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Target Antigen Density Governs the Efficacy of
Anti-CD20-CD28-CD3 { Chimeric Antigen
Receptor—-Modified Effector CD8" T Cells

Keisuke Watanabe,*! Seitaro Terakura,*! Anton C. Martens,”* Tom van Meerten,®
Susumu Uchiyama,” Misa Imai," Reona Sakemura,* Tatsunori Goto,* Ryo Hanajiri,*
Nobuhiko Imahashi,* Kazuyuki Shimada,** Akihiro Tomita,* Hitoshi Kiyoi,*
Tetsuya Nishida,* Tomoki Naoe,*** and Makoto Murata*

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.

himeric Ag receptor (CAR)—transduced T (CAR-T) cell
therapy is an emerging therapeutic strategy for refractory
acute lymphoblastic leukemia (ALL) and chronic lym-
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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 (3-3). This technol-
ogy has two main potential benefits over TCR gene insertion. One is
that Ag recognition by CAR is independent of HLLA, 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 ERBB?2 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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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 effect (15).

CD20 is an activated glycosylated  phosphoprotein  that is
expressed on the surface of B lymphocytes, Ananti-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 achieved 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 mADb therapy-refractory, CD20-downregulated
B cell tumors (24, 26, 27).

Materials and Methods
Cell lines

K562, CCRE-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-
Lyl10 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 p-gluta-
mine, and 1% penicillin-sueptomycin. 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-x (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 mAb) (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
12Gy 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 (EGER, the two proleins were coex-
pressed at equimolar levels from a single transeript, Cell-surface tEGFR
wias detected using the biotinvlated anti-EGFR mAb Erbitux (Bristol-
Myers Squibb, New York, NY). The CD20CAR transgene was asseni-
bled by overlap extension PCR (34). CD20CAR was inserted into LZRS-
pBMN-Z. using HindIIl 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 (G Healthcare, Wauwatosa, WI). CD8" lym-
phoeyies were then purified with immunomagnetic beads (Miltenyi Biotec,
Bergisch Gladbach, Germany). activated with anti-CD3/CD28 beads
(Invitrogen, Carlsbad, CA), and tansduced on day 3 after activation with
the recombinant human {ibronectin 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 1L-2 to a final concentration of 50 IU/mi. CAR-
positive cells were enriched using immunomagnetic selection with biotin-
conjugated anti-EGFR mAb and streptavidin beads (Miltenyi Biotec). The
ransduced 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 117 and supplemented with 1L-2 1o 50 IU/ml (29).

Flow cyvtometry

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

51
['Cr] 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 107 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 coculure 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:] 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-vy and anti-CD8-allophycocyanin mAb (BD
Biosciences). As a positive control for cytokine production, cells were
stimulated with 10 ng/m! PMA and | 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 IEN-y, TNF-«, 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 uM 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 mAD,
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 [: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 1II, 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 IgG-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

913

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 L.CL, and then used
for subsequent experiments. The expression of CAR/tEGFR
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 (CD287, 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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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 IgG4 hinge; linker, an 18-aa-long GGGS linker; Vy, H chain
variable fragment: V|, L chain variable fragment. (B) Surface expression of CD20CAR and tEGFR after transduction. CD8" cells were selected and
transduced 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/tAEGFR 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 vy-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
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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
IMFI}: 126/sABC: 240 molecules): CD20~low CEM (L-CEM)

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

(M-CEM) (CD20-MFL: 2396/sABC: 26,900 molecules): and CD20-
hich 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 ines 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 lvmphoma with very weak expression of
CD20 and who became resistant to rituximab (26, 27). The ex-

(CD20-MFI: 576/sABC: 5320 molccules): CD20-medium CEM pression levels of CD20 by RRBLT 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; &, RRBLI 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: C,
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 [*'Cr] release assay. The means = SD of
triplicate wells are shown (**p < 0.01, ***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 (O). 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
#35 9,922 123,353
#94 576 5.320
wo 15.672 200.009
w7 13,180 166,571
wi2 1,063 10,960
w40 5414 64,824
w4 17,930 230,546
wll4 1,125 11,689
w127 749 7,303
w132 1,497 16,104
widl 669 6,383
w147 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 e 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
CDS58 was negative in WILL?2 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-
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nificant CDC, whereas CD20-CEMs with an MFI of 1000-3000
(equivalent to sSABC 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 [5 1Cr] 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 (MFL 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 ]03). 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
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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 (o 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, 2,5, 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.
Data were pooled from three independent experiments with CD20CAR-T cells from three donors. Means and SEM are shown (**%p < (0.0001, two-way
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 [rom 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). (1)
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:] 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).

1

stimulation was approximately half that after M-CEM stimulation
in repeated experiments (n = 3). Because we observed no significant
difference in intracellular IL-2 production (Fig. 3F), the low IL-2
concentration after H-CEM stimulation may have refiected 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. 31).

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-MFI: 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 RRBLI and WILL2, respectively. (€) 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' wumor cell lines
was investigated. CD20CAR-T cells lysed both CD20" cell lines,
RRBL1 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

A

3o

£
FIGURES. Cytotoxicity of CD20CAR-T cells against &
CD20-downregulated primary CLL cells. (A-C) CD20 E 40
expression and cytotoxicity against CLL cells isolated \2 20
from an untreated patient (A), before administration of ©
ofa (preofa) (B), and 14 d after the 10th course of ofa
(postofa) (C). CLL cells were isolated from the periph- CD20
eral blood of a patient with rituximab-refractory CLL. 10

Residual CLL cells after rituximab treatment were iso-
lated from the peripheral blood of a patient at two dif-
ferent time points, pre- and postofa. Upper panels show
CD20 staining (solid line) and isotype control staining
(gray shaded). Lower panels show cytotoxicity by
CD20CAR-T cells against CLL cells at the indicated
E:T ratjos in the [?'Cr] release assay. Filled circles 10:1
and squares denote cytotoxicity by CD20CAR-T and

untransduced T cells, respectively. The means = SEM of

three independent experiments with CD20CAR-T cells D

% specific lysis
-
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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 Iytic 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 lvsed 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™
Iymphoid 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
Iytic activity of CD20CAR-T cells was remarkable (Fig. SA). 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
CD5* CLL cells (data not shown), remained in the peripheral
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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 tow fraction disappeared, and CD20 expression
by CLL cells was almost uniformly nearly negative (Fig. 5C.
upper panely, 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 [P'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 panely. With an intracellular IFN-y 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. 5D).

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 sclection, 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 Tower 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 Iytic 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 alfinity 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 (K value: OUBM
mAb, 10,09 nM: rituximab. 5.35 nM) (25). Using a mAb with this
range of affinity, both thresholds of CAR-T cells were close (o
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 BOEY 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 scarches for target Ag in CAR-T therapy. Suitable target
Ags for CAR-T cell therapy are considerably different from those for
mADb 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 mAb 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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