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B cell maturation antigen (BCMA) has recently been identified
as an important multiple myeloma (MM)-specific target for
chimeric antigen receptor (CAR) T cell therapy. In CAR
T cell therapy targeting CD19 for lymphoma, host immune
anti-murine CAR responses limited the efficacy of repeat
dosing and possibly long-term persistence. This clinically rele-
vant concern can be addressed by generating a CAR incorpo-
rating a human single-chain variable fragment (scFv). We
screened a human B cell-derived scFv phage display library
and identified a panel of BCMA-specific clones from which
human CARs were engineered. Despite a narrow range of affin-
ity for BCMA, dramatic differences in CAR T cell expansion
were observed between unique scFvs in a repeat antigen stimu-
lation assay. These results were confirmed by screening in a
MM xenograft model, where only the top preforming CARs
from the repeat antigen stimulation assay eradicated disease
and prolonged survival. The results of this screening identified
a highly effective CAR T cell therapy with properties, including
rapid in vivo expansion (>10,000-fold, day 6), eradication of
large tumor burden, and durable protection to tumor re-chal-
lenge. We generated a bicistronic construct including a second-
generation CAR and a truncated-epithelial growth factor
receptor marker. CAR T cell vectors stemming from this
work are under clinical investigation.
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INTRODUCTION
Chimeric antigen receptor (CAR) T cell therapy has demonstrated
dramatic efficacy in patients with relapsed or refractory CD19+malig-
nancies such as adult1–3 and pediatric B cell acute lymphocytic leuke-
mia (ALL),4 and non-Hodgkin’s lymphoma (NHL).5–7 However, to
extend the potential benefits of CAR T cell therapy beyond CD19+

malignancies, CARs incorporating single-chain variable fragments
(scFvs) targeting additional antigens must be developed. B cell matu-
ration antigen (BCMA; TNFRSF17), a differentiated B cell/plasma cell
specific trans-membrane receptor, has been recognized as an ideal
CAR T cell target for multiple myeloma (MM) given its near-uniform
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and ubiquitous expression on MM cells, role in MM cell growth, and
lack of expression on other essential cell types.8–12

A CAR typically consists of an extracellular scFv, a spacer/hinge
region, a transmembrane domain, and intracellular signaling
domain(s). Clinical CAR T cell therapy constructs have primarily
utilized a second-generation CAR, where the signaling domains are
derived from the T cell receptor CD3-zeta chain, providing activation
(signal 1), and a signaling domain from either CD28 or 4-1BB,
providing co-stimulation (signal 2). In addition to intracellular
signaling domains, the extracellular components can have an impact
on the properties CARs impart to gene-modified T cells. Importantly,
characteristics of the scFv, such as the affinity of an scFv,13–15 the loca-
tion of the epitope the scFv recognizes,15,16 and likely many other
attributes of the scFv all can contribute to the efficacy of CAR
T cell therapy.

An additional, less appreciated, property of the scFv to consider in
CAR design is its immunogenicity. Until recently, most CARs con-
tained an scFv derived from murine antibodies. However, patient
anti-murine immunity can be a clinically relevant limitation to
CAR T cell therapy mediated by incorporation of a murine scFv.
For example, in a trial of anti-CD19(FMC63)/4-1BBz CAR T cell
therapy for NHL, several patients relapsed with CD19+ disease and
were treated with a second dose of autologous CAR T cells. In all
five such patients, some of whom were treated with a 10-fold higher
second dose, unlike after the initial infusion, there was not an expan-
sion of CAR T cells in the peripheral blood, nor was there any appre-
ciable anti-lymphoma activity. Researchers at the Fred Hutchinson
Cancer Research Center (FHCRC) identified host cellular immunity
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Figure 1. Superior Expansion of BCMA(171) and BCMA(125) scFv

Containing CAR T Cells Demonstrated by Repeat Antigen Stimulation

Assay

(A) Retroviral transduction efficiency; cell surface staining of human T cells

is consistent regardless of scFv. Results from representative single donor. (B)

Repeat antigen stimulation assay; CAR T cells containing scFvs indicated (CD28
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specific to peptides from the FMC63 murine scFv in 80% of these
patients.7 A separate trial of carbonic anhydrase 9 (CAIX)-targeted
CAR T cell therapy for renal cell carcinoma also documented patient
anti-murine scFv immune responses.17 Patient anti-CAR immunity
can potentially be averted by designing a fully human CAR, incorpo-
rating a human B cell-derived scFv.

Herein, we report the development of the first human scFv-derived
CAR targeting BCMA. We describe the strategies and rationale
used to differentiate between CARs containing unique human scFvs
and identify scFv-mediated differences in expansion after repeat
antigen stimulation as a particularly informative assay in opti-
mizing CAR design. Additionally, we characterize the kinetics of
in vivo expansion and accumulation of T cells genetically modified
with our lead CAR. Highly active human BCMA-targeted CAR
constructs stemming from this work are currently under clinical
evaluation.

RESULTS
Identification of Human Anti-BCMA scFvs for Incorporation into

CAR Vectors

We screened a human B cell-derived scFv phage display library
(Figure S1) containing 6 � 1010 scFvs with recombinant human
BCMA extracellular domain-immunoglobulin G1 (IgG1) Fc fusion
(BCMA-Fc) protein to identify BCMA-specific human scFvs. After
DNA sequencing, 57 unique and diverse BCMA-specific clones
were identified containing light- and heavy-chain CDRs, each
covering six subfamilies with HCDR3 length ranging from 5 to 18
amino acids. The binding specificity of the unique clones against
full-length human BCMA expressing NIH 3T3murine fibroblast arti-
ficial antigen-presenting cells (BCMA-aAPCs) was confirmed by flow
cytometric analysis. 17 clones were further confirmed to bind to hu-
manMM cell lines by flow cytometry, and a subset of these scFvs were
directly cloned into second-generation CAR vectors in a retroviral
plasmid.

Flow cytometric analysis after staining with BCMA-Fc confirmed
CAR expression on the cell surface of donor T cells; we consistently
achieve similar retroviral transduction efficiencies (50%–60%) across
scFvs investigated (Figure 1A). The majority of BCMA-targeted scFvs
investigated had similar, single-digit nanomolar affinity for BCMA
(Table S1).
co-stimulatory domain) were placed on BCMA-aAPC or CD19-aAPC monolayers.

Every 4 days, CAR T cells are counted, and the same number of CAR+ T cells are

re-plated on a new aAPC monolayer (arrows). CARs containing human anti-BCMA

scFvs 171 and 125 convey superior expansion when plated on BCMA-aAPCs;

mean ± SEM; three independent experiments/donors; BCMA(125) CAR T cells,

plated on CD19 aAPCs do exhibit expansion at day 4. (C) Cytotoxicity analysis;

CAR+ T cells transduced with the same constructs as 1b are co-cultured at

increasing E:T ratios with OPM2 human myeloma cell line. All scFvs lyse OPM2

cells in a dose-dependent manner. CAR T cells incorporating scFvs 183, 171,

130, and 125 are superior to 137; mean ± SEM; representative experiment in

triplicate (*p < 0.005, two-way ANOVA). aAPC, NIH 3T3 artificial antigen pre-

senting cell.
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CAR T Cell Expansion after Repeat Antigen Stimulation

Distinguishes between scFv Clones

As in B cell ALL,1 in CAR T cell clinical trials of MM,10 CAR T cell
expansion in patients appears to correlate with clinical efficacy.
In vivo, CAR T cells are required to expand in the setting of
continuous exposure to target antigen in order to eradicate large
tumor burdens. For this reason, we sought to assess the in vitro
expansion potential of CAR T cells over multiple cycles of antigen
stimulation. This repeat antigen stimulation assay revealed sub-
stantial differences in the expansion between novel scFvs incorpo-
rated into our CD28 containing CAR constructs, identifying
scFv clones 125 and 171 [BCMA(125), and BCMA(171), respec-
tively] as superior expanders compared to those incorporating
other scFvs. For example, BCMA(171) and BCMA(125) CAR
T cells uniquely continued to expand after four stimulations and
expanded between a mean of 115- and 158-fold, respectively,
across experiments using three independent donors (p < 0.005
compared to any other CAR). None of the other scFvs studies
continued to expand past the fourth stimulation, a group
where peak expansion was limited to between 2- and 30-fold
(Figure 1B).

Comparing cytotoxicity between these same CARs containing unique
scFvs does not yield the same magnitude of differences as the repeat
antigen stimulation assay. To analyze cytotoxicity, we quantified
ATP-dependent bioluminescence of an OMP2 MM cell line target
transduced with firefly luciferase (ffLuc) 4 hr after co-culture with
CAR T cells.18 Cytotoxicity against OPM2-ffLuc cells demonstrate
that CAR T cells incorporating any of the anti-BCMA scFv studies
lyse MM cell lines in a dose-dependent manner. However, it could
not differentiate between the majority of CARs, with BCMA(183),
BCMA(171), BCMA(130), and BCMA(125) all generating statisti-
cally equivalent cytotoxicity; only BCMA(137) was inferior to the
rest (p < 0.005; Figure 1C).

In Vivo Assessment of Human Anti-BCMA CARs Confirms

Results of In Vitro Repeat Antigen Stimulation Assay in

Distinguishing between Anti-BCMA scFvs

NOD scid gamma (NSG) mice were engrafted with the bone marrow
tropic human MM cell line OPM2.19 A large burden of disease was
permitted to establish over 21 days after tail-vein injection of
OPM2-ffLuc cells before treatment with a single injection of donor
T cells modified with the same CARs as above. Confirming the pre-
dictive value of the repeat antigen stimulation assay, only
BCMA(125) and BCMA(171) containing CAR T cells improved the
survival of mice, while, despite in vitro anti-tumor activity, CAR
T cells containing scFvs 183, 137, and 130 exhibited no meaningful
anti-MM efficacy in this high tumor burden model of MM
(p < 0.001; Figure 2A). Bioluminescent imaging (BLI) demonstrated
that eradication of OPM2-ffLuc cells was similarly limited to mice
treated with BCMA(125) and BCMA(171) CAR T cells (Figure 2B).
While both scFvs were equivalent over a variety of assays, we selected
BCMA(171) to further characterize and evaluate more closely for
clinical translation.
BCMA(171) CAR T Cells Can Provide Long-Term Protection

against MM Re-challenge

The ability of human anti-BCMACARs incorporating clone 171 with
either CD28 or 4-1BB co-stimulatory domains to provide long-lasting
protection against endogenous BCMA expressing MM cell line
re-challenge was assessed by a second injection of OPM2-ffLuc cells
in long-term surviving mice, 98 days after the initial injection. NSG
mice were first injected (day 0) with OPM2-ffLuc cells. They were
treated 4 days later with either BCMA(171)/4-1BBz, BCMA(171)/
CD28z, or control CD19(SJ25C1)/CD28z CAR T cells. Both increased
survival (p < 0.001, Figure 3A) and eradicated tumor (Figure 3B). In
contrast to the high disease burden model (Figure 2), in this model we
saw a high incidence of xenogeneic graft-versus-host disease (GvHD),
requiring euthanasia. It is possible that in eradicating a high disease
burden, CAR T cells exhausted their proliferative potential and
were less able to cause GvHD, a previously reported phenomena.20

Long-term surviving mice, at day 98, were then re-challenged with
a second injection of OPM2-ffLuc cells. Mice were not re-treated
with another dose of CAR T cells; however, these long-term surviving
mice were protected from tumor re-challenge, presumably by their
initial CAR T cell treatment 94 days earlier, as they, unlike CAR
T cell-naive control mice injected at the same time, continued to
survive another 80 days (p < 0.001; Figure 3C) without the re-estab-
lishment of tumor (Figure 3D).

BCMA(171) CAR T Cells Rapidly Home to, Accumulate, and

Eradicate Tumor in an Established MM Model

We designed a bicistronic retroviral vector including a second gener-
ation BCMA(171)/4-1BBz CAR and exterior Gaussia luciferase
(extGLuc) to monitor the distribution and expansion of CAR
T cells in vivo over time. ExtGLuc generates bioluminescence in the
presence of its substrate, coelenterazine (CTZ), but not in the pres-
ence of luciferin, the substrate of ffLuc. CTZ has a rapid half-life
in vivo, and thus, extGLuc and ffLuc can be sequentially imaged in
the same imaging session.19 We demonstrate extGLuc/CAR T cell
accumulation at the site of OPM2-ffLuc tumors within 24 hr of their
injection. ExtGluc/CAR T cell accumulation expands rapidly at this
site over the first 6 days after injection, eradicating the MM xenograft
in this time frame. After the clearance of antigen, CAR T cells then
contract (Figure 4A). Peak BLI at the site of MM in the area of the
femur occurred on day 6 after CAR T cell injection; a mean increase
in BLI signal of 14,610-fold occurred between imaging at 24 hr to peak
signal (n = 6; range 9,593–19,993 fold increase). Mean BLI signal of
extGLuc BCMA(171)-targeted CAR T cells reached a peak of
1.5 � 109 photons/s, compared to extGLuc CD19(SJ25C1)-targeted
CAR T cells, where mean peak BLI signal was 5.3 � 105 photons/s
(p < 0.0001; Figures 4B and 4C).

Human scFvs Are Specific for BCMA

BCMA is a member of the tumor necrosis factor receptor superfamily
(TNFRSF) with a known role in differentiated B cell/plasma cell/MM
cell biology,12 and several studies have found its expression to be
limited to these cell types.8,9 However, validation of target specificity
is essential for novel scFvs with potential clinical application. An
Molecular Therapy Vol. 26 No 6 June 2018 1449
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Figure 2. BCMA(171) and BCMA(125) CAR T Cells Prolong Survival and Eradicate Tumors in a High Tumor Burden Xenograft Model of MM

The human bone marrow tropic MM cell line OPM2-ffLuc was injected via tail vein into NSG mice (1� 106 OPM2 cells) and allowed to engraft and expand for 21 days. Mice

were imaged via bioluminescence (BLI); those with uniform high tumor burden were randomized to either no treatment or treatment with (3� 106 CAR+) gene-modified donor

T cells expressing the same CD28-containing CARs as in Figure 1 targeting either CD19(SJ25C1) or BCMA via one of five different human scFvs. (A) Long-term survival was

demonstrated specifically in all mice treated with a single dose of BCMA-targeted CAR T cells incorporating either scFv 171 or 125. (B) BCMA-targeted CAR T cells

incorporating scFvs 171 and 125 uniquely eradicated high burden of MM as determined by BLI. (*p < 0.001). BLI of mouse pretreatment (day 17) displayed at a different scale

than other time points.
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automated flow cytometry cell-cell conjugation assay was developed
in which a cell population expressing the query molecule (i.e., anti-
BCMA scFv) is mixed with cells expressing a library of cell-surface
molecules to identify potential query:target interactions. This
approach has the advantage of allowing both the query and library
component targets to be presented in the context of the mammalian
1450 Molecular Therapy Vol. 26 No 6 June 2018
plasma membrane, with close to native post-translational modifica-
tions and interactions. To this end, we transiently expressed our panel
of anti-BCMA scFvs in HEK293 using cell-surface display constructs
that contain a cytoplasmic mCherry proximal to the transmembrane
domain from murine PD-L1. Simultaneously, we transiently ex-
pressed a library consisting of 395 TNFRSF and immunoglobulin



Figure 3. BCMA(171)-Targeted CAR T Cells Provide Long-Term Immunity against Re-challenge with a Human MM Cell Line Irrespective of CAR

Co-stimulatory Domain

OPM2-ffLuc cells (1 � 106) were injected via tail vein into NSG mice. On day 4, mice were treated with a single injection of either control CD19(SJ25C1)- or BCMA(171)-

targeted CAR T cells containing a CD28 or a 4-1BB co-stimulatory domain (1� 106 CAR+). (A) Treatment with BCMA(171) CAR T cells provide significantly prolonged survival

compared to treatment with CD19(SJ25C1) CAR T cells. Survival between mice treated with BCMA(171) CAR T cells differing by co-stimulatory domain were not significant.

(B) Representative ventral and dorsal BLI at day 21 shows elimination of OPM2 MM cells by both groups of BCMA(171) CAR T cells. (C) Long-term surviving mice from 4a

were re-challenged with OMP2 cells 98 days after their initial OPM2 injection (94 days after CAR T cell injection). Control CAR T cell naive mice were simultaneously injected

with OPM2 cells. Mice were not re-treated with CAR T cells. BCMA(171) CAR T cell previously treated long-term surviving mice were protected from OPM2 re-challenge and

continued to have long-term survival. (D) Imaging from day 34 post-OPM2 re-challenge (day 130 overall) shows substantial MM burden in the CAR T cell naive injected mice

and no OPM2 BLI signal in the previously treated mice (*p < 0.001).
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superfamily members expressed as C-terminal GFP fusions. This
library consists only of targets prescreened for both high protein
expression and correct membrane localization and represents a
diverse set of functionally important immune targets. Mixed scFv
query and library cell populations were analyzed by flow cytometry
to identify double-positive GFP:mCherry events, representing scFv-
target-mediated cell-cell interaction. Of our panel of scFvs, scFv
130 exhibited an-off target interaction with two different isoforms
of signal-regulatory protein (SIRP) beta-1 (Figure S2A), while no
other screened scFvs, including 171 (Figure 5) demonstrated off-
target non-BCMA interactions. We further evaluated the potential
for non-specific binding of our lead scFvs via co-culture assay of
CAR T cells with isolated primary cells from a variety of essential
normal tissue types. Using interferon gamma (IFN-g) release as a
surrogate for CAR engagement through the scFv, we found IFN-g
release only in the context of CAR T cells co-cultured with positive
control human MM cell lines with a signal:noise ratio of >10,000:1
(Figure S2B).

Generation of Bicistronic CAR Vector, Including EGFRt, for

Clinical Translation

Truncated epidermal growth factor receptor (EGFRt) has been previ-
ously developed as a selection marker and potential elimination
gene21,22 in case of refractory clinical toxicity. We generated a bicis-
tronic construct including the human BCMA(171)/4-1BBz CAR
separated by a P2A element with EGFRt for clinical translation
Molecular Therapy Vol. 26 No 6 June 2018 1451
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Figure 4. Kinetics of BCMA-Targeted CAR T Cell Accumulation and Tumor Eradication

OPM2-ffLuc cells (1� 106) were injected via tail vein into NSGmice and allowed to develop high tumor burden for 24 days until treatment with a single dose of human T cells

(3� 106; day 0). (A) Mice are treated with either extGLuc/BCMA(171) CAR T (left, +), or untransduced T cells (right,�). A single representative mouse imaged after injection of

luciferin (top; OPM2-ffLucMM cells) and coelenterazine (bottom; extGLuc/BCMA(171)CAR T cells) over time from each group is shown. OPM2-ffLuc bioluminescent signal is

eradicated by day 6, corresponding with peak CAR T cell accumulation at site of disease at this time. After clearance of antigen the extGLuc CAR T cell signal contracts over

time. (*displayed with a lower BLI scale at these earlier time points). (B) BLI (coelenterazine) on day 6 after treatment with either extGLuc/CD19(SJ25C1) CAR T cells or

extGLuc/BCMA(171) CAR T cells. (C) Quantification of the mean coelentarizine mediated BLI signal on day 6 after CAR T cell treatment from the hind limbs of mice in (B)

(n = 6). Log scale. ±SEM. (*p < 0.0001).
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(Figure 5A). Co-expression of the CAR and EGFRt was validated by
flow cytometric analysis (Figure 5B). The ability of the EGFR anti-
body, cetuximab, to facilitate antibody-dependent cellular cytotox-
icity (ADCC) of CAR T cells was demonstrated by co-culture of
CAR T cells with the natural killer cell line NK-92 (CD16a+) in the
presence of cetuximab or rituximab, as previously described.23

EGFRt-expressing CAR T cells, co-cultured with NK-92 cells in the
presence of cetuximab, specifically induced ADCC (Figure 5C).

DISCUSSION
Patients with relapsed or refractory MM rarely obtain durable remis-
sions with available therapies. Early clinical use of murine scFv
containing BCMA-targeted CAR T cell therapy for advanced MM
appears promising.10 However, murine scFv containing CARs can
elicit host immune responses, as was reported with some CD19-tar-
geted CAR T cell therapies for NHL, where anti-murine cellular
immunity limited CAR T cell expansion and efficacy of a second
1452 Molecular Therapy Vol. 26 No 6 June 2018
dose of CAR T cells in several patients.7 To mitigate the possibility
of patient anti-CAR immune responses, herein, we report the devel-
opment of the first human BCMA-targeted CAR T cell vector.

We screened a human B cell-derived scFv phage display library to
identify multiple BCMA-specific human scFvs. An scFv phage display
library is particularly beneficial for CAR development, as scFvs can be
directly and rapidly cloned into CAR vectors for further evaluation.
After our successful screening campaign, we set out to differentiate
between multiple human BCMA-targeted scFvs and identify a highly
active CAR construct.

Expansion after multiple rounds of antigen stimulation effectively
differentiated between CARs incorporating different scFvs (Fig-
ure 1B). Given the correlation reported in several trials between
CAR T cell expansion in patients and clinical efficacy,1,10 as well as
the ability of effective CAR T cell therapies to lyse high disease burden



Figure 5. Specificity of BCMA(171)

Vectors containing either (1) BCMA-targeting scFvs with C-terminal mCherry or (2) TNFR and immunoglobulin (Ig) superfamily members with C-terminal GFP were transiently

transfected into different populations of HEK293s cells. Potential scFv/target antigen interaction was identified as a double-positive signal by automated flow cytometry.

Peaks labeled “B” indicate interactions with BCMA+ controls. Unlike scFv clone 130, which interacted with two isoforms of SIRP-B1 (Figure S2A), all other scFvs, including

clone 171 (shown), interacted only with BCMA.
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in vivo, we hypothesized that an assay characterizing CAR-modified
T cells’ ability to maintain high levels of activity over time after
multiple stimulation events would mirror the efficacy results of an
in vivo assay. In this study, we found that the in vitro results from
this assay predicted the results of more time and resource consuming
in vivo survival and tumor eradication screening (Figure 2). Thus,
expansion after repeat antigen stimulation may decrease the number
of CARs that must be evaluated in vivo to select a lead candidate for
potential clinical translation.

Given the utility of a repeat antigen stimulation assay predicting the
differential efficacy of CAR T cell therapies in preclinical in vivo
studies; we hypothesize that a similar assay may be useful correlative
science to clinical trials. In broad terms, lack of efficacy to CAR T cell
therapy is caused either by loss of target antigen or lack of functional
CAR T cell persistence. While there has been intense focus on moni-
toring for antigen escape; further study of clinical CAR T cell products
may show that the potential for functional persistence could be corre-
lated with the results of such an assay.

We continue to explore the underlying biophysical differences be-
tween CAR constructs containing different scFvs that appear to
impart different properties they convey to transduced T cells when
incorporated into a CAR. ScFvs have similar single-digit nanomolar
affinity (Table S1). With the exception of scFv 130, all have similar
specificity for BCMA (Figures 5 and S2A). Unlike targets such as
CD22 and others where differences in the bound epitope’s proximity
to the cell membrane led to apparent differential efficacy of CAR
T cells in vivo,16 BCMA has a small (54-amino-acid) extracellular
domain; thus, differences in efficacy caused by differential epitope
proximity to the membrane are unlikely. We postulate that another
characteristic of scFv/antigen interaction may be responsible, and
additional potentially differentiating scFv characteristics are the sub-
ject of ongoing investigation.

As all factors important for generating an ideal scFv for CAR T cell
therapy are not entirely understood, it is beneficial to screen multiple
scFvs when generating CARs for potential clinical use. T cells trans-
duced with CARs incorporating the lead scFvs we identified after
in vitro screening eradicated high-volume MM (Figure 2), conveyed
durable protection (Figure 3), and demonstrated robust in vivo
expansion and accumulation at the site of MM (Figure 4). EGFRt/
BCMA(171)-41BBz (Figure 6) CAR T cells are under clinical evalua-
tion in a phase I trial that allows for repeat dosing and will be
monitored for immune responses to the CAR (NCT03070327). Addi-
tional anti-BCMA CAR T cell vectors stemming from this work
have entered two separate clinical trials, NCT03338972 and
NCT03430011, a phase I/II multi-institutional study.

MATERIALS AND METHODS
Cell Lines and Donor T Cells

The human MM cell line OPM2 was obtained from Deutsche
Sammlung von Mikroorganismen und Zellkulturen (DMSZ) and
maintained in RPMI and 10% fetal bovine serum (FBS) (Gibco, Life
Technologies, Gaithersburg, MD). OPM2 cells were authenticated
by STR DNA Profiling (Genetica, Burlington, NC). Human T cells
were obtained from either the peripheral blood of healthy donors
(MSK IRB#95-054) or from buffy coats prepared from whole blood
collected by the New York Blood Center (New York, NY).
HEK293GP-GALV9 retroviral packaging cells have been previously
described.24

Flow Cytometry

A 10-color Gallios B43618 (Beckman Coulter, Indianapolis, IN)
was used to acquire data. Analysis was preformed with FlowJo
software (V10, Tree Star, Ashland, OR). Expression of CAR was
determined by surface staining using either BCMA ECD-Fc
(Eureka Therapeutics, Emeryville, CA) or 19E3 (anti-ideotype to
SJ25C1 anti-CD19 scFv; MSKCC monoclonal antibody core
facility). Cetuximab (Eli Lilly, Indianapolis, IN) and rituximab
(Genentech, San Francisco, CA) were obtained from the MSKCC
research pharmacy. Cell surface Gaussia luciferase was detected
by mouse antisera (#401M, Nanolight, Pinetop, AZ). BCMA-Fc,
19E3, cetuximab, rituximab, and 401M were all conjugated with
lightning link labeling kits (Innova Biosciences, Cambridge, UK).
Viability is determined by DAPI exclusion (Thermo Fisher,
Waltham, MA). Cells are counted with 123count eBeads (Thermo
Fisher, Waltham, MA).
Molecular Therapy Vol. 26 No 6 June 2018 1453
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Figure 6. Generation and Validation of EGFRt/

BCMA(171)-41BBz Containing CAR T Cell Therapy

(A) Bicistronic vector containing EGFRt and BCMA(171)/

4-1BBz separated by a P2A element engineered for

clinical translation. (B) FACS shows both the EGFRt and

the CAR are co-expressed on transduced donor T cells

(quadrant V++). (C) Validation of the potential elimination

function of EGFRt was evaluated via co-culture of CAR

T cells with CD16+ NK-92 cells, in the presence or

absences of the EGFRt-specific antibody, cetuximab.

Only when both EGFRt was included in the transgene and

cetuximab was present in the co-culture was there

significant ADCC of CAR+ T cells. Pooled data from three

independent donors (*p < 0.005). TNFR, tumor necrosis

factor receptor; SF, superfamily; EGFRt, truncated

epidermal growth factor receptor; ADCC, antibody-

dependent cell-mediated cytotoxicity. P2A, “self-

cleaving” peptide; TM, CD8a hinge/transmembrane;

LTR, long terminal repeat; SD, splice donor; SA, splice

acceptor; J, retroviral packaging element.
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Phage Display Library Screen

A human B cell-derived scFv phage display library (E-ALPHA,
Eureka Therapeutics, Emeryville, CA) was used to pan against the
recombinant human BCMA extracellular domain-IgG1 Fc fusion
protein; the positive clones were screened out by ELISA. Unique
clones were identified by DNA sequencing. The binding specificity
of the unique clones was confirmed by FACS using full-length human
BCMA expressing NIH 3T3 cells. The top clones were further
confirmed to bind to human MM cell lines by FACS.

Retroviral Constructs

All constructs are in an SFG retroviral plasmid.25 The CAR
CD19(SJ25C1)/CD28z (19–28z) has been previously described.1,26

In 4-1BB-containing constructs, the CD28 TM and signaling domains
have been replaced with a CD8a TM and 4-1BB signaling domain.
The variable heavy chain/variable light chain (VH/VL) sequences
(linked via [G4S]3 flexible linker) from scFvs identified in our phage
display library screen were cloned into CD28z or 4-1BBz second-gen-
eration CARs. EGFRt21 and extGLuc27 constructs have been previ-
ously described. Bicistronic constructs were generated by separating
genes with a P2A sequence. All cloning was preformed by restriction
enzyme digest or Gibson Assembly (New England Biolabs, Cam-
bridge, MA).

Transduction of Human T Cells

Stable generation of 293GP-GLV9 viral packaging cells and transduc-
tion of primary human T cells was done as previously reported.26 In
brief, on day 0, healthy donor peripheral blood mononuclear cells
(PBMCs) were isolated by ficoll density centrifugation. PBMCs
were then activated with phytohemagglutinin (2 mg/mL; Sigma; St.
Louis, MO) or CD3/CD28 Dynabeads (Thermo Fisher; Waltham,
MA) following manufacturer’s instructions in the presence of IL2.
On days 2 and 3, T cells were retrovirally transduced by spinoculation
with virus containing supernatant from 293GP-GLV9 cells on retro-
nectin (Takara Bio; Shiga, Japan)-coated plates. T cells were further
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expanded with IL2 in RPMI plus 10% FBS. Transduction efficiency,
cell viability, and quantity were determined by FACS on day 7.
Repeat Antigen Stimulation Expansion Assay

On day�1, BCMA- or CD19-3T3 aAPCs were plated in 6-well plates
to establish a monolayer. On day 0, T cells were counted, and 1� 106

viable CAR+ T cells were plated on top of the aAPCs in fresh media in
the absence of cytokines. On day 3, new aAPC monolayers were
plated as in day 0. On day 4, viable CAR T cells were counted, and
1 � 106 CAR+ T cells from wells that expanded (have at least this
number of cells) were re-plated on a new monolayer as on day 1.
Process is repeated for 3–4 repeat stimulations. Fold expansion after
each stimulation is calculated as (viable CAR+ T cells on day 4)/
1 � 106, the amount of CAR T cells plated on day 1 of each stimula-
tion. To normalize for cells discarded with each new stimulation, cu-
mulative fold expansion is determined by ([fold expansionn])� [fold
expansionn+1].). Significance determined by two-way ANOVA.
Cytotoxicity

OPM2 human MM cell lines were stably transduced with ffLuc via
retrovirus using the same protocol transduction for human T cells,
as described above. 20,000 target cells were plated in U-bottom
96-well plates in triplicate with CAR+ T cells at indicated effector-
to-target (E:T) ratios and incubated for 4 hr. An ATP-dependent
assay was preformed as previously described.24 Bioluminescence
was read on a Spark microplate reader (TECAN; Mannedorf,
Switzerland). Significance determined by two-way ANOVA.
In Vivo Studies

Studies were performed in accordance withMemorial Sloan Kettering
Institutional Animal Care and Use Committee approved protocol
(00-05-065). Eight- to twelve-week-old NSG (NOD.Cg-Prkdcscid

Il2rgtm1Wjl/SzJ) mice (Jackson Labs; Bar Harbor, ME) were injected
with the bone marrow tropic cell line OPM2-ffLuc, 1 � 106 cells
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via tail vein in all experiments.19 A single dose of 1� 106 (4- to 7-day
treatment) or 3 � 106 (21- to 24-day treatment) human CAR T cells
was injected via tail vein at the time indicated in the experiment.
In vivo imaging was preformed after injection of D-luciferin (Milli-
pore-Sigma; Darmstadt, Germany) or coelentarizine (Nanolight;
Pinetop, AZ) with an IVIS Spectrum and analyzed with Living Image
software (PerkinElmer; Waltham, MA). Statistical significance
between Kaplan-Meier curves determined with log-rank (Mantel-
Cox) test. Statistical significance of BLI quantification was determined
using Student’s t test.

ADCC

Healthy donor T cells isolated from peripheral blood were retrovirally
transduced as above with the construct indicated. ADCC was
measured by using NK-92 cells (NK cell line expressing CD16) as
effectors co-cultured with CAR T cells as targets at a ratio of 1:3
with or without cetuximab or rituximab antibody. At 24 hr, the
percentage ADCC was determined by flow cytometric analysis of
the decrease in CAR T cells in the presence of cetuximab or rituximab
compared to in the absence of cetuximab or rituximab, specifically
([1-(percentage of CAR T cells in presence of antibody (Ab)/percent-
age of CAR T cells in absence of Ab)] � 100) = % ADCC.23 Signifi-
cance determined by Student’s t test.

Generation of an Expression-Validated Library of Ig and TNFRSF

Targets

A library of 479 combined Ig superfamily and TNFRSF constructs
was generated. Ig superfamily full-length extracellular domains
were cloned into a vector containing an erythropoetin (EPO) signal
peptide and a transmembrane domain of murine PD-L1 with GFP
fused on the C-terminal, cytoplasmic side. In addition, full-length
native TNFRSF constructs containing full-length native sequence
fused to a C-terminal cytoplasmic GFP were also used for screening.
HEK293 suspension cells (Invitrogen) were transiently transfected
with cloned library targets, and GFP expression was assessed by
flow cytometry. Correct localization for library targets were scored
manually by imaging on an inverted EVOS fluorescence microscope.
Only targets displaying high GFP expression (>103) and correct
membrane localization were used for further analysis, resulting in a
library of 395 targets.

High-Throughput Flow Cytometry Cell-Cell Conjugation Screen

Anti-BCMA scFv sequences were cloned into a Clontech N1mCherry
vector upstream of an inserted transmembrane domain (murine
PD-L1) with mCherry fused to the C-terminal cytosolic side. These
constructs were transiently transfected in HEK293 Freestyle cells
(Invitrogen) using polyethylenimine (PEI) at a 4:1 PEI to DNA ratio
(2 mg PEI to 0.5 mg plasmid). In parallel, library constructs were also
transfected in HEK293 Freestyle cells. Two days post-transfection,
cells were diluted to 1 � 106 cells/mL in 1� Dulbecco’s PBS
(DPBS; GE Healthcare Hyclone, Stamford, CT) and 0.2% BSA. Bind-
ing reactions were setup in 96-well V-bottom plates by mixing equal
volumes of challenger (scFv expressing cells) and library-expressing
cells. After binding, cell-cell conjugates were analyzed by flow cytom-
etry using a Hypercyte sample loader coupled to a BD Accuri flow
cytometer. The percent bound was calculated as the number of
double-positive events (GFP and mCherry) divided by the total
number of cells. The top interactions are shown labeled with Z score
values, which were calculated independently for each 96-well plate
using the relationship Z score = j(Xave � X)/SDj.
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