phocytes were then purified with immunomagnetic beads (Miltenyi Biotec,
Bergisch Gladbach, Germany), activated with anti-CD3/CD28 beads
(Invitrogen, Carlsbad, CA), and transduced on day 3 after activation with
the recombinant human fibronectin fragment (RetroNectin, Takara Bio,
Otsu, Japan) by centrifugation at 2100 rpm for 45 min at 32°C with the
retroviral supernatant (multiplicity of infection = 3). T cells were expanded
in RPMI 1640 medium containing 10% human serum, 0.8 mM L-gluta-
mine, 1% penicillin-streptomycin, and 0.5 pM 2-ME and supplemented
with recombinant human IL-2 to a final concentration of 50 TU/ml. CAR-
positive cells were enriched using immunomagnetic selection with biotin-
conjugated anti-EGFR mAb and streptavidin beads (Miltenyi Biotec). The
transduced T cells were expanded in culture by plating with -y-irradiated
EBV-transformed lymphoblastoid cell line (LCL) at a T cell to LCL ratio
of 1:7 and supplemented with IL-2 to 50 IU/ml (29).

Flow cytometry

All samples were analyzed with flow cytometry (FCM) on the FACSAria
instrument (BD Biosciences), and data were analyzed using FlowJo soft-
ware (Tree Star, Ashland, OR). Biotinylated Erbitux and streptavidin-PE
were used to identify T cells that expressed IEGFR.

[ JICr] release assay and coculture assay

For the [*!Cr] release assay, target cells were labeled for 2 h with [>!Cr)
(PerkinElmer, Waltham, MA), washed twice, dispensed at 2 X 10° cells
per well into triplicate cultures in 96-well round-bottom plates, and in-
cubated for 4 h at 37°C with CD20CAR-T cells at various E:T ratios.
Percent of specific lysis was calculated using a standard formula
[(experimental — spontaneous release)/(maximum load — spontaneous
release) X 100 (%)] and expressed as the mean of triplicate samples.
Regarding the coculture assay, CEMs were labeled with 0.1 pM CFSE
(Invitrogen), washed, and plated with CD20 CAR-T cells at a ratio of 1:1
without IL-2 supplementation. After a 72-h incubation, cells were stained
with anti-CD8 mAb and analyzed with FCM. The percentages of CAR-
T cells and CEMs within the live cell gates were assessed.

Intracellular cytokine staining and cytokine secretion assay

CD20CAR-T cells and K562 or CCRF-CEM cells that expressed CD20
were mixed at a 1:1 ratio in the presence of brefeldin A (Sigma-Aldrich)
and then fixed and permeabilized with Cell Fixation/Permeabilization Kits
(BD Biosciences) for intracellular cytokine assay. After fixation, T cells
were stained with anti-IFN-y and anti-CD8-allophycocyanin mAb (BD
Biosciences). As a positive control for cytokine production, cells were
stimulated with 10 ng/ml PMA and 1 pg/ml ionomycin (Sigma-Aldrich).
CD20CAR-T cells and CEMs for the cytokine secretion assay were plated
at an E:T ratio of 1:1, and IFN-y, TNF-q, and IL-2 in the supernatant were
measured with ELISA (BD Biosciences) after 16 h of incubation.

CFSE proliferation assay

CD20CAR-T cells were labeled with 0.2 wM CFSE, washed, and then
plated with stimulator cells at a ratio of 1:1 without IL-2 supplementation.
After a 72- or 96-h incubation, cells were stained with the anti-CD8 mAb,
samples were analyzed with FCM, and the division of live CD8" T cells
was assessed with CFSE dye dilution.

Intracellular phospho-flow analysis

CD20CAR-T cells and CD20-CEM cells expressing various levels of
CD20 were mixed at a 1:5 ratio, centrifuged briefly, and incubated for
various times at 37°C. Cells were then fixed by the addition of BD Cytofix
Fixation Buffer at 37°C for 10 min, permeabilized in ice-cold BD Phosflow
Perm Buffer III, and incubated on ice for 30 min (BD Biosciences). P-p44/
42 MAPK (T202/Y204) or P-Zap-70 (Y319)/SyK(Y532) Rabbit Ab (Cell
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Signaling Technology, Danvers, MA) and bovine anti-rabbit JgG-FITC as
a secondary Ab (Santa Cruz Biotechnology, Dallas, TX) were used for
phospho-specific staining.

Statistical analysis

Differences among results were evaluated with one-way or two-way
ANOVA analysis and the Bonferroni test, as appropriate. Differences
were considered significant when p << 0.05. Statistical analysis was per-
formed using GraphPad Prism Version 5 software.

Results
Generation and functional analysis of CD20CAR-transduced
T cells

To develop functional CD20CAR, we constructed CD20CAR
consisting of anti-CD20-scFv linked to CD3(, a CD28 costimu-
latory domain, and a tEGFR; CD8" T cells were then retrovirally
transduced with CD20CAR (Fig. 1A). After one course of stim-
ulation and transduction, the expression of CD20CAR generally
reached 40-80%. To determine transduction efficiency, CD20CAR
and tEGFR were labeled with an anti-Fc Ab and biotinylated
Erbitux, respectively. The expression of tEGFR reflected that of
CAR on the transduced T cells, and we verified that the expression
of CAR and tEGFR was similar after each transduction experi-
ment (Fig. 1B) (32). Transduction efficiency could be monitored
with tEGFR with high reproducibility (Fig. 1B, right panel).
Using intracellular staining, we assessed the ability of CAR-
T cells to produce IFN-v in response to CD20. Stimulation with
CD20-K562 cells induced robust production of IFN-vy, whereas
mock-transduced K562 cells did not (Fig. 1C). These results

demonstrated that CD20CAR-T cells recognized CD20 in an
Ag-specific manner. After the transduction culture, CD20CAR-
positive cells were enriched to a purity of >95% with bio-
tinylated Erbitux and anti-biotin immunomagnetic beads (32),
expanded by stimulating with a y-irradiated LCL, and then used
for subsequent experiments. The expression of CARMEGFR
before and after LCL stimulation was sufficiently maintained
(Fig. 1D). The ability of CD20CAR-T cells to lyse CD20" target
cells was assessed after one course of transduction and expansion.
CD20CAR-T cells specifically lysed CD20-K562 cells (Fig. 1E) in
a highly reproducible manner (Fig. 1E. right panel). To examine
background cytotoxicity, CD19CAR (non-target-specific CAR)—
transduced T cells were examined for cytotoxicity against K562 or
CD20-K562. Both experiments demonstrated almost the same range
of cytotoxicity by the CD20CAR-T cells against K562 as in Fig. 1E.
The range of cytotoxicity was 7-11% at an E:T ratio of 10:1 (n = 4).
Two repeated LCL stimulations caused a log-scale expansion
that resulted in 10,000-fold expansion of CD20CAR-T cells
(Supplemental Fig. 1). The CD20CAR-T cells almost uniformly
demonstrated effector phenotype (CD28™, CD62L~, CD45RO") after
LCL stimulation (data not shown). In all subsequent experiments,
CD20CAR™ T cells were selected with tEGFR and expanded with
one course of LCL stimulation; thus the transduction level of
CD20CAR was uniformly >95% (Fig. 1D).

Quantification of CD20 molecules on the surface of
CD20-CEMs and cell lines

Although CAR-T cells very efficiently recognize targets, the range
of target molecule expression to which CAR-T cells can respond
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FIGURE 1. Construction, surface expression, and functional analysis of CD20CAR. (A) Schematic representation of the CD20CAR construct.

CD20CAR consisted of anti-CD20 scFvs linked to CD3¢, a CD28 costimulatory domain, and tEGFR as a transduction or selection marker via the T2A
sequence. Solid black boxes denote the GM-CSF receptor leader sequence. Hinge, a human 1gG4 hinge; linker, an 18-aa-long GGGS linker; Vy, H chain
variable fragment; Vi, L chain variable fragment. (B) Surface expression of CD20CAR and (EGFR after transduction. CD8* cells were selected and
wansduced with the CD20CAR-encoding retrovirus supernatant. CD20CAR was stained with the anti-Fc Ab or biotinylated Erbitux, which reflects CAR
expression. The surface expression of Fc/tEGFR was assessed on day 8 after one course of retroviral transduction. Gray-shaded histograms show staining of
untransduced T cells. Representative flow plots are shown. Right panel, Data were pooled from nine independent experiments with T cells from eight
donors (NS, paired 7 test). (C) Functional analysis of CD20CAR-T cells. On day 9 after transduction, CD20CAR-T cells were stimulated with either CD20-
transduced K562 (CD20-K562) or mock-transduced K562 (K562) cells for 4 h at a 1:1 ratio, permeabilized, and then stained for IFN-y. (D) Purity of
CD20CAR-T cells before and after tEGFR selection and LCL stimulation. CD20CAR-positive cells were enriched by tEGFR selection and expanded by
stimulation with y-irradiated LCLs at a 1:7 ratio. Representative flow plots of three independent experiments from three donors are shown. (E) Cytotoxicity
of CD20CAR-T cells. Left panel, After one course of expansion, cytotoxicity against either CD20-K562 or K562 cells was assessed at the indicated E:T
ratio in the [*'Cr] release assay. The means = SD of triplicate wells are shown. Right panel, Data were pooled from four independent experiments with
CD20CAR-T cells from four donors (mean and SEM, ***p < 0.0001, the Student r test).
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remains unknown (3-5). To assess this range more precisely, the
number of CD20 molecules expressed on the cell surface of var-
ious cell lines was quantified as the CD20-specific Ab-binding
capacity (CD20-sABC) on a per cell basis. We obtained 30
clones of CD20-CEMs expressing various levels of CD20 for use
as target cells or stimulators (28). Of these, expression of CD20
by four representative clones was depicted. and the cells were
used for several subsequent experiments as stimulators [CD20-
very low CEM (VL-CEM) (CD20-mean fluorescence intensity
[MFI]: 126/sABC: 240 molecules); CD20~low CEM (L-CEM)
(CD20-MFIL: 576/sABC: 5320 molecules); CD20-medium CEM

(M-CEM) (CD20-MFI: 2396/sABC: 26.900 molecules); and CD20-
high CEM (H-CEM) (CD20-MFIL: 11,388/sABC: 142,722 mole-
cules)] (Fig. 2A, Table 1). The CD20-sABC values were 500,000
molecules for the germinal center B cell-type diffuse large B cell
lymphoma (DLBCL)-derived cell lines; SU-DHL-4, -6, and -10,
and 100,000 molecules for the non-germinal center B cell-type
DLBCL-derived cell lines Ly-3 and -10 (Fig. 2B, Table I). RRBL1
and WILL2 are cell lines established from patients who experi-
enced a relapse in B cell lymphoma with very weak expression of
CD20 and who became resistant to rituximab (26, 27). The ex-
pression levels of CD20 by RRBL1 and WILL2 cells were 15,632
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FIGURE 2. Quantification of CD20 molecules on the target cell surface and titration of the CD20 Ag expression level for CD20CAR-T cell cytotoxicity. (A)
CD20 expression levels of the four representative CD20-CEM cell clones. The table above the histograms shows CD20-MFI and the quantification of CD20
molecules on each cell line as the Ab-binding capacity (CD20-ABC). Gray histograms show CD20 staining of untransduced CEM cells. VL-CEM, CD20-very low
CEMs; L-CEM, CD20-low CEMs; M-CEM, CD20-medium CEMs; H-CEM, CD20-high CEMs. (B) Quantification of CD20 molecules on the surface of various
cell lines. The number of CD20 molecules expressed on the surface of tumor cell lines was plotted in the left column (X, WILL2 cells; <&, RRBL1 cells; @, other
cell lines). The number on CD20-CEMs is shown in the right column, including the four representative CEMs (%, VL-CEM; V, L-CEM; A, M-CEM; O,
H-CEM; A, other CD20-CEMs) (B, D). CD20-MFI data were analyzed in three independent experiments with similar results. CD20-MFI data in (A), (B), and (D)
were collected in different experiments. (C) Cytotoxicity of CD20CAR-T cells against the four representative CD20-CEMs. Bars represent the cytotoxicity of
CD20CAR-T cells against the four CD20-CEMs or untransduced CEMs (parental CEMs) at the indicated E:T ratios in the P'Cr] release assay. The means = SD of
triplicate wells are shown (**p < 001, **¥*p < 0.0001, two-way ANOVA analysis). (D) The correlation between the CD20-MFI of CD20-CEMs and the cy-
totoxicity of CD20CAR-T cells. The cytotoxicity of CD20CAR-T cells against each CD20-CEM cell line was determined as in (C). The cytotoxicity of each CD20-
CEM cell line at an E:T ratio of 10:1 was plotted against the CD20-MFI of CD20-CEMs. Data were pooled from four independent experiments with CD20CAR~
T cells from four donors (mean and SEM). The solid line represents the fitted curve obtained with the nonlinear regression model using Prism5 software. (E)
CD20CAR-T cells eradicated CD20-CEMs in coculture assays according to CD20 expression levels. CAR-T cells and CFSE-labeled CEMs were cultured in a 1:1
ratio without IL-2 supplementation for 72 h. The percentage of surviving CAR-T cells and residual CEMs within the live cell gates are shown. Data are repre-
sentative of three independent experiments using three independent CD20CAR-T cell lines.
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Table I.  Surface CD20 expression of CD20-CEMs and other tumor cell
lines
MFI SABC
CEM
Parental 121 0
#2 9,683 120,208
#3 11,403 142,921
#4 6,905 83,978
#7 7,491 91,567
#19 14,228 180,597
#23 1,293 13,675
#27 11,388 142,722
#29 8,045 98,770
#31 15,550 198,366
#37 845 8,414
#47 1,209 12,680
#71 563 5172
#72 6,494 78,675
#73 8,049 98,822
#76 126 240
#82 641 6,062
#85 9,922 123,353
#94 576 5,320
w6 15,672 200,009
w7 13,180 166,571
wi2 1,063 10,960
w40 5414 64,824
w54 17,930 230,546
wll4 1,125 11,689
w127 749 7,303
wl32 1,497 16,104
wldl 669 6.383
w47 2,396 26,990
w149 11,363 142,390
Tumor cell line
RRBL1 1,436 15,376
WILL2 510 4,571
DHL-4 33,076 390,664
DHL-6 31,713 371,994
DHL-10 6,983 564,656
Ly-3 6,798 73,049
Ly-10 9,206 100,965
Raji ‘ 9,949 108,985

and 4869 molecules per cell, respectively (Fig. 2B, & and X,
respectively). Relative to other cell lines, CD20-CEMs repre-
sented a very wide range of CD20 expression, from 240 to
230,546 molecules per cell, which was considered very low to
high (Fig. 2B, Table I).

To evaluate the potential influence of costimulation, inhibitory
signals, and adhesion molecule, the expression of CD80, CD86,
CD54 (ICAM-1), CD58 (leukocyte function—associated molecule-3),
and PD-L1 on target tumor cells was investigated. CEM cells
demonstrated a tolerogenic phenotype, expressing low levels of
CD80 and CD86 and relatively high levels of the inhibitory ligand
PD-L1. CD54 was positive in all examined cell lines, whereas
CD58 was negative in WILL2 cells (Supplemental Fig. 2) (35).

Determination of the minimum threshold of CD20 expression
that CAR-T cells require for recognition and lysis

The level of CD20 Ag expression for rituximab-induced
complement-dependent cytotoxicity (CDC) was determined
using the same set of CD20-CEMs (28). We performed the
rituximab-induced CDC assay and obtained almost the same re-
sults using human complement (Supplemental Fig. 3A). As dem-
onstrated previously, Ab-dependent cellular cytotoxicity (ADCC)
with rituximab against CD20-CEMs did not show a clear thresh-
old of CD20 expression (data not shown) (28). CD20-CEMs with
an MFI <1000 (equivalent to sABC of 10% did not induce sig-

nificant CDC, whereas CD20-CEMs with an MF1 of 1000-3000
(equivalent to SABC of 10*-10%) did. CD20-CEMs with an MFI
>3000 effectively induced cytotoxicity, and maximal CDC was
obtained at an MFI >5000 (sABC of 10%) (Supplemental Fig. 3A).
CDC induced by the humanized anti-CD20 mAb OUBM was also
examined. OUBM mAb, with which CD20CAR was constructed,
induced marked CDC with half-maximum cytotoxicity at a CD20
expression level similar (MFI of 3000) to that of rituximab (MFI
of 3000) (Supplemental Fig. 3).

In contrast to the weak CDC caused by rituximab and OUBM
mAb, CD20-CEMs were more efficiently lysed by CD20CAR-
T cells, with the exception of VL-CEMs, which underwent a sig-
nificantly lower degree of lysis (Fig. 2C).

To determine the threshold expression level of the CD20 Ag re-
quired to induce CAR-T cytotoxicity, we performed a [>'Cr] release
assay with CD20CAR-T cells against the clones of CD20-CEMs
expressing various levels of CD20 (CD20-MFIL: 126-6924/CD20-
sABC: 240-230,546 molecules). CD20CAR-T cells lysed VL-
CEMs, which had the lowest level of CD20 (MFIL: 126/sABC: 240
molecules, 22.8 = 2% lysis). In addition, CD20CAR-T cells in-
duced similar lysis (40-60% lysis) of various CD20-CEMs with
higher expression of CD20 (CD20-MFI: 157/CD20-sABC: =5172
molecules, E:T ratio of 10:1) (Fig. 2D). CD20CAR-T cells exhibited
efficient cytotoxicity against CD20-CEMs with an MFI <1000; at
this level, rituximab and OUBM mAb did not induce significant
CDC (Supplemental Fig. 3A, 3B, Fig. 2D). Half-maximum cyto-
toxicity by CD20CAR-T cells was observed at an MFI of ~200-300
(equivalent to sABC of 10*). Therefore, the minimum threshold
number of surface target molecules that CAR-T recognized and
lysed was markedly low, at approximately a few hundred molecules.

A coculture assay was performed as a more physiological model.
In this assay, CD20CAR~T cells partially, but not completely,
eradicated VL-CEMs. Conversely, CAR-T cells completely erad-
icated L-, M-, and H-CEMs after a 72-h coculture (Fig. 2E).

Intracellular signaling, cytokine production, and cell division
after stimulation with the four representative CD20-CEMs

An advantage of CAR-T-cell therapy over mAb therapy is that
CAR-T cells can become activated and proliferate upon specific
stimulation of the target Ag, enabling CAR-T cells to exhibit long-
lasting efficacy in vivo (1, 3-5, 9). Although we titrated the
threshold Ag density for CAR-T—induced lysis, the threshold for
cytotoxicity and full activation, including cytokine production and
proliferation, are uncoupled in Ag-specific T cells (36). Thus, we
examined the threshold Ag density for CAR-T activation. To de-
fine the minimum threshold of CD20 expression that was needed
for effective activation and expansion of CAR-T cells, we exam-
ined phosphorylation of the signaling molecules ERK and ZAP70
after stimulation with the four representative CD20-CEMs. The
CD20-CEMs, except for VL-CEMs, induced similar phosphory-
lation of ERK (pERK) and ZAP70 in CAR-T cells (Fig. 3A and
data not shown). pERK was equally upregulated when CAR-
T cells were stimulated with L-, M-, and H-CEMs, but not with
VL-CEMs, after 10 min (Fig. 3A). Time-course analysis showed
that the pERK MFI responses were almost equal after L-, M-, and
H-CEM stimulation, and the peak time was 5-10 min after
stimulation. Nevertheless, VL-CEM induced only minimal phos-
phorylation of ERK in CAR-T cells, similar to that of parental
CEMs (Fig. 3A, 3B).

Cytokine production and proliferation were evaluated following
different stimuli. Stimulation with VL-CEM did not induce the
production of cytokines from CAR-T cells. Conversely, L-, M-, and
H-CEMs induced equivalent production of IFN-y (Fig. 3C-E), IL-2
(Fig. 3F, 3G), and TNF-« (Fig. 3H). IL-2 production after H-CEM

-49 -



6 DETERMINATION OF THE TARGET Ag DENSITY OF THE CAR-T RESPONSE

>

PMA/iono VL-CEM L-CEM M-CEM H-CEM 3000
1001 [ [ —o— H-CEM
| —-¥-- M-CEM
§80§ i ! EZOOO /[—A— L-CEM
Ewo | ’ %1000
5.l | | ¥
S0 93.2 105 | 75.9 79.7 L 80.0 & 150
5 201 : BRI E WA S S
S OE - K - - | 4 \ S— \ e ! \ s 50 \[:::_ \éLéhaEM
010 10° 10* 10° 010 10° 10% 10° 010® 10® 10" 105  010* 10° 10° 105 010 10° 10* ui
pERK g 01251030
min
CEM PMA/lono VL-CEM L-CEM M-CEM H-CEM
1051 0.3 0.2 38.0

010 10° 100 10°

e
o
sk

cop ——» O

i
010 16° 10* 10°

m
M
®

4
Es
B
=2
?—
z
w1
0
PP
BV VYRS
& @
Q'b
| CEM CD3/28 beads VL-CEM L-CEM
100 l ‘ ;
£ s0- | ‘ i
3 i
Ew | 1
= 40 b
g 15 99. ‘ 14 | 96.0
y 20 ‘
n\% 0 F / J j E

0107 100 10° 105 0107 10° 10° 10°  0M0° 10° 10° 105 0407 10° 10° 10°  O10F 10° 10° 10° o010 10° 10° 10°

CFSE 1 g

FIGURE 3. Titration of the threshold of CD20 expression for CD20CAR~T cell activation upon stimulation. (A) Phosphorylation of a distal signaling
molecule, ERK (pERK). CD20CAR-T cells were stimulated with the four representative CD20-CEMs, untransduced CEMs at a responder to stimulator
ratio of 1:5, or PMA/ionomycin (Iono) for 10 min, and were then fixed, permeabilized, and stained with pERK-specific Ab. Gray histograms show data
obtained from T cells stimulated with parental CEMs. (B) Time-course analysis of pERK. The phosphorylation of ERK in CD20CAR-T cells was analyzed
1, 2, 3, 10, and 30 min after stimulation with the four representative CD20-CEMs or parental CEMs at a 1:5 ratio. MFI of pERK after stimulation is shown.

ANOVA analysis). (C) IFN-y production after stimulation. CD20CAR-T cells were stimulated with the four representative CD20-CEMs, parental CEMs at
a 1:1 ratio, or PMA/Iono for 4 h, and were then permeabilized and stained for IFN-y. (D and F) The percentages of T cells that stained positive for IFN-y
and IL-2, respectively, are shown. Data were pooled from three independent experiments with CD20CAR-T cells from three donors (mean and SEM,
#%p < 0.01). The secretion of (E) IFN~y, (G) IL-2, and (H) TNF-a upon CD20-CEM stimulation. CD20CAR~T cells were stimulated with the indicated
CEMs at a 1:1 ratio, and culture supernatants were harvested at 16 h and analyzed with ELISA (mean and SEM, ***p < 0.001, one-way ANOVA). (I)
Division of CD20CAR-T cells upon CD20 ligation. CD20CAR-T cells were labeled with CFSE and stimulated with CD20-CEMs, untransduced CEMs, or
anti-CD3/28 beads at a 1:1 ratio, and the CFSE staining intensity was then analyzed with FCM 96 h after stimulation. Gray histograms show data of
nonstimulated CD20CAR-T cells. Data are representative of at least three independent experiments with CD20CAR-T cells from three donors (A, C, and 1).

stimulation was approximately half that after M-CEM stimulation
in repeated experiments (n = 3). Because we observed no significant
difference in intraceflular IL-2 production (Fig. 3F), the low IL-2
concentration after H-CEM stimulation may have reflected an in-
crease in cytokine consumption. Regarding proliferation, VL-CEM
did not induce cell division of CAR-T cells, whereas other CEMs
induced efficient cell division 72 and 96 h after stimulation (Fig. 31
and data not shown). The kinetics of CD20CAR-T cell division
increased with higher CD20 expression on CD20-CEMs, but the
percentages of proliferating cells were equivalent among L-, M-,
and H-CEM stimulation (Fig. 31). The kinetics of division appeared
to be partly dependent on target Ag density (Fig. 3I).

Taken together, the minimum threshold required to induce ac-
tivation and proliferation of CAR-T cells was between the levels
expressed by VL-CEMs and L-CEMs. This threshold was very low:
less than the CD20 expression level of L-CEMs (CD20-MFIL: 576/
CD20-sABC: 5320). CD20 expression above the threshold sig-
nificantly activated CAR-T cells.

Effects on CD20" cell lines and CD20' primary tumor cells
isolated from patients with rituximab-refractory B cell
lymphoma

Because we demonstrated that CD20CAR-T cells recognized
markedly low expression of CD20, we examined the effectiveness of
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FIGURE 4. Cytotoxicity of CD20CAR-T cells against CD20-downregu-
lated tumor cell lines and primary lymphoma cells. (A and B) CD20 expression
and cytotoxicity by CD20CAR-T cells against CD20-downregulated tumor cell
lines RRBL1 and WILL?2, respectively. (C) CD20 expression and cytotoxicity
by CD20CAR-T cells against primary tumor cells isolated from the pleural
effusion of a patient with rituximab-refractory B cell lymphoma. Throughout the
figure, upper panels show CD20 staining (solid line), isotype control staining
(gray shaded), and percentages of CD20-positive fractions. Lower panels show
the cytotoxicity by CD20CAR-T cells against the cell lines at the indicated E:T
ratios in the [*!Cr] release assay. The means * SEM of three independent
experiments with CD20CAR~T cells from three donors are shown. e and ®
denote cytotoxicity by CD20CAR-T and untransduced T cells, respectively.

CD20CAR-T cell therapy against CD20'° tumor cells. First, the
cytotoxicity of CD20CAR-T cells against CD20" tumor cell lines
was investigated. CD20CAR-T cells lysed both CD20' cell lines,
RRBLI and WILL2, very efficiently (Fig. 2B, 4A, 4B, lower panel).

We also evaluated cytotoxicity against CD20' primary cells
from a patient with DLBCL (double-hit lymphoma). The patient

exhibited disease recurrence after a full course of R-hyper CVAD
(37), and lymphoma cells were obtained from pleural effusion. At
the time of relapse, CD20 expression was reduced in most cells,
and only ~20% of cells showed low CD20 expression (Fig. 4C,
upper panel). CD20CAR-T cells efficiently lysed CD20" primary
DLBCL cells. This lytic activity was higher than the percentage of
the CD20" cell fraction, suggesting that CD20CAR-T cells par-
tially lysed the cell fraction expressing low levels of CD20
(Fig. 4C, lower panel).

CD20CAR-T cells recognized and lysed residual CLL cells
after ofa therapy

CLL is a chronic lymphoproliferative disease in which the anti-
CD20 mAb is a choice for standard care (38). The expression of
CD20 by CLL cells is generally lower than that of other CD20"
lymphoid malignancies such as ALL and lymphoma (39). To
compare the potency of CD20 recognition by anti-CD20 mAb, we
examined cytotoxicity and cytokine production following stimu-
lation of CD20-downregulated CLL cells. Before starting mAb
therapy, the expression of CD20 by CLL cells was intact, and the
lytic activity of CD20CAR-T cells was remarkable (Fig. 5A). The
patient then became chemorefractory following repeated admin-
istration of rituximab (the clinical course of this patient is sum-
marized in Supplemental Fig. 4). In this patient, CLL cells could
not be controlled with rituximab-combined chemotherapy. The
expression of CD20 by CLL cells decreased, and the MFI showed
two peaks: the nearly negative fraction and the CD20 low fraction
(Fig. 5B, upper panel). However, cytotoxicity by CD20CAR~-
T cells was maintained (Fig. 5B, lower panel). The patient was
then treated with the novel anti-CD20 mAb ofa (40). A marked
decrease in the number of CLL cells and regression of lymph-
adenopathy were observed after a single course of ofa, whereas
the CD20 very low fraction, which was confirmed to consist of
CD35* CLL cells (data not shown), remained in the peripheral
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duction by CD20CAR-T cells upon stimulation with 10°1 s 1054 105+
postofa CLL cells. CD20CAR-T cells were stimulated
with postofa CLL cells, parental CEMs at a 1:1 ratio, or 1041 : 0 2 104 10*4
PMA/Iono for 4 h, and were then permeabilized and 10° 10%1 e
stained for IFN-v.
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blood. We obtained residual CLL cells from the peripheral blood
of the patient after the 10th course of ofa. After ofa treatment, the
CD20 relatively low fraction disappeared, and CD20 expression
by CLL cells was almost uniformly nearly negative (Fig. 5C,
upper panel). The residual cells were exposed once to the mAb
therapy and survived. Therefore, the CD20 expression level of the
residual cells was considered to be below the effective range of
rituximab or ofa. In the [*'Cr] release assay using these primary
CLL cells. CD20CAR-T cells efficiently recognized and lysed not
only CLL cells before ofa but also CLL cells after ofa (Fig. 5B,
5C, lower panel). With an intracellular IFN-vy assay, after
ofa, stimulation of CD20CAR-T cells with CLL cells, which
were nearly CD20-negative, induced production of IFN-y by
CD20CAR-T cells (Fig. SD).

Discussion

In the current study., we generated a novel CD20CAR based on
a humanized anti-CD20 mAb (25). CD20CAR-T cells specifically
and effectively lysed CD20-positive target cells. The expression of
CD20CAR was precisely evaluated using the anti-Fc Ab and
biotinylated Erbitux. Although we did not directly evaluate the
copy number of the CD20CAR transgene, the variation observed
in lytic activity against K562-CD20 cells was very low following
tEGFR selection, suggesting that the expression of CD20CAR was
similar among the CD20CAR-T cell lines. With cytotoxicity
analysis of CD20CAR-T cells against CD20-CEMs expressing
various levels of CD20, we first titrated the minimum threshold of
CD20 expression that CAR-T cells could recognize and lyse. We
demonstrated that CD20CAR-T cells lysed CD20-CEMs with
CD20-ABC = 240 molecules, which was the lowest CD20 level in
this set. This level was 1000-fold lower than that required to in-
duce CDC with rituximab and OUBM mAb. The difference in
cytolytic activity between CDC and CAR should mostly depend
on the presence or absence of effector cells. Although CDC
and CAR activity is similar against CD20-high CEM cells,
CD20CAR-T cells demonstrated far better lytic activity than CDC
against CD20-low CEM cells (Fig. 2D, Supplemental Fig. 3). This
finding suggested that CAR-T therapy might show better effect in
the case of only a limited number of target Ags on the tumor cells.
The correlation between CD20-ABC and specific lysis was also
represented with a saturation curve, which had a sharp inclination
against CD20' targets. This phenomenon was attributed to CAR
technology providing full activation with CD3{ and the simulta-
neous costimulation of CD28 (3-6).

We next determined the threshold of CD20 expression that could
activate and expand CD20CAR-T cells upon stimulation with
the representative CD20-CEMs. Although cytotoxicity analysis
revealed that CD20CAR-T cells lysed VL-CEMs, these cells did
not induce downstream signaling, production of IFN-vy, or pro-
liferation of CAR-T cells. Stimulation with L-, M-, and H-CEMs
(CD20-ABC: =5320 molecules) effectively and equally activated
CD20CAR-T cells. Taken together, these results indicated that the
threshold of CD20 expression for recognition and lysis by
CD20CAR-T cells, which we termed the “lytic threshold,” was
a few hundred molecules, and the threshold required for activation
and expansion of CAR-T cells, termed the “activating threshold,”
was slightly higher, at a few thousand molecules. These results are
consistent with previous findings in which the lytic threshold and
activating threshold were different in TCR activation (36). Be-
cause endogenous T cells such as melanoma-specific T cells and
virus-specific T cells require 10-100 epitope molecules per target
cell to trigger specific lysis (13), both the lytic threshold and the
activating threshold were slightly lower in endogenous T cells

compared with CAR-T cells. Obviously, the thresholds are af-
fected by the affinity of the mAb or TCR for the ligand or peptide/
HLA complex. In our study, the affinity of the humanized anti-
CD20 mAb (OUBM mAb), which was used to construct CD20CAR,
was within the same range as that of rituximab (Kp value: OUBM
mADb, 10.09 nM; rituximab, 5.35 nM) (25). Using a mAb with this
range of affinity, both thresholds of CAR-T cells were close to
those of endogenous T cells. Furthermore, CD20CAR-T cells
recognized and lysed CD20-downregulated target cells that sur-
vived after mAb therapy. indicating that manufacturing a CAR
with a mAb may reinforce target recognition more than the mAb
itself.

The epitope location of the mAb is another important issue. Ofa
exposure before sample collection may account for the apparent
CD20 downregulation. However, we confirmed CD20 downregu-
lation using another CD20 mAb, a BOE9 clone in which the epitope
location is distinct from that of ofa (23). This confirmation indi-
cated that CD20 downregulation after ofa treatment was not
caused by competition between the analytical Ab and ofa. The
epitope location targeted by OUBM mAb and ofa partially over-
laps, but that of OUBM mAb and rituximab does not (25).
Therefore, ofa can theoretically block the ligation of CD20CAR-T
but rituximab cannot. We observed that CD20CAR-T cells indeed
lysed CD20-downregulated target cells both after rituximab and
ofa, suggesting that the potential effect of epitope blocking was
minor in the current study.

The results of the current study led us to propose a novel concept
for future searches for target Ag in CAR-T therapy. Suitable target
Ags for CAR-T cell therapy are considerably different from those for
mAb therapy in terms of their expression profiles and levels. Higher
expression levels on the surface of tumor cells have been considered
in target Ag searches for mAb therapy because off-tumor expression
is usually negligible (41). However, for the target of CAR-T cell
therapy, off-tumor expression of the target molecules must be
strictly negative or at a very low level that is below the lytic
threshold, at a few hundred molecules. Otherwise, severe adverse
effects could occur as a result of off-tumor effects (10). The target
Ag safety in the context of mAb therapy does not necessarily
translate into the safety of Ag in the context of markedly more
sensitive CAR-T cell therapy (10). Conversely, even if the threshold
was below the mAD therapy range, low Ag expression above the
activating threshold, such as at a few thousand molecules, could be
considered a candidate for the target Ag of CAR-T cell therapy.

Acquired resistance to rituximab has become a problem in the
treatment of patients with CD20-positive B cell tumors (20, 23). One
suggested mechanism is downregulation of CD20 (20, 22, 26). A
total of 15-20% of relapsed patients exhibit CD20 Ag loss, as
observed with immunohistochemistry analysis in samples taken at
relapse (20, 23). Our CD20CAR-T cells recognized and lysed
primary cells isolated from patients with mAb therapy-refractory
lymphoma and CLL, although the expression level of CD20 was
very low. We also analyzed CD20CAR-T recognition against
CD20-downregulated, mAb-refractory CLL in detail (21). The re-
sidual cells after CD20 mAb therapy expressed significantly low
levels of CD20, and this expression level must have been below the
effective range of the mAb in principle. CD20CAR-T cells lysed
both postrituximab and postofa residual CLL cells, indicating that
CD20CAR-T cells have a greater potential to recognize the tar-
get than mAbs. Even residual postofa CLL cells stimulated
CD20CAR-T cells, and thus we conclude that the very low ex-
pression of CD20 on CLL cells could still efficiently provide
stimulation for the further repopulation of CD20CAR-T cells.

In other CAR therapies targeting CD19, several patients were
reported to have relapsed despite the completely negative con-
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version of the Ag molecule after CAR-T cell therapy (2). Although
CAR-T cells recognize very low levels of the target Ag, they cannot
recognize completely Ag-negative cells. The strategy of adminis-
tering CAR-T therapy as a first-line treatment, or in earlier phases
with the aim of earlier eradication of target cells, may prevent
immunological escape by negative conversion of the Ag.

One limitation of the current study is that we assessed the
threshold using only CD20 and CD20CAR systems. Because the
threshold may be influenced by many other factors, such as affinity
(42), structure (43), epitope localization of individual CAR-Ag
pairs (44, 45), and the expression of a coreceptor on target cells
(46), the threshold may vary among mAbs and target Ags. We also
could not investigate the relationship between the expression of
CD20 and the ADCC activity of mAbs because NK cell activity is
predominant in the CD20-CEM system, and a clear threshold has
not been observed (28). Although the potential relationship be-
tween target Ag density and ADCC activity has been investigated
in other experimental systems, >10* Ag molecules per cell are
needed to demonstrate significant ADCC (47). In the current
study, the minimum threshold of CAR recognition was 3-log units
lower than that of mAbs to trigger CDC. CAR can also directly
mobilize T cells to target cells, whereas mAb therapy mainly
depends on indirect cytotoxicity such as CDC or ADCC (3-5, 19,
28). Thus, the lytic and activating thresholds of CAR are con-
sidered significantly lower than those of mAbs.

We concluded that CAR-T cells can recognize and lyse cells
expressing considerably low levels of the target Ag and were
activated and expanded upon such stimulation. CD20CAR-T cell
therapy may also be applicable for the treatment of CD20-positive
lymphoid malignancies.
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We improved the migration and survival of chimeric antigen receptor (CAR)-modified T cells in solid tumors by
combining CAR-T cells with an armed oncolytic virus. Local delivery of the chemokine RANTES and the cytokine IL-15 by
the oncolytic virus enhanced the trafficking and persistence of the CAR-T cells, resuiting in improved antitumor effects.

Adoptive transfer of T cells modified to
express chimeric antigen receptors (CARs)
has had clinical success in B-lymphocyte
derived msdignancies.1 However, the clini-
cal efficacy of CAR-T cells remains lim-
ited in solid tumors. This unfavorable
outcome could be due to the insufficient
migration of the infused T cells to the
tumor site as well as to the immunosup-
pressive characteristics of the tumor envi-
that inhibits the effector
function and proliferation of those few T
cells that do reach the tumor.

CAR molecules have been further engi-
neered to express co-stimulatory endodo-
mains such as those derived from CD28
and tumor necrosis factor receptor super-
family member 9 (TNEFRSF9, better
known as 4-1BB) to promote T-cell pro-

liferation and persistence upon encounter-

ronment

ing tumor cells. CD28 has proven
effective in inducing CAR-T cell expan-
sion in B-cell malignancies.2’3 The incor-
poration of 4-1BB seems, however, two
sustain more robust engraftment of
CD19-specific CAR-T cells." The incor-
poration of these co-stimulatory molecules
in CARs targeting antigens expressed by
solid tumors is anticipated to play a simi-
farly crucial role.

CAR-T cells targeting CD19 seem to
traffic physiologically to the bone mar-
row and lymph nodes, the primary sites
of hematologic ~malignancies.'” In

addition, they can encounter both nor-
mal B lymphocytes and leukemic cells
directly in the circulation. By contrast,
T-cell migration remains a relevant prob-
lem for solid tumors. For instance, while
tumor-infilerating T lymphocytes (TILs)
isolated from tumor biopsies and
expanded ex vivo show dramatic migra-
tion to melanoma lesions, polyclonal T
lymphocytes isolated from the peripheral
blood and engineered with a T-cell
receptor seem less effective. This dispar-
ity suggests that TILs and peripheral
blood T cells may have a different pattern
of homing molecules. If the current
CAR-T cell studies in solid tumors such
as neuroblastoma, prostate cancer, pan-
creatic cancer, and mesothelioma reveal
suboptimal migration, countermeasures
to increase T-cell migration should be
applied. Radiation or chemotherapy
before the infusion of CAR-T cells in
patients with solid tumors may favorably
alter the pattern of T-cell migration.
However, several preclinical models have
already demonstrated that engineering
CAR-T cells to express chemokine recep-
tors that pair with chemokines produced
by tumor cells is a strategy that can over-
come the trafficking issue.’

When CAR-T cells reach the tumor
bed in a number, tumor-
associated inhibitory mechanisms are there

sufficient

to shutdown effective immune responses.
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In the treatment of small tumors, infusion
of CAR-T cells after chemo or radiother-
apy may partially reduce the impact of
these inhibitory mechanisms. In addition,
the recent introduction of antbodies that
block T-cell inhibitory mechanisms, such
as those abrogating the immune check-
point CTLA-4 and PD1-PDL-1 pathways,
shows great potential. Combinations of
CAR-T cell therapies with these antibodies
are anticipated to make a substantial dif-
ference in the near future. Similarly to the
genetic modification of CAR-T cells
aimed to express specific chemokine recep-
tors, a plethora of genetic modifications
has been proposed to increase the fitness
of CAR-T cells within the tumor environ-
ment.” Some of the proposed modifica-
currently under  clinical
investigation. Although each single modi-
fication seems to have specific beneficial
effects, multiple mechanisms of resistance
can be developed by tumors. T cells must
accomplish simultaneously optimal traf-
ficking and persistence, while also retain-
ing an acceptable safety profile. In our

tions  are

recent study,® we developed an engineer-
ing strategy where an armed oncolytic
virus (OV), another single biological
agent, creates a favorable tumor environ-
ment for CAR-T cells.

OVs selectively infect, lyse and repli-
cate in malignant cells without affecting
non-malignant cells.” In addition, OVs
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have sufficient cargo capacity to insert
multiple ectopic genes that can be benefi-
cial for CAR-T cells. To investigate the
effect of combining armed OV and CAR-
T cells, we choose the neuroblastoma
model since this tumor model has been
previously targeted with CAR-T cells spe-
cific for the GD2 antgen.® We also
selected  an  oncolytic  adenovirus
(Ad5A24) that has been extensively used
in the clinic. We exploited the tropism of
the OV for the tumor cells and engineered
the virus to express both a chemokine and
a growth factor for the T cells in order to
achieve optimal trafficking of the engi-
neered T cells to the tumor site and to
generate a cytokine milieu that sustains
T-cell growth and survival. Therefore, we
armed Ad5A24 with chemokine (C-C
motif) ligand 5 (CCLS, better known as
RANTES) and interleukin  (IL)-15
(Fig. 1), 2 immunomodulatory molecules
selected on the basis of both clinical and

preclinical data. RANTES is also a very
potent chemokine and its receptors are
maintained in T cells expanded ex vivo.
Using this strategy, we anticipated that
tumor cells, regardless of their tissue ori-
gin, could be forced to ectopically express
RANTES after infection with the armed
OV. We hypothesized that this strategy
would promote efficient migration of the
infused CAR-T cells without the need to
select a chemokine/chemokine receptor
pathway specific for each single tumor
type. The cytokine IL-15 was selected for
its multiple beneficial effects on T cells,
and its overall ability to increase T-cell
anticumor functions. In our experimental
design, we demonstrated that neuroblas-
toma cells infected with Ad5A24.
RANTES.IL-15 produce functional levels
of RANTES and IL-15 both iz vitro and
in vivo, while the cytopathic effect of the
virus is conserved. In a xenogenic mouse

model, combined therapy with Ad5A24.

RANTES.IL-15 and GD2.CAR-T cells
significantly enhanced the survival of mice
as compared with either of the mono-
therapies. Furthermore, both RANTES
and IL-15 released by the armed OV were
predominantly detected at the tumor site,
rather than in the serum, indicating a pref-
erential local expression of both factors.
This strategy thereby circumvented the
toxicities associated with systemic admin-
istration of cytokines.®

In conclusion, our preclinical study
demonstrates that optimal trafficking and
survival of CAR-T cells can be obtained in
solid tumors by engineering an OV with-
out compromising its cytopathic effect. In
principle, similar genetic modifications
can be applied to OVs such as vaccinia
viruses and measles virus that have been
administered intravenously into patients to
treat metastatic tumors already.”'% Arming
these viruses using this proposed strategy
will not only favor the rapid recruitment of
tumor-specific T cells to the

CAR-T cell

Tumor cell ©t Ad5A24 RANTES.IL-15

Persistence within the Tumor |

primary lesions so infected
but will also enhance the
spread of the virus to other
tumor cells, thus amplifying
the therapeutic effect of the
viruses. In addition, consid-
ering the cargo capacity of
these viruses, other relevant
genes that may further over-
come inhibitory mechanisms
can be accommodated.
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Figure 1. Combined therapy with CAR-T cells and Ad5A24 armed with RANTES and IL-15. Oncolytic viruses (OVs)
selectively infect and lyse tumor cells, and then spread to neighboring tumor cells. Virus-infected tumor cells release
both proteins and undergo apoptosis. The chemokine RANTES attracts circulating chimeric antigen receptor (CAR)
modified T cells {CAR-T) to the virus infected tumor site and migrated CAR-T cells persist by virtue of interleukin 15
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