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ABSTRACT
◥

Refractory acute myeloid leukemia (AML) remains an incur-
able malignancy despite the clinical use of novel targeted ther-
apies, new antibody-based therapies, and cellular therapeutics.
Here, we describe the preclinical development of a novel cell
therapy that targets the antigen CLEC12A with a biparatopic
bridging protein. Bridging proteins are designed as “CAR-T cell
engagers,” with a CAR-targeted protein fused to antigen binding
domains derived from antibodies. Here, we created a CD19-anti-
CLEC12A bridging protein that binds to CAR19 T cells and to the
antigen CLEC12A. Biparatopic targeting increases the potency of

bridging protein-mediated cytotoxicity by CAR19 T cells. Using
CAR19 T cells that secrete the bridging protein we demonstrate
potent activity against aggressive leukemic cell lines in vivo. This
CAR-engager platform is facile and modular, as illustrated by
activity of a dual-antigen bridging protein targeting CLEC12A
and CD33, designed to counter tumor heterogeneity and antigen
escape, and created without the need for extensive CAR T-cell
genetic engineering. CAR19 T cells provide an optimal cell
therapy platform with well-understood inherent persistence and
fitness characteristics.

Introduction
Patient-derived T cells expressing an anti-CD19 chimeric antigen

receptor (CAR19) are approved for the treatment of advanced, refrac-
tory hematologic malignancies and can provide long-term remissions
and apparent cures for some patients with no other therapeutic
options, a stunning achievement (1). This success has spurred inten-
sivework onCART-cell therapies for diverse indications. For example,
approval of CAR T cells that target the B-cell maturation antigen
(BCMA) for the treatment of relapsed or refractory (r/r) multiple
myeloma is expected (2).

Challenges limit the use of cell therapies. Relapses are a critical
issue. Approximately half of all patients who respond to CAR19 T-
cell therapy relapse 6 months or less after treatment and the
majority of patients who receive a BCMA-targeting CAR eventually
relapse (3, 4). CAR T-cell manufacturing remains a logistically
complex and expensive process (5). Toxicity from cytokine release
syndrome and immune effector cell–associated neurotoxicity syn-
drome complicate patient care and increase associated health
care costs (6). Finally, many tumor antigens are also expressed on
critical normal cells and tissues, putting patients at risk of off-

tumor, on-target toxicity (7, 8). These issues suggest that simple and
robust solutions are needed as cell therapeutics are deployed across
diverse indications.

We have shown that CD19-containing bridging proteins (BP) can
redirect CAR19 T cells to target diverse antigens in vitro (9). Further-
more, CAR19 T cells engineered to secrete BPs retained their ability to
expand and proliferate in response to CD19 antigen (10). Finally,
CAR19 T cells that secreted an CD19-BP targeting Her2 eradicated
Her2-positive tumors in vivo (10).

Here we use the CAR19T cells and the BP technology to target acute
myeloid leukemia (AML). Despite the arrival of diverse new classes of
therapeutics for treatment in combination with chemotherapy out-
comes remain poor for patients who are refractory to initial induction
and consolidation therapy or who relapse (11). Only a small number
of patients achieve a stringently defined complete remission that is
essential for successful hematopoietic stem cell transplantation and
a possible cure (12). Therefore, the unmet need in AML remains
very high.

The expression pattern of AML antigens complicates the develop-
ment of advanced therapies (13). Ideally, target antigens will be
expressed on both AML blast cells and AML leukemic stem cells
(LSC) that can cause relapse, with limited expression on normal
cells (14, 15). Here we target the antigens CLEC12A and CD33.
CLEC12A is expressed on AML blasts and LSC but normal cell
expression is limited, and early-stage hematopoietic stem and pro-
genitor cells are negative (16). Similarly, high CD33 expression on
AML blasts and LSC is well established, while normal expression is
lower, and limited tomyeloid lineage cells, including commonmyeloid
progenitor cells, but not multi-progenitor stem cells (17).

We describe a novel targeting system using CAR19 T cells and a
unique secreted BP, allowing the CAR19 T cell to bind AML antigens.
We present in vitro and in vivo preclinical analyses of a biparatopic
CLEC12A-targeting BP and of CAR19 T cells that secrete the BP.
Finally, we characterize amulti-antigen BP that simultaneously targets
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CD33 and CLEC12A. Notably, this technology leverages the extensive
knowledge accumulated regarding the activity and production of
CAR19 T cells, simplifying development.

Materials and Methods
Here we briefly summarize novel protocols. Detailed protocols are

available at https://www.protocols.io/file/c9bhbje6x.docx and in the
Supplementary Materials and Methods section.

Human cell lines
All cell lines were obtained directly from suppliers and used in

low passage number from stored cell banks. ATCC and DSMZ
(Braunschweig, Germany) provided certificates of analysis includ-
ing cell line verification. DSMZ and ATCC maintain comprehensive
databases of short tandem repeats cell line profiles used to verify
their commercial cell lines. U937, 293T, Molm14, Nalm6 (ATCC)
and PL-21, OCI-AML2 and OCI-AML5 (DSMZ) were cultured per
supplier instructions. All cell lines were tested for Mycoplasma and,
prior to in vivo use, for murine virus contamination, and were
negative (SBH Sciences). Luciferase expressing lines were generated
via lentivirus (GeneCopoeia) and puromycin selection.

BP constructs
BP constructs were cloned into pcDNA3.1þ hygro (Invitrogen).

Single-chain fragment variable (scFv) domains were cloned from
antibody sequences. CD19-scFv contained the CD19 ECD and an
anti-CLEC12A scFv CD19-1B12 contained an N terminal stabilized
CD19 ECD (9) and the llama 1B12-VH sequence. 2H3-CD19 con-
tained the llama 2H3-VH sequence, a C terminal–stabilized CD19
ECD (9). scFv-2H3-CD19 contained the anti-CLEC12A scFv, the 2H3
variable heavy chain (VH) and a C terminal–stabilized CD19. Anti-
CD33-CD19 contained a chemically synthesized anti-CD33 scFv and a
C terminal–stabilized CD19 ECD. Anti-CD33-CLEC12A-CD19 con-
tained the anti-CD33 scFv, the 2H3VH, and the C terminal–stabilized
CD19 ECD. Constructs were His-tagged. G4S linkers were used
between domains.

CAR constructs
The anti-CD19 CAR sequence CAR19 has been described previ-

ously (9). The anti-CLEC12A CAR construct CAR-CLEC12A-2H3
contained the 2H3 sequence with the same stalk and intracellular
domain as used in the CAR19. The anti-CLEC12A CAR construct
CAR-CLEC12A-scFv used the anti-CLEC12A scFv. The following
constructs were chemically synthesized by Lentigen Technologies
(Gaithersburg) and cloned into a lentiviral vector containing an
MSCV promoter. All contained the CAR19 sequence, a P2A site, and
then a BP sequence. CAR19-scFv-BP contained the CD19-scFv BP.
CAR19-2H3-BP contained the 2H3-CD19 BP. CAR19-bi-BP con-
tained the ScFv-2H3-CD19 BP. Viral particles were produced by
Lentigen Technologies.

CAR T production
CD3-positive human primary T cells were cultivated in Immu-

noCult-XF T-cell expansion medium (serum/xeno-free) supple-
mented with 20 IU/mL IL2 at a density of 3 � 105 cells/mL,
activated with anti-CD3/anti-CD28 T-cell Activator reagent
(STEMCELL Technologies) and transduced on day 1 with lentiviral
particles in the presence of 1� Transdux (SBI). Cells were harvested
on day 10. The percent CAR expression was measured by anti-Flag
or CD19-Fc detection. Briefly, 500,000 cells were incubated with

anti-FLAG antibody followed by anti-rabbit APC (both at 1:100
dilution, Thermo Fisher Scientific) or 0.25 mg/mL CD19-Fc (R&D
Systems) followed by 1:200 dilution of anti-Fc gamma (Jackson
ImmunoResearch). Cells were fixed with 2% paraformaldehyde and
the percent positive cell populations was measured using a BD
Accuri C6 flow cytometer.

Assays for BP binding to CLEC12A protein and cells
ELISA assays were performed to determine the binding of the

various BPs to CLEC12A. Plates were coated with 1.0 mg/mL anti-
CD19 FMC63 antibody (Novus Biological) in 0.1 mol/L carbonate,
pH 9.5 overnight at 4�C. The plate was blocked with 0.3% non-fat milk
in TBS (0.1 mol/L Tris, 0.5 mol/L NaCl) for 1 hour at room temper-
ature. After washing three times in TBST (TBS/0.05% Tween20),
fusion proteins were titrated using 3-fold dilutions in TBS/1% BSA
and incubated 1 hour at room temperature. Biotinylated CLEC12A
and streptavidin-HRP (horseradish peroxidase) were used to detect
binding. CLEC12A (Sino Biological) was biotinylated using a EZ-Link
Micro Sulfo-NHS-LC kit (Thermo Fisher Scientific) and added at
0.1 mg/mL and incubated for 1 hour at room temperature, followed by
streptavidin-HRP (Thermo Fisher Scientific) at 1:2,000 dilution. The
HRP-coupled reagentswere incubated at room temperature for 1 hour.
Plates were washed between all incubation steps with TBST. 1-Step
Ultra TMB-ELISA solution (Thermo Fisher Scientific) was added and
the plate read at 405 nm. Data were analyzed using Softmax software
where curves were fit using a four-parameter logistic regression to
calculate the EC50.

BP binding to cells was assayed using flow cytometry with anti-
His-PE or anti-CD19 FMC63-PE (9). 293T cells were transfected with
GenScript cDNAs for CLEC12A (K variant OHu09814D), CLEC1A
(OHu27138D), orCLEC12B (OHu13983B), using Lipofectamine 2000
as directed (Thermo Fisher Scientific). The CLEC12A Q variant was
generated by PCR. Stable cell lines were selected using antibiotic
resistance.

Epitope mapping
The 2H3-VH and the anti-CLEC12A scFv were purified. CLEC12A

was purchased (Sino Biological). The epitopes of the scFv and 2H3-VH
were determined using mass spectrometry by CovalX.

In vivo studies
All animal studies were performed in an Association for Assess-

ment and Accreditation of Laboratory Animal Care International
(AALAC)-accredited vivarium under an approved Institutional
Animal Care and Use Committee protocol at the Tuft’s University
Cummings School of Veterinary Medicine (North Grafton, MA).
All studies used 6–8 weeks old NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/
SzJ) mice (Jackson Laboratories) which were rested for 4 days prior
to study initiation.

For the CD19-positive cell model, 1 � 106 Nalm6-luciferase cells
were injected intravenously in NSG mice. Three days later, the mice
were injected intravenously with 2, 5, or 10 � 106 CAR T cells,
untransduced (UTD) cells, or no cells. The group size was N ¼ 5
except theNAgroupwas 3 animals. Themicewere followed for 21 days
by imaging as detailed below.

For the first U937-luc study, NSG mice were injected intravenously
with 1 � 105 cells. On day 3, 1 � 107 T cells (CLEC12A-bridging
CAR19, CAR-CLEC12A, or UTD) were delivered intravenously (N¼
10 mice/cohort). For analysis, animals received luciferin 150 mg/kg
intraperitoneally, were anesthetized with isoflourane and imaged
(PerkinElmer IVIS 200).

Rennert et al.

Mol Cancer Ther; 20(10) October 2021 MOLECULAR CANCER THERAPEUTICS2072

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/20/10/2071/3083677/2071.pdf by guest on 18 M
ay 2022

https://www.protocols.io/file/c9bhbje6x.docx


For the dose response, mice received 2.5 � 104 U937-luc cells
intravenously and 2 � 106, 5 � 106 or 1 � 107 cells CAR T cells were
injected on day 3 (N ¼ 5 mice/cohort).

To compare CAR activity in the U937 model, 1 � 107 CAR T cells
were injected intravenously into the mice 3 days after tumor cell
injection (2.5� 104;N¼ 5mice/cohort). The study was terminated on
day 27 as control mice had to be euthanized.

For the PL21-luc study, 106 cells were injected intravenously and
8 days later, 1 � 107 CAR T cells were injected intravenously. The
cohort size was N ¼ 6.

Results
BPs created using the CD19 ECD and scFv and VHs from
anti-CLEC12A antibodies

We previously described wildtype and stabilized mutant forms of
the CD19 ECD fused to binding domains to create BPs that redirect
CAR19 T cells to kill Her2-, BCMA- or CD20-expressing cell lines
in vitro (9) and Her2-positive tumors in vivo (10).

Herewe create BPs to targetAML. First, we cloned theCD19ECD in
frame with an anti-CLEC12A scFv (Table 1; ref. 18). The CD19-scFv
BP bound to stably transfected 293T-CLEC12A cells with an EC50 of
1 nmol/L (Supplementary Fig. S1A) and to U937 AML cells with an
EC50 of approximately 10 nmol/L (9). Similar affinity was measured in
an anti-CD19-capture/CLEC12A-detection ELISA format (EC50

�2.5 nmol/L; Supplementary Fig. S1B). Thus, the scFv-based BP
bound to both anti-CD19 antibody and to CLEC12A antigen with
low nmol/L affinity.

Immunized llamas generated single domain antibodies, sdAbs,
encoding VHs (19). Two VH clones, 2H3 and 1B12, bound CLEC12A
with high affinity in ELISA and flow cytometry assays (Supplementary
Table S1). These VH clones were used to create BPs using stabilized
CD19 ECDs (C6.2 and NT.1; ref. 9).

The two VH-based BPs bound to CLEC12A with sub-nmol/L
affinities, at least 10-fold lower than the scFv-based BP in the
same assay (Fig. 1A; Table 2). The VH-based BPs bound U937 cells
in flow cytometry assays with low pmol/L affinity (Fig. 1B; Table 2).

Epitope mapping of anti-CLEC12A antibodies
In a CLEC12A competition ELISA, 2H3 and 1B12 revealed over-

lapping epitopes, but did not block the scFv (Supplementary Table S2;
a reading of ≥0.3 ¼ specific binding). We then performed mass
spectrometric epitope mapping analyses of the scFv and the 2H3
VH-binding domains complexed with purified CLEC12A. Both the
scFv and the 2H3VHbound to theC-terminal region ofCLEC12A and
had one contact residue in common (Fig. 1C). Thus, the epitopes were
adjacent but distinct.

Genomic analyses indicated that the 2H3 epitope contained
allelic variants. The CLEC12A gene can encode either a lysine
(K) or glutamine (Q) at amino acid 244 (UniProtKB accession no.
Q5QGZ9). The global allele frequencies are 0.35 (K variant) and
0.65 (Q variant). In Asia the frequency of the Q variant reaches 0.85
(NCBI, Gene ID: 160364). We tested binding of the CD19-scFv and
CD19-2H3 BPs to 293T transfectants expressing the K or Q variant.
Both were highly expressed on the transfected cell surface (Sup-
plementary Fig. S2A).

The CD19-2H3 BP bound the 244Q variant with very high affinity
(4.8 pmol/L; Fig. 1D) but did not bind to the 244K variant. The
CD19-scFv BP bound similarly to both 244K and 244Q variants
(0.7 and 2 nmol/L, respectively; Fig. 1D). The mass spectrometric
epitope mapping analysis showed that amino acid 244 is not a direct
contact site but lies within the 2H3 epitope (Fig. 1C). The 244K residue
likely perturbs the structural presentation of the 2H3 epitope. The
allele frequencies indicate that >85% of individuals will express at least
one copy of the 244Q variant.

A biparatopic BP binds to CLEC12A-expressing cells with high
affinity

The region of a protein recognized by an antibody is called the
epitope; the region within an antibody hypervariable domain that
binds to the epitope is called the paratope.Monoparatopic binding is to
one epitope; biparatopic binding is to two epitopes. We designed a
biparatopic BP using the scFv and 2H3, linked to a stabilized CD19
ECD at the C-terminus, thus scFv-2H3-CD19 (Table 1).

Unexpectedly, the biparatopic BP bound to transfected 293T cells
expressing the 244K variant with high affinity in a flow cytometry
assay, with an EC50 ¼ 43 pmol/L (Fig. 1D). This result suggests that
linking the 2H3 VH and the scFv in the biparatopic BP enhanced
binding to the 244K allele. We speculate that stabilization occurred
between the adjacent 2H3 and scFv epitopes. Understanding the
precise nature of this phenomenon will require more extensive muta-
tional and molecular modeling studies.

We tested the biparatopic BP binding to 293T cells transfected with
CLEC1 and CLEC12B, which have the highest sequence homology to
CLEC12A (Fig. 1C). No binding was detected (Supplementary
Fig. S2B). These results showed that the biparatopic BP binds
CLEC12A with high affinity and specificity.

The biparatopic BP induces potent cytotoxicity in the presence
of CAR19 T cells

We evaluated BP binding to U937 cells which are CLEC12A bright
by flow cytometry (see Supplementary Fig. S3). The biparatopic BP
bound with an EC50¼�8 pmol/L, which is much greater affinity than
achieved with either of the monoparatopic BPs (Fig. 1E; Table 2
includes summary statistics).

The BPs induced cytotoxicity in the presence of CAR19 T cells
and U937-luc cells. Increasing doses of the different BPs and
CAR19 T cells were added to U937-luc cells to give a effector to
target (E:T) ratio of 10:1. The extent of tumor cell death was
measured by a decrease in luciferase signal after 48 hours; the
biparatopic BP induced cytotoxicity with a derived IC50 value ¼ 1
pmol/L (Fig. 1F; Table 2). Therefore, both the binding affinity and
the cytotoxic potency of the biparatopic BP were significantly better
than the monoparatopic BPs derived using scFv or the VH clones
(Table 2). The biparatopic BP also had potent binding and cytotoxic
activity against additional AML cell lines that express CLEC12A
including AML2, AML5, and PL21 (Supplementary Table S3;
Supplementary Fig. S3B and S3C).

Table 1. BPs and CAR constructs.

BP composition Nomenclature

Wildtype CD19-ECD–anti-CLEC12A scFv CD19-scFv
Stabilized CD19-ECD–anti-CLEC12A 2H3-VH CD19-2H3
Anti-CLEC12A 1B12-VH–stabilized CD19-ECD 1B12-CD19
Anti-CLEC12A scFv–anti-CLEC12A 2H3-VH–stabilized
CD19

scFv-2H3-CD19

Anti-CD33 scFv–stabilized CD19 CD33-CD19
Anti-CLEC12A 2H3-VH–anti-CD33 scFv–stabilized
CD19

2H3-CD33-CD19

Note: The table presents a description of BPs created.

Anti-CD19 CAR T Cells Engineered to Target AML
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BPs function asCAR-T engagers, with activity similar in principle to
CD3-based T-cell engagers (20). It was critical to demonstrate that the
engager protein did not interfere with CART-cell function by blocking
antigen binding, inducing functional exhaustion through tonic sig-
naling or triggering cell death (21, 22). We used cytotoxicity assays in
which the components—CAR19 T cells, BPs, and CLEC12A-positive
U937 target tumor cells—were premixed in different combinations to
evaluate these issues. CAR19 T cells were preincubated with excess BP
(1 mg/mL) before being added to the target tumor cells, or, the U937

tumor cells were preincubatedwith excess BP before being added to the
CAR19 T cells, or, as the positive control, all three components were
added to the assay simultaneously. There was no difference in the
extent of cytotoxicity induced under these conditions for any BP
(Fig. 2A). The exact same conditions were used with Nalm6 cells and
there was no difference in the extent of cytotoxicity induced, in this
case via direct engagement of CD19 (Fig. 2B). Therefore, excess BP
does not interfere with the ability of CAR19 T cells to bind to target
antigen and trigger cytotoxicity.

Figure 1.

BP binding affinities and cytotoxic activities. CD19-BPs are identified by the antibody domain (scFv, 2H3, 1B12); the biparatopic is scFv-2H3-CD19 ECD. A, Dose–
response ELISA using anti-CD19–coated plates to capture BPs and biotinylated CLEC12A for detection. B, Dose–response flow cytometry assay using U937 cells to
bind BPs and anti-CD19-PE for detection. C, CLEC12A epitopes defined for the scFv (red box) and 2H3 (blue box) binding to CLEC12A. The corresponding region of
CLEC12B andCLEC1A are shownbelow the CLEC12A sequence.D,Analysis of binding of different BPs to amino acid 244 allelic variants of CLEC12A.E,Dose–response
flow cytometry assay using U937 cells. F, Dose–response cytotoxicity assays using U937-luc cells and CAR19 T cells. Summary statistics are given in Table 2.
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CAR T cells can express an anti-CD19 CAR domain and secrete
functional BPs

We next created “CLEC12A-bridging CAR19 T cells” by adding a
P2A cleavage site and a BP sequence downstream of a CAR19 sequence.
Lentiviral particle transduced donor T cells were used to create CAR19
T cells secreting the monoparatopic BPs (CAR19-scFv-BP T cells and
CAR19-2H3-BP T cells) and the biparatopic BP (CAR19-bi-BP T cells).
The latter construct was made with and without an N-terminal Flag tag
onCARdomain and aC-terminalHis tag on the BP (Table 1).Wemade
CAR T cells that target CLEC12A, using the scFv or the 2H3 sequences,
thus, CAR-CLEC12A-scFv and CAR-CLEC12A-2H3, respectively (all
CAR and CAR-BP sequences are in Supplementary Data S1). CAR
expression by CLEC12A-bridging CAR19 and CAR-CLEC12A T cells,
derived from different donors, was assayed by flow cytometry after
transduction and 10 days of cell expansion. CARexpressionwas variable
but was routinely >45% (Supplementary Table S4).

We first assessed the cytotoxic activity of CLEC12A-bridging
CAR19 T cells against CD19-positive B cell lines. CAR19-2H3-BP
and CAR19-bi-BP T cells had similar cytotoxic activity as CAR19 T
cells against Nalm6 cells and JeKo-1 cells (Fig. 2C andD). These data
show that the anti-CD19 CAR domain is not blocked by secreted BPs
and can bind to CD19, to induce cytotoxicity.

Redirected cytotoxicity was evaluated using U937-luc cells.
CAR19-bi-BP T cells had very potent cytotoxic activity against
U937 cells down to a 1:1 E:T ratio. The CAR-CLEC12A-2H3 T cells
had similar potency in this assay. These data show that CAR19 T cells
secreting CLEC12A-targeting BPs can kill an AML cell line, U937 with
activity as potent as anti-CLEC12A CAR T cells (Fig. 2E).

To directly compare the CLEC12A-bridging CAR19 T cells to the
CAR-CLEC12A T cells, transduced T-cell preparations were normal-
ized to be 48%CAR-positive, with the exception of the CAR19-2H3-BP
T cells, which were 44% CAR-positive. BP secretion was measured in
these matched cell culture supernatants after a 4-day assay using anti-
CD3/anti-CD28 activation of 600,000 cells/well. Average BP secretion
ranged from 7.6 to 17 ng/mL (Supplementary Table S4). Next we
used the U937 cytotoxicity assay to assess the activity of the CLEC12A-
bridging CAR19 T cells from different donors (E:T at 3:1). CAR19-
bi-BP T cells effectively killed the target cells (82%–100%) regardless of
the donor although the amount of IFNg secreted was highly variable
(17.9–44.5 pg/mL, Supplementary Table S4). CAR19-scFv-BP T cells

were significantly less effective than the CAR19-bi-BPT cells (P < 0.01),
inducing 44.2% cytotoxicity at the 3:1 E:T ratio (n ¼ 2, 44% CAR-
positive cells; Supplementary Table S4). The CAR-CLEC12A T cells
routinely had cytotoxic activity >80% when tested at the 3:1 E:T ratio
(SupplementaryTable S4). This assay showed that CAR19-bi-BPT cells
from different donors were highly potent.

Restimulation assay
Potent cell therapeutics engage in multiple rounds of tumor cell

cytotoxicity, that is, serial killing. Here we used CLEC12A-bridging
CAR19 T cells to model serial restimulation. U937 cells and Raji cells
were used as target cells. There were treated with mitomycin-C to
prevent cell division, as described previously (10). CAR19-bi-BP T
cells were stimulated every 4 days then rested, through four rounds.
Cell counts were obtained after each round, and aliquots of the
recovered cells were used in cytotoxicity assays.

CAR19-bi-BP T cells restimulated with Raji cells expanded 15-fold
in total cell number while the cells restimulated with U937 cells
expanded 4-fold in total cell number (Supplementary Fig. S3A).
Despite the difference in expansion, the recovered cells had very
similar cytotoxic activities. CAR19-bi-BP T cells robustly killed
U937 target cells after all four rounds of restimulation regardless of
the cell type used to restimulate the CAR T cells (Raji or U937;
Supplementary Fig. S3B). Similarly, CAR19-bi-BP T cells robustly
killed CD19-positive JeKo-1 target cells after four rounds of restim-
ulation regardless of the cell type used to restimulate the CAR T cells
(Raji or U937; Supplementary Fig. S3C). T-cell populations were
analyzed for effector status and PD-1 expression prior to, and after
four rounds of restimulation. No significant differences were identified
(Supplementary Table S5). These results show that CAR19-bi-BP T
cells are able to serially engage target cells.

Activity of CAR19 T cells secreting CLEC12A-bringing proteins
in vivo

Next, we evaluated the activity of CLEC12A-bridging CAR19 T cells
in vivo. NSG mice were injected intravenously with 1 � 106 CD19-
positive Nalm6-luc cells. Nalm6 cells rapidly disseminated, seeding the
bone marrow and then developing into a systemic, lethal leukemia.
Micewere treated 3 days after theNalm6 injectionwith 2, 5, or 10� 106

CAR19-bi-BP T cells/mouse. Control cohorts were injected with UTD
Tcells from the same donor (#38, 64%CAR-positive) orwere not given
T cells (NA). At day 21, the control animals were euthanized because of
tumor burden (Fig. 3A). The twohighest doses ofCAR19-bi-BPT cells
eliminated the leukemia and prevented lethality, and very little lumi-
nescence was detected (Fig. 3A and B). This indicated that the
CLEC12A-bridging CAR19 T cells recognized CD19 directly, and
that the secretion of the BP did not impair this activity in vivo.
Previously we reported on additional cohorts from this study; images
obtained on day 21 are shown for comparison and illustrate a second
example using Her2-bridging CAR19 T cells (Fig. 3C; ref. 10).

Two models of aggressive systemic AML were tested. The U937
myeloid leukemia model is difficult to control and quickly lethal in
NSGmice. In this study, theCLEC12A-bridgingCAR19T cells and the
CAR-CLEC12A-scFv T cells were tested at different doses given 3 days
after leukemia inoculation. The CAR T cells were made using donor
#38, as used in the Nalm6model. Doses of CAR T cells ranged from 2–
10 � 106/animal. In this experimental setting all doses appeared
equivalent by total luminescence measured through day 20, at which
time the control cohorts (UTD and NA, n ¼ 10 in total) had to be
euthanized (Fig. 3D). This study demonstrated that the CAR19-bi-BP
T cells had activity very similar to CAR-CLEC12A-scFv T cells.

Table 2. Characterization of BPs.

U937 cell binding
(EC50)

U937 cell cytotoxicity
(IC50)

Bridging protein ng/mL pmol/L ng/mL pmol/L

CD19-scFva 570 (4) 10,200 (100) 54.9 (13) 980 (226)
1B12-CD19b 8 (0.4) 164 (32) 1.3 (0.3) 28.2 (3)
CD19–2H3b 4 (0.8) 90 (20) 0.34 (0.1) 7.3 (1.8)
scFv-2H3-CD19a

(biparatopic)
0.6 (0.1) 8 (2) 0.04 (0.02) 0.6 (0.2)

Note: Binding affinities and cytotoxic activities of CD19-containing BPs created
using different anti-CLEC12A binding domains. Flow cytometry was used to
measure dose-responsive binding to U937 cells and calculate EC50 values.
Cytotoxicity activity against target U937-luc cells was calculated from the
reduction of luciferase signal after incubation with CAR19 T cells and a titration
of each BP. The IC50 data were calculated from the cytotoxicity results. Data are
shown as mean (SD) and are derived from n > 3 independent experiments.
a ¼ P < 0.01 for all comparisons of scFv versus 2H3 or 1B12 BPs and for all
comparisons of the biparatopic BP versus other BPs.
b ¼ P < 0.05 for comparisons of the 1B12 versus 2H3 BPs.
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An additional study was performed using the same conditions for
U937 leukemia inoculation and addition of CAR19-bi-BP T cells from
different donors (#38, as above, and donor #45, 55% CAR-positive).
Sixty percent of the control animals had to be euthanized by day 20 and
the rest by day 23 whereas the CAR19-bi-BP T-cell cohort had greatly
reduced tumor burden and all but one animal survived through day 28
(Fig. 3E and F).

We assessed treatment of a different AML cell line, PL21, using the
CLEC12A-bridging CAR19 T cells and CAR-CLEC12A T cells, both
derived from donor #45, as used in the previous experiment. Control
cohorts were treated with donor-matched UTD or CAR19 T cells or
were untreated. NSG mice were inoculated with PL21 cells intrave-
nously and the leukemia was allowed to disseminate and establish
disease for 7 days prior to inoculation with CAR T cells. Animals were

imaged weekly to monitor disease progression (Fig. 4). By day 13, all
control cohort mice (n¼ 18 total) showed clear luminescent signal in
the femurs and lungs, whereas the animals in the CLEC12A-bridging
anti-CD19 CAR and CAR-CLEC12A–treated cohorts only had a faint
luminescent signal at the intravenous injection site in the tail (Fig. 4C).
At day 28, all control mice had a systemic luminescent signal (Fig. 4A
and B), and by the following week the control animals were humanely
euthanized as they approached a signal of approximately 1 � 109

lumins/animal, at which time they showed signs of declining health
(Fig. 4C).

A CLEC12A and CD33 bispecific BP
AML is a highly heterogeneous disease with variable antigen

expression across and within subtypes (18, 23, 24). This led us to

Figure 2.

Activity of CAR19 T cells in the presence of BPs.A andB,High BP concentration does not interfere with CAR19 T-cell–mediated killing. The three conditions indicated
are BP prebound to CAR T cells (A), BP prebound to tumor cells (B), and BP, CAR T cells, and tumor cells added together simultaneously (C). The target tumor cells
were U937-luc cells (A) or Nalm6-luc cells (B). C–E, The cytotoxic activity of CAR19 T cells and CAR19 T-cell–secreting BPs is shown. C, CAR19 T cells (47% CAR-
positive) and anti-CD19 CAR-bi-BP T cells (50%CAR-positive)weremixedwith Nalm6-luc cells at the indicated E:T ratios, and cytotoxicity wasmeasured. The T cells
were from donor 54. D and E, CAR19 T cells, CAR-CLEC12A-2H3 T cells, and CAR19-bi-BP T cells (each 50% CAR-positive, donor 18) were mixed with JeKo-1-luc cells
(D) or U937-luc cells (E) at the indicated E:T ratios, and cytotoxicity was measured. In D and E, the CAR19-bi-BP designations refer to His-tagged, A, and untagged,
B, forms.
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Figure 3.

In vivomodels of CAR T cell activity. NSG mice were injected IV with Nalm6 cells and 3 days later given 2, 5, or 10� 106 CAR19-bi-BP T cells or UTD cells or no
cells (NA). A, All three doses of CAR19-bi-BP T cells reduced the CD19-positive leukemia. The inset graph to the right shows the CAR19-bi-BP dose cohorts in
greater detail; the two highest doses eradicated the CD19-positive tumor cells. B and C, Images showing protection from leukemia achieved with the
CLEC12A-bridging anti-CD19 T cells compared with HER2-bridging CAR19 T cells. D, Three doses of CAR19-bi-BP T cells (2, 5, or 10 � 106) were compared
with the same doses of CAR-CLEC12A-2H3 T cells in the U937 model. E and F, CAR19-bi-BP CAR T cells given at the 10 � 106 dose improved survival in the
U937 model (A: tagged, B: untagged). � , P < 0.01 for treatment cohorts compared with NA or with UTD; ��, P < 0.05 for the lowest dose compared with the
two higher doses. X ¼ euthanized.
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create a BP with anti-CLEC12A and anti-CD33 binding capability.
Sequences from the anti-CLEC12A 2H3 VH and an anti-CD33 scFv
were combined with a stabilized CD19 to generate a dual-antigen BP
(Table 1). Binding of the dual-antigen BP to both antigens, CLEC12A
and CD33, remained intact and with approximately the same EC50

values as single antigen BPs (Supplementary Fig. S4A; Table 1). The
AML cell lines PL21, AML2, and AML5 express variable levels of the
antigens CD33 and Clec12A (Supplementary Fig. S4A). The dual-
antigen BP bound to these cell lines with high affinity and mediated
potent cytotoxicity by CAR19 T cells (Supplementary Fig. S4B and
S4C). U937 cells express both CD33 and CLEC12A, but not CD19
(Supplementary Fig. S4A). The single and dual-antigen BPs bound to
U937 cells with high affinity and mediated potent cytotoxic activity in
the presence of CAR19 T cells (Supplementary Fig. S4D and S4E;
Supplementary Table S6).

The Molm14 AML cell line expresses high levels of CD33 but
little CLEC12A (Supplementary Fig. S4A). The binding of the single
and dual-antigen BPs reflected this antigen expression (Supple-
mentary Fig. S4F). A cytotoxicity assay using Molm14 cells showed
that the dual-antigen BP mediated cytotoxic activity in the presence
of CAR19 T cells similar to that of the anti-CD33 BP (Supplemen-
tary Fig. S4G). We compared the binding of the biparatopic and
dual-antigen BPs on Molm14 cells. Biparatopic BP binding was very
low; the dual-antigen BP bound to saturation (Supplementary
Fig. S4H). In cytotoxicity assays, the dual-antigen BP demonstrated
potent killing while the biparatopic BP failed to kill all target cells
(Supplementary Fig. S4I).

The cell lines PL21, AML2, AML5, U937, and Molm14 do not
express CD19 (Supplementary Fig. S5).

The CLEC12A-CD33 dual-antigen BP did not exhibit enhanced
killing of cells expressing both antigens; however, both antigens clearly
bound to the BP and mediated anti-CD19 CAR cytotoxicity. Further
optimization of this BP design may support synergistic binding. Such
dual-antigen BPs will be useful to target AML cells that do not express
one of the antigens or downregulate one during the course of disease
response to therapy.

Discussion
Here we have shown (i) a biparatopic CD19-anti-CLEC12A BP

containing two distinct binders improves binding affinity, (ii) CD19-
anti-CLEC12A BPs trigger CAR19 T cells to kill CLEC12A-positive
AML cells in vitro, and (iii) CLEC12A-bridging CAR19 T cells
kill AML cells in vitro and in vivo as potently as conventional
CAR-CLEC12A T cells. These results confirm the robustness of this
technology.

AML is a heterogeneous collection of hematopoietic stem cell–
derived malignancies that can differ by LSC stage, by critical driver
mutations, by oncogenic translocations, by epigenetic status and by
expression of cell surface antigens. Despite this variability, most
patients are given standard chemotherapy regimens, and then newer
therapeutics in the refractory setting. The majority of patients even-
tually relapse and the 5-year survival rate is very low.

It is against this treatment landscape that CAR T-cell therapies for
r/r AML are being developed; such efforts have been extensively
reviewed (7, 13). CAR T antigen selection is a critical tolerability issue
as AML antigens can also be expressed onmaturemyeloid lineage cells
and on hematopoietic stem cells in the bone marrow (7). For example,
CAR T cells targeting CD123 eliminate not just AML cells but also
mature normal myeloid subsets and disrupt myelopoiesis, causing
profoundmyelosuppression. CD123 is also expressed on other normal
cell types. This highlights the importance of antigen selection.

Unfortunately, the heterogeneous pattern of AML antigen expres-
sion suggests that multi-antigen targeting will be critical for the
successful development of durable and curative cellular therapies.
Indeed, the issue of tumor antigen loss in response to cell therapy is
observed across hematologic and solid tumor indications (3, 25, 26)
and limits the utility of single antigen targeting CAR T cells.

The CLEC12A antigen has a particularly promising expression
profile in AML with uniform and stable expression on blasts and
LSCs across many subtypes (14, 15, 18, 27–29). Expression is not
altered by standard therapy, for example, chemotherapy, and is stable
from diagnosis through treatment through relapse. Importantly,

Figure 4.

CAR T-cell activity in the PL21 in vivo model. A, Graph of luminescent values in each cohort through day 40. B, Survival curve for each cohort through day 50.
C, Individual animal images through day 44. X ¼ euthanized. � , P < 0.01 and ��, P < 0.05 for treatment cohorts compared with NA cohort.
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CLEC12A is not expressed on normal hematopoietic stem
cells (14, 28, 29). Therefore, targeting the CLEC12A antigen will target
AML blasts and LSCs while sparing normal hematopoiesis. Several
groups have advanced CLEC12A-targeting CAR T cells into clinical
trials (30, 31).

Our results demonstrate that targeting CLEC12A eliminates AML
cells in vitro and significantly reduces tumor burden in vivo. In
particular, the anti-CLEC12A biparatopic BP mediated anti-CD19
CAR cytotoxicity at low pmol/L concentrations, which is in the range
of low to sub ng/mL levels in solution. The BP therefore acts like a
CAR-T cell engager, with potency similar to that of blinatumumab
acting as a T cell engager, as one example. Furthermore, we have
engineered the CAR19 T cell itself to secrete the BP constitutively, at a
level more than two logs above the effective IC50 concentration. This
expression level, coupled with the low pmol/L affinity of the bipar-
atopic BP for CLEC12A-expressing cells, ensures effective bridging
and cytotoxicity. As a result, CAR19 T cells secreting the BP are as
potent as anti-CLEC12A CAR T cells (Fig. 4A) while retaining all the
advantages of CAR19 T cells themselves, including the inherent fitness
and persistence characteristics that come from engaging CD19 on B
cells (see below).

Notably, among the AML subtypes are several that express CD19
itself. Mixed phenotype leukemias (MPAL) are hematopoietic lineage
malignancies that express both myeloid and lymphoid lineage mar-
kers. B-lineage MPAL can arise de novo (as a primary malignancy) or
as a consequence of treatment of ALL (a lineage switch; ref. 32). This
and other previously unclassified AML subtypes are also CLEC12A
positive (18). Another AML subgroup that expresses both CLEC12A
and CD19 is the t(8;21)(q22;q22) chromosomal abnormality (33); this
subtype represents 10%–20% of all AML in adults and children.

Several efforts have been made to demonstrate the utility of
targeting CD19 in these subgroup, including preclinical work and
clinical case work with a CD19-targeting CAR (34, 35), and clinical
case work using the CD3 � CD19 bispecific antibody blinatumo-
mab (36). A very recent finding that CD19 is even more widely
expressed in AML highlights the potential broad applicability of this
dual-antigen targeting strategy (37). In CLEC12A-positive/CD19-
positive AML, the CLEC12A-bridging CAR19 T cells will target both
antigens through the anti-CD19 CAR domain.

The heterogeneity of antigen expression in AML, even within an
individual patient, is a notable challenge for any therapeutic targeting a
single antigen (37). In addition to CLEC12A, another important
AML antigen is CD33, which is expressed broadly across AML
subtypes. It has been reported that the percentage of adult patient
samples that are dual positive for CLEC12A and CD33 is at least 70%,
and the percentage positive for either CLEC12A or CD33 approached
95% (14, 28, 29). A recent analysis documented the high level of
expression of CLEC12A and CD33 on AML patient cells as compared
with normal cells and noted that these two antigens together are
expressed by nearly all pediatric AML (38). Therefore, targeting
both CLEC12A and CD33 should be broadly effective in most patients
with AML. As a proof of concept, we engineered a dual-antigen BP
containing two domains, one recognizing CLEC12A and a second
recognizing CD33. This BP successfully mediated cytotoxicity against
cells expressing either antigen (Supplementary Fig. S3). Because we
have used an anti-CLEC12A VH and an anti-CD33 scFv, the overall
size of the BP is small. The sequence of such dual antigen binders is
short enough to be incorporated into lentiviral vectors and secreted by
CAR19 T cells. Of note, CD33 is expressed on normal myeloid lineage
cells and myeloid hematopoietic stem cells although at lower levels
than on AML cells (38). The hypothesis that CAR T cells targeting

CD33 will induce myelosuppression as a side effect is currently being
tested in early clinical trials; results are not yet available. Long-term
data following patients treatedwith gentuzumab ozogamicin, and anti-
CD33 antibody–drug conjugate, showed that while most patients
experienced neutropenia and thrombocytopenia the incidence of
grade 3/4 infections and bleeding events was low (39). Local secretion
and the short half-life of CAR T engagers should further enhance
tolerability. One group has reported development of a CD33 �
CLEC12A CAR T cell (40). Other targets currently being evaluated
in proof-of-concept BPs include B7H6 and IL1-RAP (41, 42).

CLEC12A-bridging CAR19 T cells are able to bind to CD19 on
normal B cells. This is a critical feature because CAR T cells that are
stimulated by B cells appear functionally superior to CAR T cells that
are stimulated by tumor cells, whether solid tumors (10) or AML cells.
In particular, CLEC12A-bridging CAR19 T cells expanded 15-fold
through four rounds of restimulation using Raji cells but only expand-
ed 4-fold when restimulated using U937 cells. While the restimulated
CAR T cells retained cytotoxicity, there was a statistically significant
drop in the extent of target cell killing after four rounds of restimu-
lation with U937 versus Raji (Fig. 3; P < 0.05). A similar finding was
reported in the context of anti-ROR1 CART cells that have been given
to solid tumor patients and shown short persistence, in contrast to the
behavior of those same CAR T cells in patients with chronic lympho-
cytic leukemia (43). Our current efforts are directed to understanding
the mechanistic basis for these differences.

Several studies have suggested that normal B cells are critical for
successful CAR19 T-cell therapy for B-cell malignancies. In syngeneic
B-cell tumormodels, tumor growth control by CAR19 T cells required
the presence of normal B cells (44, 45). The clinical relevance of normal
B cells to successful CAR19 T-cell therapy was shown in an analysis of
B-cell leukemia treatment. It was demonstrated that a bone marrow
composition of >15% of CD19-expressing cells (leukemia cells and
normal B cells) prior to lymphodepletion was a primary factor driving
CAR T expansion and persistence (46, 47). These data are consistent
with a key role for normal CD19-positive B cells in supporting CAR19
T cell activity. Normal B cells provide immunologically relevant
stimulatory signals to T cells, including costimulatory interactions,
adhesion molecule interactions, and chemokine and cytokine signal-
ing; the role of adhesion molecules supporting effector T-cell differ-
entiation is an area of intense investigation (48–51). Also, B cells are a
persistent and self-renewing antigen source. Thus, normal B cells can
provide a non-tumor cell-dependent antigen depot that maintains the
antitumor cell therapy until the target malignancy is completely
eliminated and no residual disease remains. In AML, the goal is always
to eliminate the last remaining blast and last remaining LSC that may
be resident in the bone marrow. To achieve deep residual disease-
negative status, it is ideal for the cell therapeutic to last longer than the
malignancy. Indeed, as the periphery is depleted of AML cells and
normal B cells, we would expect the CAR19 T cells to be found mainly
in the bone marrow, which is where CD19-positive early B cells are
released. In AML, this is exactly where we want the cell therapy to be
located, because this is where the myeloid leukemia stem cells that are
the source of AML relapse reside. Data from clinical studies using
therapeutics in lymphomas and multiple myeloma are consistent with
the hypothesis that CAR T cells can overcome local immunosuppres-
sion and survive harsh tumor microenvironments (1, 2). The BPs we
develop undergo typical protein analytic evaluation during the lead
development process, such analyses ensure serum stability, high Tm,
stability in high and low pH, oxidation resistance, and other critical
protein engineering characteristics (52). In addition, the CD19 ECD
was screened to have excellent stability and protease resistance (9).
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In summary, we have shown that multi-domain BPs can be used to
redirect CAR19T cells to target CLEC12A expressed byAMLcells. The
use of CD19-based BPs allows us to leverage the inherent fitness and
persistence properties of CAR19 T cells. The flexibility of our modular
platform is illustrated by the creation of a biparatopic anti-CLEC12A
BP and of a dual antigen-targeting BP that can bind to both CLEC12A
and CD33. The results presented here are a significant step toward our
ultimate goal of combining small multi-antigen targeting CD19-based
BPs with CAR19 T cells in multiple formats, including secretion from
the CART cells themselves, secretion from tumor-specific viruses, and
as injectable biologics. By this means, we anticipate significant efficacy
can be achieved by thwarting antigen escape and resistance while
leveraging the singular CAR19 T cell, whether autologous or alloge-
neic, and without the need for extensive genetic manipulation.
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