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Despite the remarkable initial efficacy of CD19 chimeric Ag receptor T (CAR-T) cell therapy, a high incidence of relapse has been
observed. To further increase treatment efficacy and reduce the rate of escape of Ag-negative cells, we need to develop CAR-T
cells that target other Ags. Given its restricted expression pattern, CD37 was considered a preferred novel target for
immunotherapy in hematopoietic malignancies. Therefore, we designed a CD37-targeting CAR-T (CD37CAR-T) using the single-
chain variable fragment of a humanized anti-CD37 Ab, transmembrane and intracellular domains of CD28, and CD3f signaling
domains. High levels of CD37 expression were confirmed in B cells from human peripheral blood and bone marrow B cell
precursors at late developmental stages; by contrast, more limited expression of CD37 was observed in early precursor B cells.
Furthermore, we found that human CD37CAR-T cells with longer spacer lengths exhibited high gene transduction efficacy but
reduced capacity to proliferate; this may be due to overactivation and fratricide. Spacer length optimization resulted in a modest
transduction efficiency together with robust capacity to proliferate. CD37CAR-T cells with optimized spacer length efficiently
targeted various CD37+ human tumor cell lines but had no impact on normal leukocytes both in vitro and in vivo. CD37CAR-T
cells effectively eradicated Raji cells in xenograft model. Collectively, these results suggested that spacer-optimized CD37CAR-T
cells could target CD37-high neoplastic B cells both in vitro and in vivo, with only limited interactions with their normal leukocyte
lineages, thereby providing an additional promising therapeutic intervention for patients with B cell malignancies. The Journal
of Immunology, 2021, 206: 1�13.

Several modes of cancer immunotherapy, including native or
drug-conjugated antitumor Abs, immune checkpoint inhibi-
tors, and chimeric Ag receptor T (CAR-T) cells have been

administered in patients in clinical settings and have resulted notably
improved outcomes (1�7). Among these novel therapeutic options,
administration of CD19-targeting CAR-T (CD19CAR-T) has dra-
matically improved the complete remission rate for B cell acute
lymphoblastic leukemia (B-ALL) and diffuse large B cell lymphoma
(DLBCL); CD19CAR-T therapy has recently been approved for
relapsed/refractory B-ALL and DLBCL (8�10). However, relapses
were observed even among B-ALL patients who achieved complete
remission in response to CD19CAR-T cell therapy, and only �40%
of patients achieved long-term survival (11). Furthermore, approxi-
mately one third of relapses were CD19 negative (3, 12, 13), and
the efficacy of CD19CAR-T therapy for the treatment of DLBCL is

slightly inferior to the responses seen in B-ALL. As such, new ther-
apies targeting other Ags are needed to improve overall therapeutic
efficacy and to prevent immunological escape secondary to CD19
Ag loss.
CD37 is a four�transmembrane (TM) protein and belongs to the

tetraspanin superfamily. The molecular function of tetraspanins as a
group has not been completely elucidated. All immune cells express
one or more tetraspanins of various types (14). The tetraspanin CD37
promotes survival of IgG1-producing B cells via a4b1 integrin sig-
nals (15) and negatively regulates TCR signaling (16) and peptide/
MHC presentation from APCs (17). Previous reports have docu-
mented that CD37 expression is restricted to immune cells; it is
highly expressed in mature B cells (14, 16, 18, 19) and to a limited
extent in immune cells other than B cells (20). High levels of CD37
were detected in mature B cell tumors including follicular lymphoma,
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mantle cell lymphoma, and chronic lymphocytic leukemia (21�23)
and in some T cell tumors (24). By contrast, CD37 expression was
not detected in B-ALL or multiple myeloma (21). As such, CD37
may be an ideal target for new immunotherapeutic strategies because
of its restricted expression pattern among normal leukocytes and
robust expression in association with specific neoplastic diseases (25,
26). Because CD37 is considered to be one of the most promising tar-
gets for the development of new immunotherapies, we have focused
our studies on CAR-T cell therapy that targets this Ag.
CAR-T cell therapy is a revolutionary and effective treatment

option for various tumors; the chimeric receptors facilitate recogni-
tion of specific targets and may continue to function until the Ag-
positive cells are fully eradicated. Interestingly, there are reports of
profound B cell deficiency developing in response to CD19CAR-T
cell therapy (27�29); this relatively common event was not fatal and
could be ameliorated with i.v. Ig. By contrast, complete eradication
of T cells, neutrophils, and monocytes will likely result in a more
fatal immunodeficiency (30). As such, evaluation of CD37 expres-
sion together with optimization of the affinity for CD37 are impor-
tant features of any new CD37-targeting CAR-T (CD37CAR-T)
cells. Numerous factors contribute to the comparative affinity and
cytotoxic activity of CAR molecules, most notably the precise
nature of the hypervariable region that directly recognizes CD37;
however, the nature and length of the spacer domain that connects
the hypervariable and TM region may also have an impact on the
overall outcome (31�34). Two previous reports demonstrated the
development of CD37CAR-T, in which they did not mention any
significant fratricide of the CD37CAR-T cells (35, 36). We observed
growth inhibition during culture in CD37CAR-T with longer spacer
domain. Thereafter, we developed a novel, to our knowledge,
CD37CAR molecule with optimized spacer length that retains excel-
lent antitumor efficacy with minimal impact on normal CD371

cells.

Materials and Methods
Cell lines

The Karpas1106P tumor cell line was obtained from the European Collection
of Authenticated Cell Cultures. The SUP-T1 and MM1-S tumor cell lines
were obtained from the American Type Culture Collection. Tumor cell lines
including K562, Daudi, Raji, NAB, ALL-1, B-ALL-1, Ramos, SU-DHL4,
SU-DHL6, SU-DHL10, Molt-4, NPhA1, Kasumi-1, MV4-11, OCI-AML3,
MOLM-13, HL-60, NOMO-1, OCI�Ly-1, OCI�Ly-10, U266, Jurkat, Will-
2, NALM-6, and ATN-1 were maintained in our laboratory. Dr. N. Hosen
(Osaka University, Osaka, Japan) kindly provided us with the KMS-12-BM,
RPMI 8226, and NCI-H929 tumor cell lines. To create CD37-positive K562
(CD371K562) cells, we cloned full-length CD37 cDNA from Ramos cells
and transduced K562 cells via a retroviral vector described elsewhere (37).
Raji cells expressing firefly luciferase (Raji-ffluc) were generated by lentivi-
ral transduction with the GFP-ffluc gene, followed by FACS for GFP
expression.

Human subjects

The research protocols of this study were approved by the Institutional
Review Board of Nagoya University Graduate School of Medicine (approval
number 2014-0081). Peripheral blood (PB) cells, bone marrow (BM) cells,
and tumor cells were obtained from patients or healthy donors after written
informed consent was obtained in accordance with the Declaration of
Helsinki.

Quantification of CD37 molecules

CD37 expression on the surface of PB cells from healthy donors was evalu-
ated using QIFIKIT (Dako, Glostrup, Denmark) described elsewhere (37).
Ab-binding capacity (ABC; molecules per cell) was determined on the basis
of the results from a standard regression line between fluorescence intensity
and Ag density. Specific ABC (sABC) was determined by subtracting the
background Ab equivalents from the isotype control (38).

Anti-CD37CAR design and vector construction

To generate CD37CAR constructs, we created single-chain variable frag-
ments (scFv) based on sequences from an anti-CD37 Ab (CD37 scFv
sequence; Supplemental Table I). The CD37CAR construct also included the
hinge, the CD28 TM domain, the CD28 intracellular domain, and the CD3z
signaling domain. CD37CAR was fused to a truncated version of the epider-
mal growth factor receptor (tEGFR) that lacked the epidermal growth factor
binding and intracellular signaling domains located downstream of the
self-cleaving T2A sequence (39, 40). Cell surface tEGFR was detected using
the biotinylated Erbitux (cetuximab) mAb for EGFR (Bristol-Myers Squibb,
New York, NY). In the previous reports, we have shown that the CAR stain-
ing and tEGFR staining can demonstrate transduction efficiency with compa-
rable results and high reproducibility (37, 40). The CD37CAR transgenes
were assembled and packaged into LZRS�pBMN-Z by NEBuilder HiFi
DNA Assembly Cloning Kit (New England BioLabs, Ipswich, MA).
CD37CAR-encoding retrovirus was produced using the Phoenix-Ampho sys-
tem (Orbigen, San Diego, CA).

Generation, expansion, and selection of CD37CAR-transduced,
CD8-positive T cells

Except where indicated, all CAR-transduced cells were generated from
CD81 T cells. CD81 T cells were purified with anti-CD8 immunomagnetic
beads (Miltenyi Biotec, Bergisch Gladbach, Germany) from healthy donor
PBMCs; these cells were activated with anti-CD3/CD28 beads (Invitrogen,
Carlsbad, CA) and cultured in RPMI 1640 medium containing 10% human
serum, 0.8 mM L-glutamine, 1% penicillin�streptomycin, 0.5 mM 2-ME,
and recombinant human IL-2 to a final concentration of 50 IU/ml. On days
3 and 4 of culture, activated CD81 T cells were transduced by centrifugation
at 2100 rpm for 120 min at 32�C on recombinant human fibronectin (Retro-
Nectin; Takara Bio, Otsu, Japan) preloaded with the retroviral vector. At 3 d
after transduction, CD37CAR-tEGFR�positive cells were selected by the
biotinylated Erbitux Ab and anti-biotin immunomagnetic beads (Miltenyi
Biotec). Purified CD37CAR-T cells were restimulated with anti-CD3/CD28
beads and expanded for subsequent experiments.

Flow cytometry

All samples were analyzed by flow cytometry on the FACSAria II and
FACSCanto II (BD Biosciences, San Jose, CA) and analyzed with FlowJo
(Tree Star, Ashland, OR).

Ab information

Biotinylated Erbitux and streptavidin (St)�PE or St-BV421 were used to
identify cells that expressed tEGFR. All fluorescent dye�conjugated Abs
were from the manufacturers indicated: St-PE, St-APC, and St-BV421,
CD8-APC (clone RPA-T8), CD10-PE (HI10a), CD19�PE-Cy7 (HIB19),
IFN-g�FITC (4S.B3), IL-2�APC (5344.111), and CD45RA-FITC (L48)
were from BD Biosciences and purified unconjugated anti-CD37 and CD37-
FITC (M-B371) were from BioLegend (San Diego, CA). Reagents used in
the humanized mice experiments including anti�human CD (hCD)45�APC
(HI30), anti-hCD3�APC-Cy7 (UCHT1), anti-hCD33�APC (WM53), anti-
hCD34�PE (581), anti-mouse CD45-PerCP (30-F11), and 2-(4-amidino-
phenyl)-1H-indole-6-carboxamidine solution were obtained from BD Bio-
sciences. Anti-hCD45�APC�Alexa Fluor 750 (HI30) was obtained from
Thermo Fisher Scientific (Waltham, MA). Before using PB or BM samples
for flow cytometry, RBCs were lysed using BD FACS Lysing Solution (BD
Biosciences).

Annexin V/propidium iodide assay

CD37-negative cell line NALM6 was lentivirally transduced with CD37, and
CD371NALM6 was sorted into untransduced, low (CD37-low), middle (CD37-
middle), and high (CD37-high) NALM6 by CD37 expression levels. To identify
apoptotic cells derived from CAR-T cells and NALM6 differentially, CD37CAR-
T cells were stained by CellTrace Violet (CTV; Thermo Fisher Scientific).
CD37CAR-T cells were cocultured in a 1:1 mixture with NALM6 cell lines and
then stained using APC annexin V apoptosis detection kit with propidium iodide
(PI) (BioLegend) according to the manufacturer’s protocol at 4, 8, and 24 h
poststimulation.

Fratricide analysis

CD31 T cells were isolated with anti-CD3 immunomagnetic beads (Miltenyi
Biotec) from donor PBMCs and were separately cultured as target cells and
CD37CAR-T cells. The CD37CAR-T cells with various spacer lengths and
tEGFR-T cells were generated as described in the previous paragraph. The
autologous target cells were stimulated with CD3/28 beads and IL-2 50 U/
ml every 3 d for 10 d. On day 10, the target cells were stained by CTV and
cocultured in a 1:1 mixture with autologous CD37CAR-T cells with IL-2 20
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U/ml. After 24 h of coculture, cells were analyzed by flow cytometry. For
live cell enumeration, 7-aminoactinomycin D (7AAD)�negative live cells
were first gated, then the percentages of CTV� and CTV1 cells were calcu-
lated. For annexin V/PI analysis, all CTV1 target cells were gated, then
annexin V1 apoptotic cells were enumerated within CTV1 target cell gate.

Intracellular phospho-flow analysis

CAR-T cells and Raji tumor cells (CD191 and CD371) were mixed at a 1:5
ratio, spun down briefly, and incubated at 37�C for 5 min for phospho-CD3z
and for 30 min for phospho-p38 and phospho-ERK. Cells were then fixed
by the addition of 2% paraformaldehyde at 37�C for 10 min, permeabilized
in ice-cold 90% methanol, and left on ice for 30 min. For staining, the fol-
lowing phospho-specific Abs were used: CD3z (pY142, clone K25-407.69;
PE-conjugated; BD Biosciences), p38 (pT180/pY182, clone D3F9; unconju-
gated; Cell Signaling Technology, Danvers, MA), and ERK1/2 (pT202/
pY204; unconjugated; Cell Signaling Technology) and donkey anti-rabbit
IgG�Alexa Fluor 647 (secondary Ab; BioLegend).

Intracellular cytokine staining

CD37CAR-T cells and CD37-K562 were mixed at a 1:1 ratio in the pres-
ence of brefeldin A (Sigma-Aldrich) and then fixed and permeabilized with
Cell Fixation/Permeabilization Kits (BD Biosciences) for evaluation of intra-
cellular cytokine expression. After fixation, CTLs were identified with anti-
CD8 mAb. The presence of intracellular anti�IFN-g and anti�IL-2 were
detected using specific Abs noted earlier (BD Biosciences). In experiments
with patient-derived tumor cells, cells from thawed samples were applied to
a Dead Cell Removal Kit (Miltenyi Biotec) to purify live cells according to
the manufacturer’s instructions.

Raji tumor cell xenograft model

The murine experimental procedures were approved by the Institutional Ani-
mal Care and Use Committee of Nagoya University Graduate School of
Medicine (approval number: 20266). Seven-week-old male NOD/Shi-scid
IL-2Rg knockout (NOG) mice were inoculated with 5 � 105 Raji-ffluc cells
via tail vein injection. Seven days later, 5 � 106 tEGFR1 T cells,
CD37CAR-T cells, or CD19CAR-T cells were transferred to the mice also
by tail vein i.v. injection. For bioluminescence-based measurement of tumor
growth, animals were injected i.p. with 10 ml/g body weight of 15 mg/ml
firefly D-luciferin in PBS. Tumor progression was monitored every 7 d with
the IVIS Spectrum System (Caliper Life Science, Waltham, MA).

Generation of the humanized mice model

hCD341 cells were isolated from cord blood obtained from Chubu Cord
Blood Bank (Seto, Japan) using immunomagnetic beads (EasySep Human
CD34 Positive Kit II; VERITAS, Santa Clara, CA). The isolated CD341

cells were stored in liquid nitrogen until use. Seven-week-old male NOG
mice were sublethally irradiated with 1.5 Gy (Hitachi Medical Corporation,
Tokyo, Japan). On the following day, mice were inoculated with 3.6 � 104

hCD341 cells by i.v. injection. Twelve weeks later, BM aspiration was per-
formed from the femurs of these mice, and engraftment of hCD451 cells
was confirmed (41). The following day, these mice received 5 � 106 control
T cells, CD37CAR-T cells, or CD19CAR-T cells by i.v. injection. Seven
days later, the mice were sacrificed, and BM was collected from both
femurs, and the frequencies of hCD45, hCD3, hCD33, hCD34, hCD19, and
hCD37 were assessed by flow cytometry.

Statistical analysis

All experimental data are presented as mean ± SEM. Data were ana-
lyzed using paired two-tailed Student t tests to evaluate statistical differ-
ences between two groups. Differences among three or more groups
were evaluated with one-way ANOVA, followed by Bonferroni test.
Two-way ANOVA followed by Bonferroni multiple comparison test
was used to assess differences among multiple treatment groups. Statis-
tical analysis was performed on GraphPad Prism 8 software (GraphPad
Software, La Jolla, CA).

Results
CD37 expression in normal BM and PB leukocytes and in activated
T cells

CD37 expression has been reported to be high in some lymphoid
cells and weak in cells from other leukocyte lineages (21, 42). To
confirm the tissue restriction of CD37, we explored its expression
by PB leukocytes from healthy donors (Fig. 1A). Some of the cells

within the lymphocyte gate showed high CD37 expression; CD37
expression was comparatively limited in other cells. The expression
level of CD37 on the surface of single cells was evaluated quantita-
tively (Fig. 1B). High levels of CD37-sABC were detected in a
subset of lymphocytes; comparatively low CD37-sABC was
detected among the remaining lymphocytes, as well as neutrophils
and monocytes (sABCs per cell for CD37: (high) lymphocytes,
91,600.0 ± 4,089.6; (low) other lymphocytes 2,917.7 ± 184.2; neu-
trophils, 3,612.4 ± 122.4; monocytes, 3,484.1 ± 166.1). CD37-high
cells were confirmed as CD191 B lymphocytes (99.5�100.0%,
n = 5; Supplemental Fig. 1A, 1B). We confirmed that only a part
of CD191 cells were CD371 in PB leukocytes, whereas neutro-
phil, monocytes, and CD19-negative cells were weakly CD37
positive.
Although the CD37 expression in T cells under steady-state con-

ditions has been examined, there are few data on changes in the
CD37 expression under inflammatory conditions. Therefore, the
transition of CD37 expression on CD31 T cells after CD3/CD28
stimulation was evaluated (Fig. 1C). The mean fluorescence inten-
sity (MFI) ratio showed a slight, transient increase on the day after
activation with CD3/CD28 beads; expression of CD37 returned to
baseline within 24 h and remained constant thereafter.
CD37 expression during B cell differentiation was evaluated

using BM samples from healthy donors (Fig. 1D). Differentiation
into CD191 B cells was evaluated at four differentiation stages
demarcated by expression of CD10 and CD45 Ags (43). In the frac-
tion identified as early precursors (fraction A) through early inter-
mediates (fraction B), CD37 expression was as low and could not
be differentiated from those of other leukocyte lineage precursors;
by contrast, we detected a significant increase in CD37 expression
among late intermediate precursors (fraction C). Mature B cells in
the BM (fraction D) expressed CD37 to the same extent as B cells
in PB.

Generation of the CD37CAR construct and the impact of spacer
length on the proliferation and viability of CAR-T cells

To generate an effective CD37CAR construct, we created an scFv
that included an L chain and an H chain based on the DNA
sequence of the humanized anti-CD37 Ab (Supplemental Table I).
The CD37CAR molecule was constructed by linking the spacer
domain (the hinge and H chain C region), the CD28 TM domain,
the CD28 intracellular domain, and CD3z signaling components to
the scFv (Fig. 2A). Because there was a concern that the CAR-T
cells might attack each other, as they themselves express CD37
weakly, we attempted to adjust the sensitivity of the CD37CAR by
optimizing the length of the spacer domain (hinge and C region)
that follows the anti-CD37 scFv. We created a series of CD37CAR
molecules including one with no spacer (spacer length, 0 aa), in
which scFv and CD28 TM domain are directly linked to one
another without a spacer domain, to one with a 232-aa spacer that
included the entire IgG4-derived hinge and C region; others includ-
ing those with 15, 30, 60, and 125 aa were prepared. Because the
size of IgG-Fc hinge is 15 aa and the length of CH2 domain and
CH3 domain are 110 and 107 aa, we chose the size of twice the
length of Fc hinge (30 aa) and further longer version to test the
entire length of Fc-CH2-CH3 (232 aa). We found that the frequency
of tEGFR1 cells after gene transfer increased with increased spacer
length (Fig. 2B). The number of CD37CAR-T cells decreased as the
spacer length increased, although the differences observed did not
reach statistical significance (Fig. 2C). Each of the six different lines
of CD37CAR-T cells were purified, and proliferation was evaluated
in response to activation with irradiated cells from the CD371

Ramos cell line. Low levels of proliferation were observed for the
CD37CAR-T cells with the shortest and the longest spacers. The
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CD37CAR-T lines with relatively short spacers (15 or 30 aa) prolif-
erated most effectively (Fig. 2D). To investigate the association
between spacer length and degree of T cell apoptosis/cytotoxicity, we
performed annexin V/PI assay after coculture of CD37CAR-T with
0-, 15-, 125-, and 232-aa spacers and CD37 differentially expressed
NALM6 (Supplemental Fig. 2A). We observed significant difference
in apoptosis of CAR-T cells between CAR-T with shorter spacer (0
or 15 aa) and that with 232-aa spacer at 4 h poststimulation. At 8 h
poststimulation, we observed significant difference in apoptotic cells
between CAR-T with 15 aa and that with 232 aa except against
CD37-high target. There was a clear tendency of higher apoptotic cell
frequencies in CAR-T cells with longer spacer (Fig. 2E). In terms of
target cell apoptosis, there were significant differences among CAR-T

with different spacer length. In the earlier time point (4 and 8 h), the
lower proportions of target cells were apoptotic with the shorter
spacer CAR-T; however, the difference became smaller after 24 h of
culture (Fig. 2F, Supplemental Fig. 2B).
To clarify whether the CAR-T cell enrichment during initia-

tion culture was caused by fratricide, autologous T cells were
cultured separately from CAR-T, which were then labeled with
CTV and cocultured at a 1:1 ratio with CAR-T cells with differ-
ent spacer lengths. Within 7AAD-negative live cell gate, we
could clearly segregate target autologous T cells (CTV1) and
CAR-T/tEGFR-T cells (CTV�) (Supplemental Fig. 2C). In the
cultures with CD37CAR-T cells with longer spacer, we
observed the lower frequencies of target cells within live cell

FIGURE 1. CD37 expression in normal leukocytes and activated T cells. (A) CD37 expression in leukocytes isolated from normal donor PB. Neutrophils,
lymphocytes (L), and monocytes (M) were gated and analyzed for CD37 expression by flow cytometry. Gray histograms represent isotype control staining
for each cell lineage. (B) CD37 expression was quantified as ABC by using a QIFIKIT. (C) CD37 expression in activated T cells. T cells were stimulated
with CD3/CD28 beads on day 0, and surface expression of CD37 was determined. MFI of anti-CD37 and isotype staining were determined, and the ratio
between the two (CD37/isotype) was calculated. (D) CD37 expression on B cell precursors in healthy donor BM. Normal donor BM was gated as DAPI-neg-
ative/CD191 fraction and further analyzed on the basis of differential expression of CD10 and CD45. Fraction A, early B cell precursor; fraction B, early
intermediate B cell; fraction C, late intermediate B cell; fraction D, mature B cell. Gray histograms represent isotype control staining. Data are representative
of three independent donor BM samples. Assays were performed on three biologically independent samples (n = 3) with data presented as mean ± SEM in
(B) and (C). ****p < 0.0001, one-way ANOVA. NS, not significant.
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gate (Fig. 2G) and the higher frequencies of apoptotic cells
within CTV1 target cells (Fig. 2H).

Signaling after CD37 stimulation among CD37CAR-T cells with
different spacer length

To investigate the proximal and distal signaling after target Ag binding,
we performed intracellular phospho-flow analysis. A short 5-min stimu-
lation induced only small phosphorylation of CD3z in the CD37CAR-
T cells, whereas both the proportion of T cells with phosphorylation of
p38 and ERK and the MFI of staining were the highest in the
CD19CAR-T cells and the lowest in the CD37CAR-T with 15-aa
spacer (Fig. 3A�D). The background phosphorylation level was lower
in the CD37CAR-T cells compared with CD19CAR-T cells (Fig. 3B).
Taken together, by varying the spacer length of CD37CAR-T, we
could suppress fratricide in the early culture and activation induced cell
death and maintain cell proliferation after CD37 stimulation. The phos-
phorylation signal was attenuated by shortening the length of the

spacer. Accordingly, we used the CD37CAR line with the 15-aa spacer
for all further experiments performed in vitro and in vivo.

Cytokine secretion, cytotoxic function, and T cell proliferation upon
activation of CD371 cells

To explore the basic functions of CD37CAR-T cells in vitro, CD81

T cells of healthy donors were retrovirally transduced and evaluated.
The gene transduction efficiency was �60 and 80% for control
tEGFR-transduced and CD37CAR-transduced T cells, respectively
(Fig. 4A). After cell purification using tEGFR, the percentage of iso-
lated T cells that expressed CD37CAR achieved 95�100% (Fig. 4A).
CD37CAR-T cells produced IFN-g only after stimulation with

CD371 cells (Fig. 3B). CD37CAR-T cells responded with robust
production of IFN-g and IL-2 upon CD37-mediated stimulation
(Fig. 4C, 4D). A coculture assay was conducted to evaluate the
cytotoxic activity and cell proliferation of CD37CAR-T cells.
CD37CAR-T cells suppressed the proliferation of Raji-ffluc cells

FIGURE 2. Construction of CD37CAR and effect of spacer length on CAR-T generation and proliferation. (A) Schematic representation of CD37CAR. A
CD28 costimulatory domain was linked to anti-CD37 scFv-H/CH2CH3-CD28 TM domain, followed by CD3z and tEGFR. CH, H chain C region; H, IgG4-
derived hinge; VH, H chain variable fragment; VL, L chain variable fragment. (B) Transduction efficiency of CD37CAR after a single course of transduction
culture with cells from five different donors. CD31 lymphocytes were purified by immunomagnetic beads; these cells were transduced with CD37CAR, and
the frequencies of CAR1 cells were assessed. Percentages of CAR1 cells were determined from tEGFR1 cells from within the lymphocyte gate. All findings
represent mean ± SEM. *p < 0.05, ***p < 0.001, one-way ANOVA. (C) CD37CAR-transduced cell count after one course of transduction. Cell numbers
were determined by multiplying live cell count by the percentage of tEGFR1 cells. Data represent means ± SEM from five different donors. No significant
differences were observed (one-way ANOVA). (D) CD37CAR-T cell proliferation after stimulation. CD37CAR-T cells were purified and stimulated once
with g-irradiated Ramos cells at a 1:5 ratio and cultured with IL-2 supplementation (50 IU/ml). T cell expansion was measured by counting viable cells.
Results at day 28 from five different donors were shown. *p < 0.05, **p < 0.01, two-way ANOVA. (E) CAR-T apoptosis after 4 and 8 h coculture with
CD37 differentially expressed NALM6 cell lines. (F) NALM6 apoptosis after 8 and 24 h coculture. Percentages of apoptotic CAR-T cells and NALM6
(annexin V1/PI� and annexin V1/PI1) are shown from three different donors (one-way ANOVA). (G and H) Autologous T cells were cultured separately
from CAR-T, which were then labeled with CTV and cocultured for 24 h at a 1:1 ratio with CAR-T cells with different spacer lengths. (G) CTV1 target cells
within 7AAD-negative live cell gate and (H) apoptotic cells within all CTV1 cells (one-way ANOVA). Significance levels were shown only for the compari-
sons with significance. (E�H) *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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during the observation period (Fig. 4E, 4F). CD37CAR-T cell pro-
liferation after stimulation was evaluated both with and without
IL-2. We found that CD37CAR-T cells were activated by irradiated
Raji cells and grew to 15�20 times without IL-2 and to 60�80 times
in the presence of IL-2 (Fig. 4G, 4H).

Association between CD37 expression and cytotoxicity by CD37CAR-
T cells

CD37 expression in tumor cell lines derived from various leukocyte
lineages, including B cell lymphomas, was assessed (Fig. 5A).
Tumor cell lines derived from B cell lymphomas, including Burkitt
lymphoma, were characterized by relatively high CD37 expression.
Cell lines derived from multiple myeloma and B-ALL came from

tumors that originally expressed minimal or no CD37 expression
but currently demonstrate moderate CD37 expression. Tumor cell
lines derived from acute myeloid leukemia were weak CD371.
Cells from the various tumor cell lines were labeled with CFSE,

mixed 1:1 with CD37CAR-T cells, and cocultured for 72 h. Cocul-
ture with control tEGFR1 T cells resulted in survival and ongoing
increase in the number of tumor cells, whereas coculture with
CD37CAR-T cells suppressed the growth of tumor cell lines that
expressed even minimal quantities of CD37 (Fig. 5B). Tumor cell
lines that were clearly CD37 negative were not inhibited in response
to coculture with CD37CAR-T cells. Of note, we observed growth
suppression of tumor cells that expressed CD37 at lower levels than
PB T cells, neutrophils, and monocytes. Tumor cell lines with lower

FIGURE 3. Analysis of intracellular signaling after stimulation through the CAR. (A) Intracellular phospho-specific staining of p38 and ERK. CAR-T cells
and tEGFR-T cells were stimulated with Raji tumor cells at a 1:5 ratio for 30 min. Data are representative of three independent experiments with three
donors. (B�D) MFI data before and after stimulation of phospho-CD3z (B), phospho-p38 (C), and phospho-ERK (D). *p < 0.05, **p < 0.01, ***p < 0.001,
paired t test.
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levels of CD37 expression than those detected on OCI�Ly-10 cells
did not show complete CD37CAR-T�mediated tumor cell growth
inhibition. Of these, U266H, NALM6, and SUP-T1 demonstrated
no CD37CAR-T�mediated growth suppression, whereas other
CD37low cell lines showed detectable suppression (Fig. 5B).

Recognition of CD37 on normal leukocyte lineages in vitro and
in vivo

Given the aforementioned findings, there is significant concern that
CD37CAR-T cells may exhibit cytotoxic activity against healthy

leukocytes and thereby promote adverse events in CD37CAR-T cell
therapy. To investigate CD37CAR-T cell function with respect to
healthy PB leukocytes, CD37high lymphocytes, and CD37low lympho-
cytes, monocytes, and neutrophils were obtained from PBMCs of
healthy donors, and cytotoxic activity was investigated with 4-h stan-
dard chromium release assay (Fig. 6A), and cytokine production was
evaluated (Fig. 6B, 6C). Whereas we observed significantly higher
cytotoxic activity against CD371K562 and CD191 B cells, we fur-
ther observed weaker but significant cytotoxicity against K562,
CD31 T cells, and monocyte (Fig. 6A). Compared with T cells

FIGURE 4. Cytokine secretion, cytotoxic function, and T cell proliferation upon CD371 target cell stimulation. (A) Transduction and purification effi-
ciency of CD37CAR-T cells. After transduction, CD37CAR-T cells were purified with biotinylated anti-EGFR mAb and anti-biotin microbeads. Percentages
before and after tEGFR purification were determined by staining with anti-EGFR. (B�D) Intracellular IFN-g� or IL-2�positive cells after stimulation with
CD371K562 cells. Purified CD37CAR-T cells or tEGFR1 cells were stimulated with CD371K562 cells at an E:T ratio of 1:1 for 4 h; cells were then per-
meabilized and stained for intracellular IFN-g or IL-2. Representative flow plots are shown in (B), and summarized data from three different donors are
shown in (C) and (D). (E) CD37CAR-T cells were cocultured with live Raji-ffluc cells to assess their impact on both cytotoxicity and proliferation at an E:T
ratio of 1:1 for a total of 120 h; the percentage of remaining Raji cells was assessed every 24 h by flow cytometry. Representative flow plots are shown. (F)
Coculture findings from three unrelated donors. The frequencies of target tumor cells fraction were obtained by flow cytometry as shown in (E). (G and H)
Proliferation in response to single Ag stimulation was assessed using standard trypan blue dye exclusion (G) without or (H) with IL-2 supplementation (50
IU/ml) every 3 d. In 12-well tissue culture plates, 5 � 105 CD37CAR-T cells or control tEGFR1 T cells were stimulated with 5 � 105 g-irradiated Raji cells
(CD371). The number of live T cells was assessed using standard trypan blue dye exclusion. Findings are from three independent donors and presented as
mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Student t test was performed to evaluate each time point.
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expressing tEGFR only, CD37CAR-T cells resulted in significantly
higher cytokine production against the CD37high lymphocytes; this
was not observed after the stimulation with CD37low lymphocytes,
monocytes, or neutrophils. However, the extent of cytokine produc-
tion that resulted from CD37CAR-T activation by CD37high lympho-
cytes was lower than that detected after the stimulation with the
CD371K562 (Fig. 6B, 6C).
To explore the potential influence of CD37CAR-T cells on human

BM cells, we created humanized mice that can be used to test in vivo
impact against human BM cells. After 12 wk of cord blood�derived
CD341 cells injection, tEGFR1 T cells or CD37CAR-T cells were
injected i.v.; mouse BM cells were collected and evaluated both
before and after this event (Fig. 6D). The percentage of hCD451 cells
remained unchanged in response to injection (Fig. 6E). CD37 expres-
sion on hCD31, hCD191, hCD331, and hCD341 cell fractions
before and after injection of CD37CAR-T cells was evaluated in the
BM of humanized mice (Fig. 6F). We observed no apparent changes
in CD37 expression among the hCD31, hCD331, and hCD341 cells.
Furthermore, among the hCD191 cells, the CD37hi fraction detected
in BM prior to the CD37CAR-T cell injection disappeared in
response to this treatment; the responses of this fraction corresponded
with those of mature B cells in PB of healthy donors. From these
results, we conclude that only normal leukocytes targeted by
CD37CAR-T cells were CD37hi cells among CD191 fraction.
When CD19CAR-T cells were i.v. injected into the humanized
mice, hCD191 cells completely disappeared from the BM. By
contrast, when the CD37CAR-T cells were injected i.v., we
could still detect the hCD191 cell population, and expression of

CD37 in these hCD191 cells also remained unchanged (Fig.
6G).

Antitumor activity of CD37CAR-T cells

Because CD37CAR-T cells did not target human PB cells with
weak CD37 expression, we evaluated CD37CAR-T cell responses
to patient-derived tumor cells. Two patient-derived samples from
patients diagnosed with DLBCL were confirmed as CD191,
CD201, and CD371 (Fig. 7A). CD37CAR-T cells produced both
IFN-g and IL-2 after tumor cell stimulation; the production observed
was robust even when compared with that resulting from stimulation
with CD19CAR-T cells (Fig. 7B, 7C, Supplemental Fig. 3).
To explore the antitumor effect of CD37CAR-T cells in vivo,

we performed xenograft experiments with NOG mice inoculated
with Raji-ffluc cells (Fig. 8A, 8B). Injection of CD19CAR-T or
CD37CAR-T cells resulted in significant suppression of Raji
growth in NOG mice (Fig. 8C); introduction of CD37CAR-T
cells resulted in prolonged survival of NOG mice with Raji-ffluc
tumors compared with results from controls (Fig. 8D).

Discussion
To improve treatment efficacy for hematological malignancies, we
developed CD37CAR-T cells. CD37 is a membrane protein belong-
ing to the tetraspanin superfamily and is exclusively expressed in
immune cells (14, 16, 18, 19). CD37 is highly expressed in mature
B cell and in B cell malignancies; CD37 expression has also been
detected in some T cell malignancies. Because the Ag affinity of the
CAR molecule is generally quite high, there has been concern that
CD37CAR-T cells might be cytotoxic for endogenous T cells that
express low levels of CD37. To achieve both antitumor efficacy and
safety, we first evaluated CD37 expression in normal leukocyte
lineages.
There are various factors that influence the function of the CAR

molecule; the affinity of the Ag recognition region of scFv is of
course of major concern (44�46); however, it is also critical to
explore the impact of the location of the scFv epitope within the tar-
get Ag (47) and the type and number of costimulatory domains
(48�50). Proven strategies for avoiding fratricide include methods
that can knock down the target Ag on T cells and/or use of epitopes
that target a conformation identified only in tumor cells (47, 51, 52).
In this study, we focused on the length of the spacer domain. We
found that the length of the spacer has a clear impact on the capac-
ity of the CD37CAR molecule to recognize CD37 and to proliferate
in response to CD37-mediated activation (31�33). Specifically, we
found that a very small spacer reduced gene transfer efficiency and
limited the proliferation of transduced CAR-T cells. By contrast, a
very long spacer also resulted in poor proliferation of the CAR-
T�transduced cells. The differences in the rates of proliferation may
be because CAR-T cells with a longer spacer are more capable of
associating with a larger number CD37 Ags on target cells and,
thus, are more efficient at fratricide. We observed the higher rate of
apoptotic CAR-T cells in longer spacer CD37CAR-T, which was
further higher against CD37-mid or -high NALM6 cells; the mecha-
nism for the difference was mainly due to the attenuated signaling
mediated by the shorter spacer CAR-T. We consider that the long
spacer CAR could ligate with a wider range of target Ag within
immunological synapse and mediate stronger signals, resulting in
the apoptosis in the longer spacer CAR-T cells. Thus, we hypothe-
sized that the CD37CAR-T with longer spacer may exhibit more
robust immunological synapse (53); we have attempted to capture a
sense of this synapse by immunofluorescence staining, but thus far,
our results have been inconclusive. Because CD37 is known to be
extensively glycosylated glycoprotein, differential glycosylation of

FIGURE 5. Association between CD37 expression and CD37CAR-T
cell�mediated cytotoxicity. (A) CD37 expression of various tumor cell lines
and normal leukocyte lineages in PB. CD37 expression was analyzed with
flow cytometry. Burkitt, Burkitt lymphoma; T-ALL, T cell acute lympho-
blastic leukemia. CD37 DMFI was calculated as CD37 MFI minus the MFI
determined for the matched isotype. Dashed line was drawn at MFI deter-
mined for OCI�Ly-10. Data are representative of three repeated experi-
ments including normal PB cells from three independent donors. (B)
Coculture assays with various tumor cell lines targeted by tEGFR1 T cells
or CD37CAR-T cells. Various tumor cell lines as described in (A) were
labeled with CFSE and mixed with purified tEGFR1 or CD37CAR-T cells
at a 1:1 ratio. After 72-h incubation and T cell staining, percentages of
residual tumor cells were determined within the live cell gate and listed in
order of CD37 DMFI (triangles). Data presented are from the analysis of
three independent donors and presented as mean ± SEM.
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CD37 on normal and malignant hematopoietic cells may be another
possible mechanism (54). Two previous papers reported that they
did not observe any significant fratricide during the development of
CD37CAR-T cells (35, 36). We would be very interested to explore
the differences between the two preparations of CD37CAR-T cells.
For the remaining experiments, we used CD37CAR-T cells with a
moderate-sized spacer.
CD37 was weakly expressed in T cells isolated from PB of

healthy donors, as described previously (20). Because CAR-T cells
are activated by stimulation with the target Ag, we evaluated the
CD37 expression in the activated T cells. We observed a transient
increase in CD37 expression on activated T cells shortly after stimu-
lation; CD37 levels then returned to baseline levels that were com-
parable with those of unstimulated T cells. It is important to
recognize increased levels of CD37 expression were still much

lower than those detected on B cells; as such, we anticipated that
the transient CD37 upregulation would not result in self-destruction
of the larger CD37CAR-T cell population. However, to the best of
our knowledge, no data have examined CD37 expression in strong
inflammatory conditions such as graft-versus-host disease, and it
remains possible that CD37CAR-T may recognize upregulated
CD37 in the strong inflammatory conditions. We also examined
CD37 expression during B cell maturation in the BM. CD19 is also
strongly expressed in immature B cells. CD37 expression increases
gradually with B cell maturation; CD371 cells can be detected in
the CD191 cell fraction. We anticipate that the effect of
CD37CAR-T cells on normal B cells would be somewhat less than
that of CD19CAR-T cells.
From the viewpoint of the safety, it will be important to

make CAR-T cells not to recognize normal cells (30). To

FIGURE 6. Recognition of CD37 on normal leukocytes in vitro and in vivo. (A) tEGFR1 and CD37CAR-T cell cytotoxicity against K562, CD371K562,
and normal leukocyte fractions. (Standard chromium release assay at E:T ratio of 1:1.) Data are summarized from three independent donor CD37CAR-T
cells. (B and C) tEGFR1 and CD37CAR-T cells positive for intracellular IFN-g and IL-2 after stimulation with K562, CD371K562 cells, or normal leuko-
cytes. Purified CD37CAR-T cells or tEGFR1 cells were stimulated with flow-sorted or bead-purified normal PB-derived cells at an E:T ratio of 1:1 for 4 h
then permeabilized and stained for intracellular IFN-g (B) and IL-2 (C). Data are summarized from three independent donors. *p < 0.05, **p < 0.01, ***p <

0.001, Student t test. (D) Schematic representation of the in vivo experimental design. After irradiation with 1.5 Gy on day �1, NOG mice were inoculated
with 1 � 105 cord blood CD341 cells via tail vein injection on day 0. Twelve weeks later, after human-derived hematopoiesis was confirmed, mice received
either 5 � 106 tEGFR-transduced or CD19CAR-T or CD37CAR-T cells. BM samples were analyzed before and after T cell infusion for frequencies of
hCD451 as well as CD31, CD191, CD331, and CD341 cell fractions. (E) Percentages of hCD451 cell in BM of the humanized mice. Shown are frequen-
cies within live cell gate (paired t test). (F) Representative flow plots of CD37 expression before and after CD37CAR-T cell infusion. Gray histograms repre-
sent isotype staining; dotted lines represent expression prior to infusion, and blue lines are after infusion. Pink, red, and green lines represent normal levels of
CD31, CD191, and CD331 cells from donor PB, respectively. Shown are representative results from two different cord blood sources, and each condition
contained two to three mice (total of five mice for CD37CAR-T infusion). (G) Representative flow plots of CD3�CD191 fraction and CD37 expression. Fre-
quencies of hCD451 cells and CD3�CD191 cell fraction were determined as described in (E). CD37 expression on cells in the CD3�CD191 fraction after
CD19CAR-T infusion cannot be included, as only a limited number of cells were available. Gray histograms represent isotype staining; black lines are CD37
expression after infusion.
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evaluate the potential effect on the normal leukocytes, PB
cells isolated from healthy donors were cocultured with
CD37CAR-T cells, and cytotoxic activity and cytokine pro-
duction were analyzed. CD37CAR-T�mediated cytotoxic
activity was demonstrated against CD37-high cells such as
CD371K562 and CD191 B cells and other CD37-low cells
(K562, CD31 T cell, and monocyte). In terms of cytokine pro-
duction, we observed significant cytokine production for B
cells that expresses high levels of CD37, whereas we observed
no significant response to other leukocyte lineages. Although
cytotoxic activity as an immediate response was seen against
some normal cells, this response was not reflected in cytokine
production. The responses to normal B cells were not strong
compared with those observed to tumor cell lines that express
CD37 at high levels. Although there remain concerns regard-
ing the potential for CD37CAR-T cell fratricide and, likewise,
cytotoxic activity on normal PB leukocytes, we observed no
evidence suggesting that our cell preparations targeted any-
thing other than B cells. In addition, mice that were reconsti-
tuted with hCD341 progenitor cells so as to mimic human
hematopoiesis were created to evaluate the effect of
CD37CAR-T cells on human BM function (41). Although
CD19CAR-T cells clearly targeted the CD191 cells in the BM

of humanized mice, CD37CAR-T cells had no clear impact on
this population, which maintained low levels of hCD37
expression throughout. As expected, when comparing BM
before and after CD37CAR-T infusion, only the human B
cells that expressed high levels of CD37 had disappeared.
Taken together, our results suggest that the impact of
CD37CAR-T cells on normal BM function might be smaller
than that observed in response to CD19CAR-T cells. These
results are consistent with previous reports that have also
shown that CD37CAR-T cells have little effect on normal leu-
kocytes (35).
By optimizing the spacer length, we have developed CD37CAR-T

cells that maintain the antitumor effect while minimizing the impact
on normal cells. In a study in immunodeficient mice, CD37CAR-T
cells strongly suppressed the growth of transplanted Raji cells and
prolonged the survival time of xenografted mice, although its capac-
ity to inhibit tumor cell growth was slightly inferior to that of
CD19CAR-T cells. This might be the result of very low levels of
fratricide associated with self-ligation of CD37 by CD37CAR mole-
cules on the surface of T cells. Because CD37CAR-T cells with
shorter spacer exhibited attenuated signaling after CD37 Ag binding,
insufficient signaling and activation would be possible explanation
for the inferior in vivo function to the CD19CAR-T cells.

FIGURE 7. CD37CAR-T cells recognize patient-derived tumor cells. (A) Expression of CD19, CD20, and CD37 on patient-derived tumor cells. Dead cells
were removed after thawing. Sample 1 was derived from a patient diagnosed with DLBCL, and sample 2 was from a patient with double-hit lymphoma.
(B and C) Intracellular IFN-g�positive cells after stimulation with patient-derived tumor cells. Purified tEGFR1 cells, CD19CAR-T cells, or CD37CAR-T
cells were stimulated with tumor cells at an E:T ratio of 1:1 for 6 h and then permeabilized and stained for intracellular IFN-g in (B) and for intracellular IL-
2 as shown in Supplemental Fig. 2. Representative flow plots are shown in (B) and in Supplemental Fig. 2. Representative flow plots are shown in (B) and in
Supplemental Fig. 2. The data are summarized from three independent donors as shown in (C). Each dot represents the result from a single donor. *p < 0.05,
**p < 0.01, ***p < 0.001, paired t test.
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FIGURE 8. In vivo antitumor activity of CD37CAR-T cells. (A) Schematic of the in vivo experimental design. NOG mice were inoculated with 5 � 105

Raji-ffluc cells via tail vein injection on day 0. On day 7, mice received 5 � 106 nontransduced T cells, tEGFR-transduced T cells, CD19CAR-T cells, or
CD37CAR-T cells. The tumor burden of each mouse was then evaluated via weekly bioluminescent imaging. (B) Bioluminescence of mice receiving differ-
ent treatments. Shown are representative experiments of genetically modified T cells from two different donors (n = 2 for tEGFR-transduced T cell, n = 7 for
CD19CAR-T cells, and n = 10 for CD37CAR-T cells). (C) Summary of tumor flux in each treatment group over time, following inoculation of Raji-ffluc
cells. Data plotted as mean ± SEM. Statistics were performed among each treatment arm; the comparison between the CD19CAR-T and the CD37CAR-T
cell groups are displayed (one-way ANOVA in each time point). (D) Kaplan�Meier plots of the survival of mice treated with genetically modified T cells.
Mice treated with CD19CAR-T and CD37CAR-T cells showed significantly prolonged survival compared with mice treated with tEGFR-transduced T cells
or untreated mice. Data were pooled from four independent experiments with gene-modified T cells from four donors, including 6�15 mice per group in (C)
and (D). **p < 0.01, ****p < 0.0001, log-rank test.
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In summary, we have developed, to our knowledge, new
CD37CAR-T cells for use in cancer immunotherapy. Because CD37
is expressed not only in mature B cell tumors but also in several T
cell tumors, there is the possibility that this single agent may be use-
ful for the treatment of several types of tumors. In addition, although
CD37 is weakly expressed in normal leukocytes and on CAR-T
cells themselves, optimizing the spacer length minimized fratricide
while maintaining the antitumor effect. Modulation of spacer length
may also be applied to other Ags identified for future applications
of CAR-T cell therapy.
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