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Abstract

Purpose: The outgrowth of antigen-negative variants is a
significant challenge for adoptive therapy with T cells that
target a single specificity. Chimeric antigen receptors (CAR) are
typically designed with one or two scFvs that impart antigen
specificity fused to activation and costimulation domains of
T-cell signaling molecules. We designed and evaluated the
function of CARs with up to three specificities for overcoming
tumor escape using Designed Ankyrin Repeat Proteins (DAR-
Pins) rather than scFvs for tumor recognition.

Experimental Design: A monospecific CAR was designed
with a DARPin binder (E01) specific for EGFR and compared
with a CAR designed using an anti-EGFR scFv. CAR constructs
in which DARPins specific for EGFR, EpCAM, and HER2 were
linked together in a single CAR were then designed and
optimized to achieve multispecific tumor recognition. The

Introduction

The adoptive transfer of chimeric antigen receptor-modified
T cells (CAR-T) targeting single B-cell lineage markers CD19 and
CD22 has induced durable remissions in some patients with
B-cell-derived malignancies that have failed all conventional
therapies (1-4). However, treatment failure occurs in some
patients because of the outgrowth of tumor cells that have lost
or express low levels of the target antigen; or, in the case of acute
leukemia, that have undergone a lineage switch to a myeloid
phenotype (1, 5-8). Solid tumors present an even greater ther-
apeutic challenge because few surface molecules that could serve
as CAR targets are solely expressed on tumors and not on normal
tissues and because antigen expression is often more heteroge-
neous on solid tumors than on B-cell malignancies (9, 10).
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efficacy of CAR-T cells bearing a multispecific DARPin CAR
for treating tumors with heterogeneous antigen expression was
evaluated in vivo.

Results: The monospecific anti-EGFR E01 DARPin con-
ferred potent tumor regression against EGFR™" targets that was
comparable with an anti-EGFR scFv CAR. Linking three sep-
arate DARPins in tandem was feasible and in an optimized
format generated a single tumor recognition domain that
targeted a mixture of heterogeneous tumor cells, each expres-
sing a single antigen, and displayed synergistic activity when
tumor cells expressed more than one target antigen.

Conclusions: DARPins can serve as high-affinity recogni-
tion motifs for CAR design, and their robust architecture
enables linking of multiple binders against different antigens
to achieve functional synergy and reduce antigen escape.

Indeed, clinical trials in which CAR-T cells targeting EGFRVIII
were administered to treat glioblastoma or targeting ¢-MET in
triple-negative breast cancer have resulted in the outgrowth of
antigen-negative variants (11, 12).

In an attempt to reduce antigen escape, bispecific CAR-T cells
with 2 scFv moieties separated by G4;S linkers have been
designed to target two antigens simultaneously. Bispecific con-
structs have been described that target CD19/CD123, CD19/
CD22, or CD19/CD20 in B-cell malignancies, or HER2/
IL13R02 in glioblastoma (1, 13-17). Linking more than 2
CAR encoding transgenes in tandem can also be achieved (18),
although vector size becomes a barrier for efficient gene deliv-
ery, and obtaining the correct stoichiometry to efficiently
recognize all target molecules can be challenging. Furthermore,
tandem antibody domains are prone to alternative association
and aggregations (19).

Advances in protein engineering have led to the develop-
ment of alternative antigen-binding proteins that are smaller
in size, more thermodynamically stable, and less aggregation
prone than antibodies (20). Designed Ankyrin Repeat proteins
(DARPins) are one class of such antibody mimetic proteins
with such properties and are comprised of a variable number
of ankyrin repeat motifs where each ankyrin repeat consists of
33 amino acids, forming 2 a-helices followed by a B-turn (20).
DARPin libraries have been generated by consensus design
and by randomizing 6 surface interaction residues per repeat
without compromising the stability of the hydrophobic
core. A library of 2 or 3 internal repeats, flanked by N- and
C-terminal hydrophilic capping repeats, has a theoretical
diversity of 5.2 x 10" or 3.8 x 10??, respectively. Using
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Translational Relevance

The simultaneous targeting of multiple antigens with engi-
neered immune cells could overcome the barrier posed by the
heterogeneity of antigen expression in tumor cells, which is
frequent in many cancer types and enables the escape and
subsequent outgrowth of antigen loss variants. We show that
stable antigen-binding proteins comprised of designed
ankyrin repeat proteins can be linked in tandem as targeting
domains for chimeric antigen receptors. These higher-order
receptors retain specificity and function against multiple target
antigens, thereby overcoming the challenge of target hetero-
geneity and antigen escape that can occur after adoptive
therapy with engineered immune cells.

ribosome display, practical diversities of 10'! to 10'? can be
routinely reached, and with phage display about one order of
magnitude less.

Library screening against many targets has enabled the selection
of DARPin binders that have low nanomolar or picomolar affin-
ity, are extremely specific and stable, and have been developed as
protein therapeutics for cancer and ocular diseases (21). Previous
work has demonstrated that DARPins can function as a single or
bispecific recognition motifs in CAR-T cells and confer antigen-
specific recognition (22-24). Here, we extend these observations
to demonstrate the utility of multiple DARPins for constructing a
single highly multispecific CAR that is capable of efficiently
recognizing and eliminating heterogeneous tumors expressing
disparate antigens.

Materials and Methods

Human subjects

Blood samples were obtained from donors who provided
written-informed consent for research protocols approved by the
Institutional Review Board at the Fred Hutchinson Cancer Center.
Peripheral blood mononuclear cells were isolated by centrifuga-
tion using Ficoll-Histopaque (Sigma) or Lymphocyte Separation
Media (Corning). CD8" and CD4" T cells were selected with
EasySep Direct Human CD8* and CD4 " T Cell Isolation Kit (Stem
Cell Technologies).

Cell lines

The tumor cell lines K562 (ATCC CCL-243), MDA-MB-231
(ATCC HTB-26), NCI-H1975 (ATCC CRL-5908), and Raji (ATCC
CCL-86) were purchased from the American Type Culture Col-
lection, grown in RPMI media with 10% FCS and 100 U/mL
penicillin-streptomycin (Gibco), and transduced with firefly
luciferase (ffluc). 293T (ATCC CRL-11268) were cultured in
DMEM with 10% FCS and 100 U/mL penicillin-streptomycin
(Gibco). K562 cells were transduced with a lentivirus expressing
full-length EGFR. Raji tumor cells were transduced with lentivirus
expressing full-length EGFR, EpCAM, and/or HER2 alone and in
combination to derive cells that express one, two, or all three of
the target antigens (EGFR, EpCAM, and HER2). All tumor cell
lines were tested routinely for mycoplasma contamination using
the MycoAlert Mycoplasma Detection kit (Lonza) as per the
manufacturer's instructions.
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Lentiviral vector construction, transduction, and generation of
CAR-T cells

Monospecific CARs were designed using codon-optimized
nucleotide sequences for the cetuximab scFv and DARPins E01
(EGFR), Ecl (EpCAM), and G3 (HER2) linked to sequences
encoding a modified IgG4 hinge with or without a (G4S),
linker between the DARPin and hinge, followed by the CD28
transmembrane domain and the 4-1BB costimulatory and
intracellular CD3{ domains (25-28). Multispecific DARPins
were linked in tandem each separated by a (G4S), or (G4S)4
linker from the neighboring DARPin followed by a (G,S),
linker, the IgG4 hinge, and transmembrane and signaling
domains as described above. CAR sequences were cloned into
an epHIV7 lentiviral vector downstream of a GM-CSF receptor
leader sequence and separated by a T2A sequence from a
truncated CD19 tag (tCD19) used for detection and enrich-
ment of transduced T cells (29, 30). A MYC tag (amino acid
sequence EQKLISEEDL) was fused to the N-terminus of mono-
specific and multispecific DARPins CARs, and these constructs
were used solely to assess surface expression of the CARs.
Lentivirus was generated by transient transfection of psPAX2
and pMD2G packaging plasmids in HEK293-T cells. Primary
CD8" and CD4" T cells were separately activated by anti-CD3/
CD28 beads (Life Technologies), transduced 1 day after acti-
vation by centrifugation at 800 g for 90 minutes at 32°C with
lentiviral supernatant and 1 ug/mL polybrene (Millipore).
Transduced cells were then sorted for expression of tCD19,
restimulated using the rapid expansion protocol as
described (31), and tested in functional assays on day 11 or
12 after restimulation.

In vitro functional assays

T-cell cytotoxicity was analyzed in a 4-hour chromium release
assay, cytokine secretion was detected by ELISA of supernatants
collected after 24 hours, and proliferation of T cells was
measured by dilution of carboxyfluorescein succinimidyl ester
or Cell Trace Violet-labeled cells by flow cytometry as described
previously (32). Activation-induced cell death (AICD) of T cells
was detected by Annexin V and propidium iodide staining
after incubation with target cells for 24 hours (BD Biosciences#
556547).

Flow cytometry and immunoblot

T cells were stained with mAbs against human CD8 (SK1-BD
Biosciences), CD4 (RPA-T4-BD Biosciences), human PD-1
(J105-eBioscience), and corresponding isotype antibody.
Flow analysis was performed on a FACSCantoll or FACSARIA
I, and data were analyzed with FlowJo (Treestar). Transduced
T cells were detected by staining with anti-human CD19 mAbs
(BD Biosciences #555415) to detect tCD19. A MYC tag fused
to the N-terminus of DARPin-based CARs was used to deter-
mine CAR surface expression on the T cells by staining
with the anti-MYC antibody (Cell Signaling Technology
#2233S; ref. 33). Flow analysis of target expression on tumor
cells was performed using mAbs against EGFR, EpCAM, and
HER2 (Biolegend #352910, Biolegend #324208, Biolegend
#324420). Immunoblot analysis was performed against
anti-human CD247 pTyrl42 (K25-407.69, BD Biosciences)
and pan CD247 to detect CAR expression as previously
described (25).
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NOD/SCID/yc ™/~ (NSG) mouse model

The Institutional Animal Care and Use Committee approved
all mouse experiments. Six- to eight-week-old NOD.Cg-
PrkdcscidIl2rgtm1Wjl/Sz] [NOD/SCID/yc—/— (NSG)] female
mice were procured from The Jackson Laboratory or bred in-
house. A mixture of CD8" and CD4" T cells (1:1 ratio), unless
otherwise specified, was transferred via tail vein injection
1 week after subcutaneous implantation of MDA-MB-231 or
after intravenous implantation of Raji. Tumor growth was
monitored by bioluminescence imaging as previously
described (32). Transferred T cells were detected in blood or
tumors harvested at specified intervals after therapy using mAbs
specific for CD8 and CD4. Analysis of EGFR, EpCAM, and
HER?2 antigen expression on tumor cells harvested at euthana-
sia was performed by flow cytometry.

MHC-binding prediction

Approximate binding affinities of 9-mer peptides derived from
the DARPins and scFvs to MHC were predicted using
NetMHC (34).

Statistical analysis

Log-transformation was conducted for the data with large value
before analysis. To compare two paired groups, two-sample
paired ¢ test was used. The two-way ANOVA was used if there
were two factors in group comparisons. Kaplan-Meier curves were
generated for survival analysis and the curves compared by the
Log-rank test. Results with a P value of <0.05 were considered
significant. To compare multiple groups with a single control,
Dunnett test was used for multiplicity adjustment. For survival
curve comparison, an unadjusted P value was reported.

Study approval

Normal donors were enrolled for peripheral blood collec-
tion and provided written-informed consent for research pro-
tocols approved by the Institutional Review Board of the Fred
Hutchinson Cancer Research Center (FHCRC). Blood sample
collection was conducted in accordance with the Declaration
of Helsinki. The in vivo mouse experiments were approved by
the FHCRC Institutional Animal Care and Use Committee.

Results

DARPins function as monospecific recognition motifs in CARs

The EO1 DARPin has been described previously and recog-
nizes a similar region on domain III of the EGFR protein as
cetuximab (35). We designed a second-generation 4-1BB/CD3{
CAR with monospecific EO1 DARPin as the recognition motif
and compared its function in T cells with a similarly designed
CAR in which the DARPin was replaced with the cetuximab scFv
(Fig. 1A). Separate aliquots of CD8" T cells were transduced
with lentivirus encoding the EO1 DARPin or the cetuximab scFv
CARs and transduced tCD19™ T cells were sorted to high purity
(Supplementary Fig. S1A). The EO1 DARPin and cetuximab
scFv CAR-T cells were tested for recognition of a panel of target
cells expressing EGFR including K562 cells that were trans-
duced with full-length human EGFR (K562/EGFR), as well as
MDA-MB-231 breast cancer and NCI-H1975 lung cancer cell
lines that endogenously expressed EGFR (Supplementary
Fig. S1B). K562/EGFR cells but not the EGFR™ K562 parental
line, and endogenous EGFR" tumor cell lines were efficiently
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lysed by both the EO1 DARPin CAR and cetuximab CAR (Fig. 1B
and C).

DARPins are small (15-18 kDa), and we hypothesized that the
addition of a flexible linker between the DARPin and the hinge
and/or an increase in spacer length might optimize the geometry
of the T-cell/tumor cell interaction and improve CAR function. We
constructed the EO1 DARPin CAR with and without the addition
of a (G4S), linker between the DARPin and the hinge in a short
(IgG4 hinge) and modified long (hinge-CH2-CH3) spacer format
(Supplementary Fig. S1C; ref. 36). The expression of these differ-
ent DARPin CARs was evaluated by Western blotting using an
antibody against the CD3( chain, with the endogenous CD3{
chain (16 kDa) serving as a loading control. Both the short and
long spacer EO1 CARs were expressed in T cells at the expected size
of 42 and 67 kDa respectively and appeared to be at comparable
levels with the cetuximab scFv CAR (Fig. 1D). Each DARPin CAR
sample had doublet bands at the predicted size, which is likely
due to incomplete unfolding of the DARPin in SDS-PAGE gels due
to their high thermodynamic stability (37).

We evaluated T cells expressing these modified EO1 DARPin
CARs in functional assays. CD8" T cells expressing EO1 DARPin
CARs in the long and short spacer format with the (G4S), linker
lysed EGFR* MDA-MB-231 comparable with CD8* T cells expres-
sing the cetuximab CAR. In contrast, the short spacer without the
(G4S), linker exhibited a minor reduction in cytolysis not
observed with the long spacer (Fig. 1E). Interestingly, CD8" T
cells expressing the short spacer EO1 DARPin CAR without the
(G4S), linker showed markedly lower production of IFNy and
IL2, and decreased proliferation after coculture with MDA-MB-
231 target cells compared with all other EGFR CAR-T cells tested
(Fig. 1F and G). CD8" T cells expressing the (G,S), linker
containing short and long spacer EO1 CARs proliferated similarly
to T cells expressing the cetuximab CAR (Fig. 1G), and produced
IFNYy and IL2, although the level of cytokines produced by these
EO01 DARPin CAR-T cells was less than that produced by the
cetuximab CAR-T cells (Fig. 1F). A similar hierarchy in cytokine
production was observed when CD4 " T cells were transduced
with the EO1 DARPin and cetuximab scFv CARs. CD4" T cells
expressing the short spacer EO1 CAR lacking (G4S), produced
significantly less IFNy and IL2 and proliferated poortly after
stimulation with MDA-MB-231, and the addition of the (G4S),
linker or the CH2-CH3 sequences improved function of the
short spacer construct (Supplementary Fig. S2A and S2B). The
long spacer formats of the DARPin CAR showed equivalent
proliferation and slightly less cytokine production than the
cetuximab CAR in CD4* T cells. Because of the high affinity of
EO1 and cetuximab for EGFR, we also measured whether
engagement of tumor cells might induce AICD of CAR-T cells.
We found that the cetuximab CARs showed slightly higher
AICD (Annexin V', PI", CD8" cells) in vitro than the E01
DARPins CARs after 24 hours of incubation with MDA-MB-
231 (Supplementary Fig. S2C).

We next examined whether the monospecific DARPin CAR-T
cells were effective in treating NSG mice engrafted with MDA-MB-
231.Tumor cells were inoculated subcutaneously and 1 week later
mice received a 1:1 ratio of CD8" and CD4" CAR-T cells (38).
T cells expressing all of the EO1 DARPin CARs with various spacer
lengths with or without the (G,S), linker exhibited superior
tumor reduction compared with the nontransduced T cells; how-
ever, the effects of spacer design on CAR-T cell function were more
evident in vivo than suggested by the in vitro functional assays. E01
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EGFR recognition by EO1 DARPin CARs. A, Schematic of the structure of EGFR-specific CARs consisting of the EF-1 promoter (EF-1p), GM-CSF receptor leader,
EO1DARPIn or Cet scFv, spacer sequences, CD28 transmembrane, 4-1BB costimulation, and CD3( activation domain with a truncated CD19 transduction marker
after the T2A element. B, Cytotoxicity of EO1 DARPin- and cetuximab scFv-specific cells against K562 cells and K562 cells transduced to express full-length
EGFR (n = 3). C, Cytotoxicity of EO1 DARPin- and cetuximab scFv-specific cells against tumor lines expressing EGFR (n = 3). D, Immunoblot with anti CD3{
measuring CAR and endogenous CD3{ on sort-purified-specific cells. E, Cytotoxicity of CD8* EO1 DARPin-specific cells against MDA-MB-231 tumor cells with
short and long spacer [4(G,4S), linker; n = 31. F and G, Cytokine secretion and proliferation of CD8" EO1 DARPin-specific cells with short and long spacer
[+(G4S),] against MDA-MB-231 target cells (n = 3). H, Bioluminescent imaging of MDA-MB-231 breast cancer cells transduced with firefly luciferase in NSG mice
treated with 5 million CAR-T cells (CD8:CD4:1:1). 1 and J, Average tumor radiance and survival of EO1 DARPin CAR with short and long spacer [+(G4S), linker]
compared with the cetuximab scFv CAR (n = 8 mice from 2 donors; **, P< 0.05 and ns, not significant).

DARPin CAR-T cells with the short spacer CAR lacking the (G4S),
linker induced only modest tumor regression and improvement
in survival compared with control T cells (Fig. 1H-J). This reduced
tumor control by E01 short spacer-specific cells lacking (G4S)»
was predicted based on in vitro functional assessments, but it was
unexpected that the E01 long spacer formats [+(G4S),] were less
effective in tumor control compared with the (G4S), linker con-
taining short EO1 CAR, despite equivalent in vitro function (Fig. 1
H-I). Only E01 DARPin-specific cells with the short spacer and
(G4S), linker and the cetuximab scFv-specific cells completely
eradicated tumor and cured all mice (Fig. 1H-J). CAR-T cells were
present in similar levels in the blood of mice with MDA-MB-231
tumors in all groups early after T-cell transfer (Supplementary
Fig. S2D). However, the frequency of EO1 (+(G4S),) short spacer
CAR-T cells was higher than the long spacer (+(G4S),) at the
tumor site but not in the spleen, suggesting enhanced local
survival or proliferation of T cells expressing the E01 (+(G4S),)
short spacer CAR (Supplementary Fig. S2E). Together, these
results indicate that DARPin binders can function efficiently as
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recognition motifs in CARs in vitro and in vivo and show that spacer
and linker modifications can be decisive in achieving optimal
efficacy.

DARPins can function in tandem to generate multispecific
CARs

Ankyrin repeats are more stable and aggregation-resistant than
scFvs, and it is feasible to link DARPins in tandem repeats in one
molecule (27). To evaluate DARPins in a multispecific CAR
format, we first linked EGFR-specific (E01) and EpCAM-specific
(Ec1) DARPins in tandem either separated from each other by a
(G4S), or (G4S)4 linker, followed by a (G,S), linker, the hinge,
and the 4-1BB and CD3{ signaling domain (26, 27). We designed
the CARs to have either E01 or Ecl as the membrane-proximal
DARPIn, expressed them in T cells, and tested recognition of Raji
tumor cells transfected to express EGFR or EpCAM alone, or both
EGFR and EpCAM (Fig. 2A; Supplementary Fig. S3A and S3B).
T cells expressing each of the bispecific constructs recognized
single EGFR or EpCAM-positive target cells, but there was a
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Design of multispecific DARPin CARs. A, Bispecific DARPin CARs constructed with either the Ec1 DARPin or EO1 DARPIn as the membrane-proximal DARPIn
separated by (G4S), or (G4S)4 linkers. B and C, Cytotoxicity and cytokine production of each bispecific DARPin CAR against single-positive or double-positive
target cells (n = 3). D, Trispecific CAR designs and recognition of single-positive tumor targets measured by IFNy production by specific cells (n = 4).

E, Cytotoxicity of trispecific specific cells against Raji/HER2 (**, P < 0.05 and ns, not significant).

hierarchy in cytolytic activity and cytokine production. CAR-T  kine secretion against Raji target cells expressing both EGFR and
cells expressing the Ec1-(G,S)4-E01 bispecific DARPin exhibited =~ EpCAM (Fig. 2B and C).

slightly higher cytotoxicity and cytokine secretion against the We then examined if DARPins could be used for designing
single positive targets compared with the other bispecific CAR  targeting structures of even higher multispecificity by fusing a
formats (Fig. 2B), and showed the highest cytotoxicity and cyto-  third DARPin (G3) that recognizes HER2 either upstream or
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downstream of the optimal bispecific DARPin CAR (Ec1-(G,4S)4-
EO1; Fig. 2D; refs. 28, 39). Evaluation of T cells that expressed
these constructs against single EpCAM-, EGFR-, or HER2-positive
Raji targets (Supplementary Fig. S3A and S3B) demonstrated that
the trispecific DARPin CAR produced IFNy and mediated cyto-
toxicity in response to HER2 " cells only when G3 was membrane-
distal (G3-Ec1-E01), and not when in a membrane-proximal
(Ec1-E01-G3) position (Fig. 2D and E). This was in line with
published data that G3 DARPin binds to a membrane-proximal
epitope on HER2, and therefore might require a membrane-distal
location in the trispecific CAR format for effective T-cell synapse
formation (39). T cells expressing the trispecific CAR with the E01
DARPin in a membrane-proximal position also exhibited better
IFNYy production against single EGFR-expressing target cells than
when E01 was placed between the G3 and Ec1 DARPins (Fig. 2D).
Cytokine production by the Ecl DARPin against single EpCAM
expressing target cells was equivalent either in a membrane-distal
position or when placed between the G3 and EO1 DARPin
(Fig. 2D). Based on these results, we chose the G3-Ec1-E01
construct as a trispecific CAR to characterize further.

The function of trispecific G3-Ec1-E01 CAR against Raji cells
expressing either EGFR or EpCAM or HER2 was then compared
with the respective monospecific CAR constructs to determine
whether tandem linking might reduce function against single
antigen-positive target cells. We first assessed the level of expres-
sion of each CAR on T cells by fusing an N-terminal MYC tag to the
monospecificand trispecific CARs to allow direct measurement of
CAR surface expression by flow cytometry. We observed lower
surface expression of the trispecific G3-Ec1-E01 construct com-
pared with each monospecific CAR (Fig. 3A). Consistent with the
reduction in expression, trispecific CAR-T cells exhibited reduced
cytotoxic activity against Raji tumor cells expressing EGFR,
EpCAM, or HER2 alone, and produced lower levels of IL2 against
single-positive targets compared with the corresponding mono-
specific CAR-T cells (Fig. 3B and C). T cells expressing the trispe-
cific CAR proliferated after incubation with Raji tumor cells
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expressing only EGFR, EpCAM, or HER2 at levels similar to or
slightly less than T cells expressing the corresponding monospe-
cific CARs (Fig. 3D). We did not observe basal CAR phosphor-
ylation in the monospecific, bispecific, or trispecific DARPin CAR
T cells as observed in previously published tonic signaling CARs
such as the ROR1- CD28/CD3{ CAR T cells (Supplementary
Fig. S4A; ref. 40). The monospecific, bispecific, or trispecific
DARPin CART cells also did not demonstrate cell surface expres-
sion of PD-1 prior to activation with target cells, and only
upregulate PD-1 with activation as shown for the E0O1 CAR
stimulated with MDA-MB-231 tumor cells (Supplementary
Fig. S4B; ref. 41). Comparison of function between the trispecific
CAR (G3-Ec1-E01) and the optimal bispecific CAR construct (Ec1-
(G4S)4-E01) demonstrated equivalent IFNy production against
Raji cells expressing EGFR or EpCAM or both EGFR and EpCAM
(Supplementary Fig. S4C). Further, the bispecific and trispecific
CAR recognized endogenously expressed antigens on the MDA-
MB-231 breast tumor line (Supplementary Fig. S4D).

Trispecific targeting against a homogeneous versus
heterogeneous tumor

Heterogeneity of antigen expression in tumors is a barrier to
effective immunotherapy and might be overcome by multispe-
cific targeting, either by infusing T cells expressing different
monospecific CARs or expressing a single multispecific CAR. We
evaluated the efficacy of CD4" and CD8" T cells expressing the
trispecific G3-Ec1-E01 DARPin CAR, each monospecific CAR, ora
mixture of T cells expressing each monospecific CAR for treating a
heterogeneous tumor in NSG mice. Mice were injected with 0.5
million Raji tumor cells expressing either EGFR, EpCAM, or HER2
ina1:1:1 mix and treated 7 days later with CAR-T cells against one
of'the targets, a mix of monospecific CAR-T cells or trispecific (G3-
Ec1-E01) CAR-T cells at the same total cell dose (Fig. 4A). The
monospecific CAR-T cells did not exert measurable tumor control
compared with mock T cells; however, a mixture of T cells
expressing each monospecific CAR and T cells expressing the
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Figure 3.

Trispecific CAR function against target cells expressing single antigens. A, Surface expression of monospecific and trispecific DARPins CARs measured by
staining of N-terminal MYC tag. B and C, Cytotoxicity and cytokine production of monospecific versus trispecific DARPin-specific cells against Raji cells
expressing EGFR or EpCAM or HER2 (n = 3). D, Proliferation of the trispecific G3-Ec1-EO1-specific cells against Raji cells expressing single targets (**, P< 0.05

and ns, not significant).
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In vivo antitumor function of trispecific specific cells against heterogeneous tumor cells. A, NSG mice were inoculated with a 1:1:1 mix (0.5 million) of Raji/EGFR,
Raji/EpCAM, and Raji/HER2 intravenously (IV) followed by IV injection of CAR-T cells (15 million CD8:CD4 1:1) 1 week after tumor cell injection.

B, Bioluminescence imaging of mice treated with trispecific CAR-T cells, monospecific CAR-T cells, or a mix of monospecific CARs at the same total T-cell dose.
C and D, Average tumor radiance and survival of mice in each treatment cohort (n = 7-12 from 2 donors). E, CAR-T cell frequencies in blood for monospecific
versus trispecific CAR (n = 7). F, Antigen expression on tumor cells harvested on euthanasia in the heterogeneous tumor model in each treatment cohort

(**, P<0.05 and ns, nonsignificant).

trispecific CAR exhibited a delay in tumor growth and
improved survival (Fig. 4B-D). CD8" and CD4" expressing
the trispecific and each monospecific DARPin CAR were detect-
able in peripheral blood for over 3 weeks after T-cell transfer
(Fig. 4E). The CD8" and CD4™ trispecific CAR T cells demon-
strated an early peak expansion higher than the mix of mono-
valent CARs followed by a decline at later time points that
correlated with decreased tumor burden. On examining tumors
from mice that met the euthanasia criteria, we observed that in
the heterogeneous tumor setting, monospecific specific cells
eliminated tumor cells that expressed their cognate antigen and
outgrowth represented tumor cells that expressed only the
nontargeted antigens or were antigen null (Fig. 4F). In mice
treated with trispecific CAR-T cells or a mix of monospecific
CAR-T cells, most of the tumor cells were antigen null indicat-
ing outgrowth of tumor cells that had either lost cognate
antigen or rare tumor cells that were not transfected
(Fig. 4F). We observed Raji tumor cells that were antigen null
in all groups, but the percentage was low in mice treated with
mock T cells or with the EO1 or G3 monospecific DARPin CARs
where the harvested Raji tumors were predominantly EpCAM ™,
possibly due to more aggressive growth of tumor cells trans-
fected with EpCAM (Fig. 4F).

7512 Clin Cancer Res; 25(24) December 15, 2019

Synergistic activity of the trispecific DARPin CAR

The goal of multispecific targeting is to eliminate tumor cells
that express any constellation of target antigens. Therefore, we
examined potential differences in in vivo antitumor efficacy of the
trispecific construct against Raji tumor cells expressing just a single
target, a combination of 2 targets or all 3 targets. Expression of the
target antigens (EpCAM and HER2) was similar in the single,
double, or triple transfectants, but expression of EGFR in the
triple-transfected Raji cells was 0.6-fold of the level in single or
double EGFR" targets (Supplementary Fig. S3B). We observed
that a dose of 9 million trispecific CD4* and CD8" CAR-T cells
was insufficient to clear Raji tumors that expressed only HER2 or
EpCAM but was curative against Raji tumor cells expressing EGFR,
suggesting that the potency of the trispecific CAR is different
against tumor cells expressing different single target antigens
(Fig. 5A). However, at the same CAR-T cell dose, we observed
more rapid tumor clearance and more prolonged tumor control
in mice engrafted with Raji tumor cells coexpressing both EpCAM
and HER2 compared with mice engrafted with single antigen
(Raji/EpCAM and Raji/HER2) tumors, although the survival
difference was not significant (Fig. 5A and B). The superior
antitumor activity did not reflect differences in CAR-T cell expan-
sion, suggesting that efficacy was due to superior recognition by
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Trispecific CAR G3-Ec1-EO1 T cells demonstrate synergy against tumor cells expressing multiple antigens. A, Bioluminescence imaging of tumors expressing
single (EGFR, EpCAM, or HER2) antigens or both HER2 and EpCAM in mice treated with 9 million trispecific CAR-T cells. B, Survival curves of cohorts of mice
after treatment with 9 million trispecific CAR-T cells. C, Bioluminescence imaging of tumors expressing single, double, or all three antigens (EGFR, HER2, and
EpCAM) in mice treated with 5 million trispecific CAR-T cells. D, Survival curves of cohorts of mice after treatment with 5 million trispecific CAR-T cells

(**, P<0.05 and ns, not significant).

the trispecific CAR of tumor cells expressing these two antigens
(Supplementary Fig. S5A).

To assess synergy of trispecific CAR T cells against tumor cells
expressing EGFR and additional antigens, we lowered the dose of
T cells because the higher dose was curative against Raji tumors
expressing EGFR. At a T-cell dose of 5 million CAR-T cells, we saw
equivalent antitumor activity from trispecific CAR-T cells in mice
engrafted with Raji tumors expressing only EGFR and those
engrafted with Raji expressing EGFR and EpCAM (Fig. 5C and
D). However, the trispecific CAR cleared tumor and improved the
survival in mice with Raji tumors expressing all 3 antigens
compared with tumors expressing only one or two antigens
(Fig. 5C and D). T-cell expansion was also observed in blood in
all treatment groups (Supplementary Fig. S5B). We did not
observe significant differences in short-term cytotoxicity, cytokine
secretion, or proliferation assays of the trispecific DARPin CAR
against target cells expressing single, dual, or triple antigens
(Supplementary Fig. S5C-S5E; ref. 14).The trispecific CAR also
did not show an increase in AICD on encountering single versus
multiple antigens (Supplementary Fig. S5F). These results illus-
trate the ability of trispecific CARs to target heterogeneous tumors
and exhibit synergistic activity in vivo against tumor cells that
express multiple antigens.

www.aacrjournals.org

Prediction of immunogenicity

A barrier that could limit the use of antibody mimetic proteins
in CARs is the potential for immunogenicity of non-scFv-based
motifs. MHC-restricted CD8" and CD4" T-cell responses to
transgene-encoded epitopes have been observed in some patients
treated with T cells expressing a foreign protein, including CAR-T
cells designed from murine scFvs (30, 42). Because mouse models
are poor predictors of immunogenicity in humans due to differ-
ences in MHC proteins, we used an in silico approach to identify
candidate epitopes for human class I MHC. We focused on the
immunogenicity of the core monospecific and trispecific DARPins
and compared them with the cetuximab scFv (25). We identified
9-mer binding sequences with a predicted affinity of less than
100 nmol/L to the human MHC I supertype alleles using the
NetMHC prediction algorithm (Supplementary Table S1). We
found that both monospecific DARPins and the cetuximab scFv
have between 1 and 2 peptides, predicted to bind to the MHC 1
supertype. The trispecific DARPin has an increase in the number of
peptides (n = 5) predicted to bind MHC 1 alleles over the
monospecific construct (Supplementary Table S1). However, on
screening the predicted immunogenic peptides against the
human proteome, we found that most of the DARPin but not
mouse cetuximab scFv hits matched highly similar sequences in
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the human proteome. These results indicate that DARPin
sequences could potentially be even less susceptible to T-cell-
mediated immunogenicity than murine scFvs because of the
abundance of natural ankyrin repeat proteins in the human
proteome.

Discussion

Antigen loss as a mechanism of escape after T-cell therapy for
cancer can limit the efficacy of this approach (1, 5-7, 11, 12).
Strategies to target multiple antigens are likely to be necessary for
optimal efficacy, and multiple groups are working to develop
multispecific CARs using scFv-based technologies (1, 13-17). In
this study, we show that single domain antibody mimetic proteins
such as DARPins can serve as multispecific recognition motifs and
may offer advantages over scFvs due to their stable nature and
aggregation resistance (20).

We tested multispecific recognition using three previously
characterized DARPins that target EGFR (E01), EpCAM (Ecl),
and HER2 (G3; refs. 26-28). We acknowledge that these antigens
are expressed on normal tissues in addition to high expression on
tumors; however, they serve as model antigens for proof-of-
principle experiments to evaluate multispecific targeting. In the
design of monospecific EO1 DARPin CARs, we found that the
addition of a (G4S), linker between the DARPin and the hinge
improved CAR function most likely due to a more optimal spacer
length or to the added flexibility that improved target bind-
ing (35). The design of multispecific DARPin CARs, including
the trispecific CAR, was empirically determined. Evaluation of the
functionality of each DARPIn in all three positions of the trispe-
cific CAR identified G3-Ec1-E01 construct as the optimal design
which was in agreement with the published crystal structures
of the G3 DARPin recognizing a membrane-proximal epitope of
HER2 and EO1 recognizing a membrane-distal epitope of
EGEFR (35, 39). Although a published crystal structure of the Ecl
DARPin and its target is not available, Ecl functioned in all
locations in the trispecific design, thus no inferences can be made
about the optimal location.

Functional testing of the trispecific DARPin CAR-T cell in both
in vitro and mouse studies revealed a hierarchy in antitumor
efficacy against the different targets. A CAR-T cell dose that was
ineffective in clearing tumors expressing only EpCAM or HER2
was sufficient to clear an EGFR-expressing tumor. The divergence
may be partly explained by differences in growth kinetics between
the transfected Raji targets or the efficiency of engagement of
individual DARPins with their target on tumor cells. However, the
potency of the trispecific CAR was lower than the corresponding
monospecific CARs against tumor cells expressing a single target,
revealing a potential limitation of multispecific designs, possibly
requiring refinement in the geometric presentation of the binders
to various epitopes. The optimal level of CAR expression on T cells
is not known; however, the trispecific CAR was expressed at lower
levels than the monospecific CARs, which might explain the
decreased activity of the trispecific CAR against single antigen
targets. Alternatively, positioning of the G3 and Ec1 DARPin may
not be optimal due to the additional length of the extracellular
domain of the trispecific CAR.

Importantly, in the context of a mixture of heterogeneous
antigen-positive tumor cells, the trispecific CAR-T cells were as
effective as a mix of monospecific CARs. The trispecific CAR also
exhibited increased in vivo antitumor activity at suboptimal T-cell
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doses against tumors that expressed multiple (2 or 3) antigens
compared with activity against tumor cells expressing only a
single antigen. The synergistic increase in trispecific CAR activity
could be due to enhanced T-cell activation due to binding of
multiple antigens simultaneously, which may potentiate signal-
ingat theimmune synapse (14). This could also possibly generate
a safety window for targeting a combination of antigens on
tumors when any of the individual antigens is expressed on
normal tissue. These data suggest that for treatment of a hetero-
geneous solid tumor, a single T-cell product expressing a multi-
specific CAR is an alternative that avoids the complexity of
engineering multiple monospecific vectors and multiple T-cell
products.

Our data also reaffirm the obstacle of antigen escape. We
consistently observed immune selection when a heterogeneous
mixture of tumor cells expressing the three target antigens were
engrafted into mice and then treated with monospecific or tris-
pecific CAR-T cells. Tumors that grew out in mice treated with the
trispecific CAR or with a mixture of monospecific CAR-T cells were
mostly comprised of antigen-null variants. In our system, the
target molecules were transfected into Raji cells and were not
essential for the malignant phenotype. Furthermore, the studies
were performed in immunodeficient mice where engagement of
an endogenous host response cannot occur. For clinical transla-
tion, multispecific receptors should target molecules that are
involved in tumor cell maintenance or possibly be combined
with checkpoint inhibitors to engage endogenous immune
response at the tumor site (43-45). An additional challenge with
multispecific CARs is the potential for enhanced immunogenicity
of complex-binding domains.

Notwithstanding the aforementioned challenges, our results
demonstrate that in principle DARPin motifs can serve as
effective monospecific and multispecific tumor recognition
domains for CARs and function effectively in T cells to reduce
antigen escape. Refinements such as improved cell surface
expression, computational modeling of ligand binding, and
evaluation of immunogenicity can further contribute to the use
of antibody mimetic proteins in CAR design and facilitate
clinical translation.

Disclosure of Potential Conflicts of Interest

AL Salter is an employee/paid consultant for Lyell Immunopharma. S.R.
Riddell is an employee/paid consultant for Lyell Inmunopharma and Juno
Therapeutics (a Celgene company), reports receiving commercial research
grants from Juno Therapeutics (a Celgene company), and holds ownership
interest (including patents) in Juno Therapeutics (a Celgene company) and Lyell
Immunopharma. No potential conflicts of interest were disclosed by the other
authors.

Authors’ Contributions

Conception and design: A. Balakrishnan, A. Rajan, A. Pliickthun, S.R. Riddell
Development of methodology: A. Balakrishnan, A. Rajan, M.C. Jensen,
S.R. Riddell

Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): A. Balakrishnan, A. Rajan, A.L. Salter, S.R. Riddell
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): A. Balakrishnan, A. Rajan, Q. Wu, J. Voutsinas,
S.R. Riddell

Writing, review, and/or revision of the manuscript: A. Balakrishnan, A. Rajan,
A.L Salter, Q. Wu, J. Voutsinas, A. Pliickthun, S.R. Riddell

Administrative, technical, or material support (i.e., reporting or organizing
data, constructing databases): A. Balakrishnan, A. Rajan, P.L. Kosasih,
M.C. Jensen, S.R. Riddell

Study supervision: A. Plickthun, S.R. Riddell

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on December 14, 2019. © 2019 American Association for Cancer Research.


http://clincancerres.aacrjournals.org/

Published OnlineFirst September 23, 2019; DOI: 10.1158/1078-0432.CCR-19-1479

Acknowledgments

The study was supported by grants from the NIH (R0O1 CA114536; RO1
CA136551; P50 CA138293 to S.R. Riddell) and the FHCRC Walker immuno-
therapy fellowship in support of A. Balakrishnan. We would like to thank
Melissa Comstock, Don Evan S. Parrilla, and Mercedez Jess (Shared Resources,
Fred Hutchinson Cancer Research Center) for performing mouse husbandry
and tumor xenograft experiments.

References

1. FryTJ, Shah NN, Orentas RJ, Stetler-Stevenson M, Yuan CM, Ramakrishna
S, etal. CD22-targeted CART cells induce remission in B-ALL that is naive
or resistant to CD19-targeted CAR immunotherapy. Nat Med 2018;24:
20-8.

2. Maude SL, Frey N, Shaw PA, Aplenc R, Barrett DM, Bunin NJ, et al. Chimeric
antigen receptor T cells for sustained remissions in leukemia. N Engl ] Med
2014;371:1507-17.

3. Turtle CJ, Hanafi LA, Berger C, Hudecek M, Pender B, Robinson E, et al.
Immunotherapy of non-Hodgkin's lymphoma with a defined ratio of
CD8+ and CD4+ CD19-specific chimeric antigen receptor-modified T
cells. Sci Transl Med 2016;8:355ral116.

4. Salter Al, Pont MJ, Riddell SR. Chimeric antigen receptor-modified T cells:
CD19 and the road beyond. Blood 2018;131:2621-9.

5. Jackson HJ, Brentjens RJ. Overcoming antigen escape with CAR T-cell
therapy. Cancer Discov 2015;5:1238-40.

6. Sotillo E, Barrett DM, Black KL, Bagashev A, Oldridge D, Wu G, et al.
Convergence of acquired mutations and alternative splicing of CD19
enables resistance to CART-19 immunotherapy. Cancer Discov 2015;5:
1282-95.

7. GardnerR, Wu D, Cherian S, Fang M, Hanafi LA, Finney O, et al. Acquisition
of a CD19-negative myeloid phenotype allows immune escape of MLL-
rearranged B-ALL from CD19 CAR-T-cell therapy. Blood 2016;127:
2406-10.

8. Majzner RG, Mackall CL. Tumor antigen escape from CAR T-cell therapy.
Cancer Discov 2018;8:1219-26.

9. Mirzaei HR, Rodriguez A, Shepphird J, Brown CE, Badie B. Chimeric
antigen receptors t cell therapy in solid tumor: challenges and clinical
applications. Frontier Immunol 2017;8:1850.

10. Srivastava S, Riddell SR. Chimeric antigen receptor T cell therapy:
challenges to bench-to-bedside efficacy. ] Immunol 2018;200:459-68.

11. O'Rourke DM, Nasrallah MP, Desai A, Melenhorst JJ, Mansfield K, Morris-
sette JJD, et al. A single dose of peripherally infused EGFRvIII-directed
CAR T cells mediates antigen loss and induces adaptive resistance
in patients with recurrent glioblastoma. Sci Transl Med 2017;9. doi:
10.1126/scitranslmed.aaa0984.

12. Tchou J, Zhao Y, Levine BL, Zhang PJ, Davis MM, Melenhorst J], et al.
Safety and efficacy of intratumoral injections of chimeric antigen
receptor (CAR) T cells in metastatic breast cancer. Cancer Immunol
Res 2017;5:1152-61.

13. Zah E, Lin MY, Silva-Benedict A, Jensen MC, Chen YY. T Cells expressing
CD19/CD20 bispecific chimeric antigen receptors prevent antigen escape
by malignant B cells. Cancer Immunol Res 2016;4:498-508.

14. Hegde M, Mukherjee M, Grada Z, Pignata A, Landi D, Navai SA, et al.
Tandem CAR T cells targeting HER2 and IL13Ralpha2 mitigate tumor
antigen escape. ] Clin Invest 2016;126:3036-52.

15. GradaZ, Hegde M, Byrd T, Shaffer DR, Ghazi A, Brawley VS, etal. TanCAR: a
novel bispecific chimeric antigen receptor for cancer immunotherapy.
Mol Ther Nucleic Acids 2013;2:e105.

16. Ruella M, Barrett DM, Kenderian SS, Shestova O, Hofmann TJ, Perazzelli J,
et al. Dual CD19 and CD123 targeting prevents antigen-loss relapses after
CD19-directed immunotherapies. ] Clin Invest 2016;126:3814-26.

17. Qin H, Ramakrishna S, Nguyen S, Fountaine TJ, Ponduri A, Stetler-
Stevenson M, et al. Preclinical development of bivalent chimeric antigen
receptors targeting both CD19 and CD22. Mol Ther Oncolytics 2018;11:
127-37.

18. Bielamowicz K, Fousek K, Byrd TT, Samaha H, Mukherjee M, Aware N, et al.
Trivalent CAR T-cells overcome interpatient antigenic variability in glio-
blastoma. Neuro Oncol 2018;20:506-18.

19. Worn A, Pliickthun A. Stability engineering of antibody single-chain Fv
fragments. ] Mol Biol 2001;305:989-1010.

www.aacrjournals.org

Downloaded from clincancerres.aacrjournals.org on December 14, 2019. © 2019 American Association for Cancer Research.

Multispecific CAR Design with Ankyrin Repeat Binding Domains

The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received May 7, 2019; revised July 17, 2019; accepted September 6, 2019;
published first September 23, 2019.

20. Plickthun A. Designed ankyrin repeat proteins (DARPins): binding pro-
teins for research, diagnostics, and therapy. Annu Rev Pharmacol Toxicol
2015;55:489-511.

21. Tamaskovic R, Simon M, Stefan N, Schwill M, Pliickthun A. Designed
ankyrin repeat proteins (DARPins) from research to therapy.
Methods Enzymol 2012;503:101-34.

22. Siegler E, Li S, Kim YJ, Wang P. Designed ankyrin repeat proteins as Her2
targeting domains in chimeric antigen receptor-engineered T cells.
Hum Gene Ther 2017;28:726-36.

23. Hammill JA, VanSeggelen H, Helsen CW, Denisova GF, Evelegh C, Tantalo
DG, etal. Designed ankyrin repeat proteins are effective targeting elements
for chimeric antigen receptors. ] Immunother Cancer 2015;3:55.

24. AhnS§, LiJ, Sun C, Gao K, Hirabayashi K, Li H, et al. Cancer immunotherapy
with T cells carrying bispecific receptors that mimic antibodies. Cancer
Immunol Res 2019;7:773-83.

25. Sommermeyer D, Hill T, Shamah SM, Salter Al, Chen Y, Mohler KM, et al.
Fully human CD19-specific chimeric antigen receptors for T-cell therapy.
Leukemia 2017;31:2191-9.

26. Steiner D, Forrer P, Pliickthun A. Efficient selection of DARPins with sub-
nanomolar affinities using SRP phage display. ] Mol Biol 2008;382:1211-27.

27. Stefan N, Martin-Killias P, Wyss-Stoeckle S, Honegger A, Zangemeister-
Wittke U, Plickthun A. DARPins recognizing the tumor-associated antigen
EpCAM selected by phage and ribosome display and engineered for
multivalency. ] Mol Biol 2011;413:826-43.

28. Zahnd C, Pecorari F, Straumann N, Wyler E, Pliickthun A. Selection and
characterization of Her2 binding-designed ankyrin repeat proteins. J Biol
Chem 2006;281:35167-75.

29. WangX, Chang WC, Wong CW, Colcher D, Sherman M, Ostberg]JR, etal. A
transgene-encoded cell surface polypeptide for selection, in vivo tracking,
and ablation of engineered cells. Blood 2011;118:1255-63.

30. Berger C, Jensen MC, Lansdorp PM, Gough M, Elliott C, Riddell SR.
Adoptive transfer of effector CD8+ T cells derived from central memory
cells establishes persistent T cell memory in primates. J Clin Invest 2008;
118:294-305.

31. Riddell SR, Greenberg PD. The use of anti-CD3 and anti-CD28 monoclonal
antibodies to clone and expand human antigen-specific T cells. ] Immunol
Methods 1990;128:189-201.

32. Hudecek M, Lupo-Stanghellini MT, Kosasih PL, Sommermeyer D, Jensen
MC, Rader C, et al. Receptor affinity and extracellular domain modifica-
tions affect tumor recognition by ROR1-specific chimeric antigen receptor
T cells. Clin Cancer Res 2013;19:3153-64.

33. Kieback E, Charo J, Sommermeyer D, Blankenstein T, Uckert W. A safe-
guard eliminates T cell receptor gene-modified autoreactive T cells after
adoptive transfer. Proc Natl Acad Sci U S A 2008;105:623-8.

34. Lundegaard C, Lamberth K, Harndahl M, Buus S, Lund O, Nielsen M.
NetMHC-3.0: accurate web accessible predictions of human, mouse and
monkey MHC class I affinities for peptides of length 8-11. Nucleic Acids
Res 2008;36:W509-W12.

35. Boersma YL, Chao G, Steiner D, Wittrup KD, Pliickthun A. Bispecific
designed ankyrin repeat proteins (DARPins) targeting epidermal growth
factor receptor inhibit A431 cell proliferation and receptor recycling. ] Biol
Chem 2011;286:41273-85.

36. Hudecek M, Sommermeyer D, Kosasih PL, Silva-Benedict A, Liu L, Rader C,
et al. The nonsignaling extracellular spacer domain of chimeric antigen
receptors is decisive for in vivo antitumor activity. Cancer Immunol Res
2015;3:125-35.

37. Binz HK, Stumpp MT, Forrer P, Amstutz P, Pliickthun A. Designing repeat
proteins: well-expressed, soluble and stable proteins from combinatorial
libraries of consensus ankyrin repeat proteins. ] Mol Biol 2003;332:
489-503.

Clin Cancer Res; 25(24) December 15, 2019

7515


http://clincancerres.aacrjournals.org/

Published OnlineFirst September 23, 2019; DOI: 10.1158/1078-0432.CCR-19-1479

Balakrishnan et al.

38.

39.

40.

41.

Sommermeyer D, Hudecek M, Kosasih PL, Gogishvili T, Maloney DG,
Turtle CJ, et al. Chimeric antigen receptor-modified T cells derived from
defined CD8+ and CD4+ subsets confer superior antitumor reactivity
in vivo. Leukemia 2016;30:492-500.

Jost C, Schilling J, Tamaskovic R, Schwill M, Honegger A, Pliickthun A.
Structural basis for eliciting a cytotoxic effect in HER2-overexpressing
cancer cells via binding to the extracellular domain of HER2. Structure
2013;21:1979-91.

Salter Al, Ivey RG, Kennedy JJ, Voillet V, Rajan A. Phosphoproteomic
analysis of chimeric antigen receptor signaling reveals kinetic and quan-
titative differences that affect cell function. Sci Signal 2018;11. doi:
10.1126/scisignal.aat6753.

Long AH, Haso WM, Shern JF, Wanhainen KM, Murgai M, Ingaramo M,
et al. 4-1BB costimulation ameliorates T cell exhaustion induced by tonic
signaling of chimeric antigen receptors. Nat Med 2015;21:581-90.

7516 Clin Cancer Res; 25(24) December 15, 2019

42.

43.

44.

45.

Turtle CJ, Hanafi LA, Berger C, Gooley TA, Cherian S, Hudecek M, et al.
CD19 CAR-T cells of defined CD4+:CD8+ composition in adult B cell ALL
patients. J Clin Invest 2016;126:2123-38.

Suarez ER, Chang D-K, SunJ, SuiJ, Freeman GJ, Signoretti S, etal. Chimeric
antigen receptor T cells secreting anti-PD-L1 antibodies more effectively
regress renal cell carcinoma in a humanized mouse model. Oncotarget
2016;7:34341-55.

Li S, Siriwon N, Zhang X, Yang S, Jin T, He F, et al. Enhanced cancer
immunotherapy by chimeric antigen receptor-modified T cells engi-
neered to secrete checkpoint inhibitors. Clin Cancer Res 2017;23:
6982-92.

John LB, Devaud C, Duong CP, Yong CS, Beavis PA, Haynes NM, et al.
Anti-PD-1 antibody therapy potently enhances the eradication of
established tumors by gene-modified T cells. Clin Cancer Res 2013;
19:5636-46.

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on December 14, 2019. © 2019 American Association for Cancer Research.


http://clincancerres.aacrjournals.org/

Published OnlineFirst September 23, 2019; DOI: 10.1158/1078-0432.CCR-19-1479

AAC_R American Association
for Cancer Research

Clinical Cancer Research

Multispecific Targeting with Synthetic Ankyrin Repeat Motif
Chimeric Antigen Receptors

Ashwini Balakrishnan, Anusha Rajan, Alexander I. Salter, et al.

Clin Cancer Res 2019;25:7506-7516. Published OnlineFirst September 23, 2019.

Updated version

Supplementary
Material

Access the most recent version of this article at:
doi:10.1158/1078-0432.CCR-19-1479

Access the most recent supplemental material at:
http://clincancerres.aacrjournals.org/content/suppl/2019/09/21/1078-0432.CCR-19-1479.DC1

Cited articles

This article cites 43 articles, 19 of which you can access for free at:
http://clincancerres.aacrjournals.org/content/25/24/7506.full#ref-list-1

E-mail alerts

Reprints and
Subscriptions

Permissions

Sign up to receive free email-alerts related to this article or journal.

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at
pubs@aacr.org.

To request permission to re-use all or part of this article, use this link
http://clincancerres.aacrjournals.org/content/25/24/7506.

Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from clincancerres.aacrjournals.org on December 14, 2019. © 2019 American Association for Cancer Research.


http://clincancerres.aacrjournals.org/lookup/doi/10.1158/1078-0432.CCR-19-1479
http://clincancerres.aacrjournals.org/content/suppl/2019/09/21/1078-0432.CCR-19-1479.DC1
http://clincancerres.aacrjournals.org/content/25/24/7506.full#ref-list-1
http://clincancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://clincancerres.aacrjournals.org/content/25/24/7506
http://clincancerres.aacrjournals.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


