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ABSTRACT
◥

New therapeutics and combination regimens have led to
marked clinical improvements for the treatment of a subset of
colorectal cancer. Immune checkpoint inhibitors have shown
clinical efficacy in patients with mismatch-repair–deficient or
microsatellite instability–high (MSI-H) metastatic colorectal
cancer (mCRC). However, patients with microsatellite-stable
(MSS) or low levels of microsatellite instable (MSI-L) colorectal
cancer have not benefited from these immune modulators, and
the survival outcome remains poor for the majority of patients
diagnosed with mCRC. In this article, we describe the discovery
of a novel T-cell–dependent bispecific antibody (TDB) targeting
tumor-associated antigen LY6G6D, LY6G6D-TDB, for the treat-
ment of colorectal cancer. RNAseq analysis showed that LY6G6D
was differentially expressed in colorectal cancer with high prev-
alence in MSS and MSI-L subsets, whereas LY6G6D expression in

normal tissues was limited. IHC confirmed the elevated expres-
sion of LY6G6D in primary and metastatic colorectal tumors,
whereas minimal or no expression was observed in most normal
tissue samples. The optimized LY6G6D-TDB, which targets a
membrane-proximal epitope of LY6G6D and binds to CD3 with
high affinity, exhibits potent antitumor activity both in vitro and
in vivo. In vitro functional assays show that LY6G6D-TDB–
mediated T-cell activation and cytotoxicity are conditional and
target dependent. In mouse xenograft tumor models, LY6G6D-
TDB demonstrates antitumor efficacy as a single agent against
established colorectal tumors, and enhanced efficacy can be
achieved when LY6G6D-TDB is combined with PD-1 blockade.
Our studies provide evidence for the therapeutic potential of
LY6G6D-TDB as an effective treatment option for patients with
colorectal cancer.

Introduction
Colorectal cancer is one of themost common cancers worldwide. In

2020, colorectal cancer accounted for 10% of cancer incidence and 9%
of cancer-related deaths globally (1). In the United States, colorectal
cancer is the secondmost common cause of cancer-related death, with
a 5-year survival rate of 14% for those diagnosed with distant-stage
colorectal cancer (2). Once standard chemotherapy regimens have
been exhausted, patient survival is less than 6months. Thus, colorectal
cancer remains a high unmet medical need and requires the devel-
opment of more effective and safer therapeutic interventions to
improve this poor survival outcome.

Over the past decade, immune checkpoint inhibitors (ICIs) have
revolutionized the field of oncology with proven clinical efficacy in
multiple cancers, including a subset of colorectal cancer. ICIs have
shown remarkable efficacy in patients with mismatch-repair–deficient

(dMMR) or microsatellite instability–high (MSI-H) colorectal cancer,
which led to the approvals of three ICI regimens for the treatment
of MSI-H metastatic colorectal cancer (mCRC): Pembrolizumab,
and nivolumab as monotherapy or in combination with the CTL-4
inhibitor ipilimumab (3–6). However, stage 4 dMMR–MSI-H tumors
constitute only approximately 2% to 4% of all mCRC. Patients with
microsatellite-stable (MSS) or microsatellite instability–low (MSI-L)
colorectal cancer, who constitute the vast majority of patients with
mCRC, have not benefited from ICI treatment. Differences in the
tumor microenvironment between MSI-H and MSS/MSI-L colorectal
cancer play amajor role in the differential response to ICIs. The higher
mutational burden and higher frequency of tumor-infiltrating lym-
phocytes, particularly CD8þ T cells, associated with MSI-H colorectal
cancer make this subset more amenable to immune modulation.
Meanwhile, the low tumor mutational burden and the lack of immune
cell infiltration in the “immune-cold” MSS/MSI-L colorectal cancer
make it challenging to show clinical efficacy of immunotherapy in
these patients (7, 8).

A promising alternative approach to overcome the lack of pre-
existing T-cell infiltration observed in MSS/MSI-L colorectal cancer is
the use of T-cell–engaging bispecific antibodies to redirect effector
T cells against tumor cells. These bispecific antibodies facilitate the
formation of an immunological synapse between cancer cells and
effector T cells, a prerequisite for target cell lysis by cytotoxic T cells.
This is achieved by binding to tumor-associated antigen (TAA) on
tumor cells and CD3 of the T-cell receptor (TCR) complex on T cells
simultaneously, independently of TCR specificity, co-stimulation, or
peptide antigen presentation (9). Clinical proof of concept for anti-
TAA/CD3 bispecific antibodies has been shown in hematologic
malignancies with the approval of blinatumomab, a bispecific T-cell
engager (BiTE) targeting CD19 and CD3 for the treatment of relapsed/
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refractory B-cell acute lymphoid leukemia. However, the therapeutic
potentials of T-cell engagers in solid tumors face a greater challenge.
One of the obstacles is to identify TAAs that exhibit minimal expres-
sion in normal tissues, or TAAs that have a large differential in
copy numbers between normal and tumor tissues to minimize normal
tissue toxicity.

Here, we report the discovery of a T-cell–dependent bispecific
antibody targeting lymphocyte antigen 6 family member G6D,
LY6G6D-TDB, a novel TAA for colorectal cancer. LY6G6D belongs
to a cluster of leukocyte antigens located in theMHCclass III region on
chromosome 6 and is a phosphatidylinositol (GPI)–anchored cell
surface protein (10–12). We identified LY6G6D as a therapeutic target
for colorectal cancer due to its differential expression in colorectal
cancer and limited expression in normal tissues and other tumor types.
In this report, we characterized LY6G6D expression in normal and
tumor tissues using RNA-seq datasets and IHC, and evaluated in vitro
and in vivo antitumor activity of LY6G6D-TDB, a full-length IgG1-
bispecific antibody, in preclinical colorectal cancer models.

Materials and Methods
RNA-seq data analysis

Gene expression profile data analyzed in this report were obtained
from the Cancer Genome Atlas (TCGA) at NCI Genomics Data
Commons Data Portal (V15.0; GENCODE V22; duplicates removed),
and the Genotype-Tissue Expression (GTEx) at dbGaP Accession
phs000424.v6.p1. Processing and expression analysis of TCGA
RNA-seq data were described previously (13).

IHC
Formalin-fixed paraffin-embedded (FFPE) tissuemicroarray blocks

from normal human and cynomolgus monkeys were created from
blocks of tissue procured from Discovery Life Sciences, Avaden
Biosciences, and Capital Biosciences, with a minimum of two (range,
2–49) cases per tissue type. FFPE tissue blocks from human primary
MSS colorectal cancer and liver metastases from patients with colo-
rectal cancer were procured from the same vendors. Tissue type, tumor
content, and tissue quality were confirmed by hematoxylin and eosin
staining. IHC was performed on 4-mm-thick FFPE tissue sections
mounted on glass slides. Primary IHC antibodies against LY6G6D
were used in Ventana antibody diluent (90103, Ventana Medical
Systems) and the staining was carried out on the Ventana Benchmark
Ultra automated platform (Ventana Medical Systems). Sections were
treated with ULTRA Cell Conditioning Solution-Ultra CC1 (Ventana
Medical Systems) for 64minutes. Specifically bound primary antibody
was detected by incubating sections in OptiView DAB IHC Detection
Kit (VentanaMedical Systems). The sections were counterstainedwith
hematoxylin, dehydrated, and coverslipped. Aminimum of 100 viable
tumor cells was required for LY6G6D staining evaluation. Semiquan-
titative analysis of both the intensity of LY6G6D staining captured as
either 0 (negative), 1 (low), 2 (moderate), 3 (high) or indeterminant
and the percentage of positive tumor cells within each intensity
category was performed by a pathologist in a blinded fashion. LY6G6D
staining intensity scores incorporated both cytoplasmic and mem-
brane staining given that staining in cytoplasmic and membrane
fractions could not be meaningfully distinguished.

Antibody production
White New Zealand rabbits were immunized with human LY6G6D

and single IgGþ huLY6G6Dþ B cells were isolated and cultured as
described previously (14). The B-cell culture supernatants were

assayed by ELISA for binding to human LY6G6D. Variable regions
(VH and VL) of each mAb from rabbit B cells were cloned into
expression vectors as previously described (14). Individual recombi-
nant rabbit antibodies were expressed in Expi293 cells and subse-
quently purified with protein A. Purified anti-LY6G6D antibodies
were then subjected to functional activity assays and kinetic screening.

Mice were immunized with human LY6G6D in a similar manner
and hybridomas were generated. The resulting hybridoma super-
natants were assayed by ELISA, and positive samples were purified
using proteinA for subsequent functional and kinetic characterization.

Anti-LY6G6D and anti-CD3 antibodies were assembled as full-
length IgG1 bispecific antibodies using the “knobs-into-holes” tech-
nology as previously described (15), with structural formulas in
Supplementary Data. Antibodies were expressed either in Escherichia
coli (E. coli) or in Chinese hamster ovary (CHO) cells. Antibodies
expressed in E. coli were aglycosylated and thus effector-less. Anti-
bodies expressed in CHO cells contain mutations (CH3 N297G) in the
fragment crystallizable (Fc) regions to reduce binding to Fcg receptors
and, consequently, minimize Fc-effector function.

After production and purification, LY6G6D-TDBwas characterized
by mass spectrometry to show no residual half antibodies and <2% of
homodimers, and size exclusion chromatography to show undetect-
able (<0.5%) amounts of aggregates. All preparations had a low
endotoxin content (<0.5 EU/mg).

Epitope binning with Wasatch
An array-based SPR imaging system (Carterra) was used to epitope

bin a panel of 96 mAbs as previously described (16). For epitope
binning, human LY6G6Dwas first injected for 4minutes at 50 nmol/L
and was followed by a second 4minutes injection of individual mAb at
10 mg/mL. The surface was regenerated with 10 mmol/L glycine pH1.5
between cycles. The experiment was performed at 25�C in HBS-T
buffer. The epitope-binning data were processed using Wasatch
binning software tool (Carterra).

Kinetic analyses for binding affinity of various LY6G6D and
CD3 antibodies

The binding affinity of the antibodies was determined using the
BIAcore T200 machine. For kinetics measurements, LY6G6D protein
was coupled to BIAcore research grade CM5 chips according to the
supplier’s instructions to achieve approximately 100 response units in
each flow cell. LY6G6D antibodies were expressed as chimera antigen-
binding fragments (Fab) with rabbit or murine variable domain and
human constant domain. Tenfold serial dilutions of Fabs were injected
in HBS-P buffer at 37�C with a flow rate of 30 mL/min. Association
rates (Ka) and dissociation rates (Kd) were calculated using a 1:1
Langmuir binding model (BIAcore T200 Evaluation Software version
2.0). The equilibrium dissociation constant (Kd) was calculated as the
ratio Kd/Ka.

The binding affinity of CD3 antibodies was determined at 37�C
following the same procedures as described above.

Cell lines
Colorectal cancer cell lines (LS1034, HT55, GP2D, and

Colo320DM) were sourced from the Genentech cell line repository
that was originally obtained from either the ATCC or ECACC. All cell
lines were maintained in RPMI-1640 supplemented with 10% FBS
(Sigma) and 2mmol/L L-glutamine. Each cell line was authenticated as
described before (17). All stocks were tested for Mycoplasma before
and after cells are cryopreserved using LonzaMycoalert and Stratagene
Mycosensor to avoid false-positive/negative results. Cell lines were
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typically cultured for 2months before thawing a newpassage.HEK293
cell line was purchased from Agilent Technologies. Transfection of
huLY6G6D DNA into HEK 293 cells was performed using PolyFect
Transfection Reagent (Qiagen) per the manufacturer’s protocol.

Determination of LY6G6D binding sites
LY6G6D-binding sites on cell surface were determined using

Quantum Simply Cellular anti-Human IgG antibody binding capacity
kit (Bangs Laboratories).

In vitro target cell killing and T-cell activation
A total of 10 � 103 colorectal cancer cells per well were seeded in a

96-well plate and incubated at 37�C overnight for cell attachment.
Human PBMCs were isolated from whole blood of healthy donors by
Ficoll separation. CD3þ T cells were depleted using CD3 MicroBeads
(Miltenyi Biotec). Fresh total PBMCs or CD3-depleted PBMCs were
added to target cells at an effector and target cell ratio of 10:1 and
incubated for 48-hours in the presence of the indicated TDB con-
centrations. At the end of incubation, the culture medium was
transferred to a new 96-well plate to collect PBMCs for T-cell
activation. Target cells were gently washed twice with PBS, and cell
viability was measured using the CellTiter Glo reagent (Promega).
PBMCs were stained with anti-CD8, CD4, CD69, and CD25 anti-
bodies, and activated T cells were detected by CD69 and CD25 surface
expression by flow cytometry. For intracellular granzyme B and Ki67
measurement, PBMCs were first stained with anti-CD8 and CD4
antibodies, then fixed and permeabilized with Cytofix/Cytoperm
solution (BD Biosciences) followed by staining with anti-granzyme
B and Ki67 antibodies before flow cytometry. For cytokine release in
co-culture of PBMC and target cell or culture of PBMC, culture
medium was collected and centrifuged after 24-hour exposure to
TDB. Cytokines in the supernatant were measured using Bio-Rad
Pro Human multiplex immunoassay kit. All antibodies were pur-
chased from BD Biosciences.

Expression of recombinant human LY6G6D
A construct encoding for human LY6G6D (Met1-Ser104 with

native signal sequence Met1-Gly19) was synthesized (Genescript) and
codon optimized formammalian expression; theDNAwas cloned into
a proprietary target integrated stable vector containing an ampicillin
resistant marker, a CMV promoter and a SV40 polyadenylation signal
downstream of the gene.

Construct was expressed as a fusion protein with a human IgG1
fragment crystallizable (IgG1 Fc) affinity tag located at its C terminus
along with a TEV protease cleavage site located between the protein
and the Fc tag. Protein was expressed by a stable CHO pool using
proprietary media in 14-day fed-batch process.

Sequence of the untagged construct used for structural studies is
shown below:

NRMRCYNCGGSPSSSCKEAVTTCGEGRPQPGLEQIKLPGNPP
VTLIHQHPACVAAHHCNQVETESVGDVTYPAHRDCYLGDLCN
SGENLYFQ

Purification of LY6G6D
Human Fc-tagged LY6G6D (Met1-Ser104) extracellular domain

(ECD) was purified over a protein A column (Thermo Fisher Scien-
tific). The columnwas washed with 25mmol/L Tris pH 8, 150mmol/L
NaCl (buffer A) and eluted with 0.3 mol/L acetic acid pH 3. Elution
fractions were immediately buffered back to pH 7.5 with 1 mol/L Tris
pH 7.5 (4 mL of Tris per 10 mL of elution). Elution fractions were
further purified over a Superdex 200 16/60 gel filtration column (GE

Healthcare) pre-equilibrated with buffer A. Fractions containing
protein were pooled, incubated with 6xHis-tagged TEV protease
(prepared in-house) andmutated overnight at 4�C. Untaggedmaterial
was loaded onto a Ni-NTA column (Qiagen); flow through was
collected and further purified over the proteinA column. Flow through
fraction was polished over a Superdex 75 16/60 column (GE Health-
care) pre-equilibrated with buffer A. Molecular weight of the protein
was assessed by LC-MS and results suggest proteolytic cleavage of the
first four N-terminal residues Asn20-Arg23.

Expression and purification of recombinant Fab
Constructs suitable for periplasmic expression of Fab in E. coli

and containing sequence coding for Fab fragment of 1G4 were
cloned; DNA was transformed into 34B8 E. coli cells and expressed
at 30�C under control of the phoA promoter in CRAP phosphate-
limiting autoinduction medium (18) supplemented with carbeni-
cillin (50 mg/mL). After 24 hours, cells were harvested and re-
suspended in PBS supplemented with one complete EDTA-free
Protease Inhibitor Cocktail tablet (Roche) per 50 mL of lysis
buffer, lysozyme (0.1 mg/mL), and benzonase (0.01 mg/mL). The
prepared suspension was microfluidized at 15,000 psi and clarified
at 50,000 � g for 30 minutes at 4�C. The supernatant was then
resolved on protein G Sepharose beads equilibrated with PBS, using
2-mL packed resin volume per original gram of cell paste. The
column was washed extensively with PBS, and Fabs were eluted
under mildly acidic conditions (0.56% glacial acetic acid pH 3.6).
Eluted Fabs were immediately dialyzed overnight at 4�C against
buffer containing 500 mmol/L NaCl, 10% glycerol, and 100 mmol/L
Tris (pH 8.0). Fabs were further resolved on a Superdex 75 16/60
column (GE Healthcare) using PBS (pH 7.2) as the running buffer.

Structure determination for crystallization studies
1G4 Fab was incubated with a twofold molar excess of untagged

Ly6G6D on ice for 30 minutes. The complex was passed over a
Superdex 75 16/60 column (GE Healthcare) equilibrated in buffer
A and peak fractions were collected and concentrated. Crystals
appeared after 2 months using hanging drop vapor diffusion method
at 20�C with 90 mL of reservoir solution (0.1 mol/L HEPES pH 7, 15%
PEG 4000) and 0.1-mL drops containing equal volumes of protein
(10 mg/mL) and reservoir. Crystals were cryoprotected with 25%
glycerol added to the mother liquor, and a 2.2 Å resolution X-ray
diffraction dataset was collected at the 12-2 beamline of the Stanford
Synchrotron Radiation Lightsource. Crystallographic data were pro-
cessed using XDS (19). The structure was solved bymolecular replace-
ment (four complexes per asymmetric unit) using PHASER (20), with
the Fab fragment from the structure of trastuzumab (PDB code: 1FVE;
ref. 21) used as searchmodel. A large Fo�Fc positive difference density
peak located in the vicinity of the CDRs was observed; a model
consisting of residues Asp95-Cys96-Tyr97-Leu98-Gly99-Asp100-
Leu101-Cys102-Asn103 from Ly6G6D sequence was built into the
density using COOT (22) and refined in PHENIX (23). Electron
density for residues Cys24-Arg94 was missing suggesting that this
region might be disordered or that proteolysis had occurred during
the crystallization experiment allowing only the region Asp95-Asn103
to crystallize. Pymol (24) was used to render the molecular graphics.
Most of additional peaks were accounted for and refined; however, a
few larger densities could not be fitted with buffer components
and were assigned as multiple water molecules. The structure has
96% of its residues in the favored region of the Ramachandran plot;
density around the four “outliers” residues was verified confirming
that these residues adopt high energy conformations. Data
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collection and refinement statistics are summarized in Supplemen-
tary Table S1 (PDB code 7S4G).

SEC-MALS analysis
Samples were run on a Phenomenex Yarra SEC-X150 (1.8 mm,

150� 4.6 mm) gel filtration column equilibrated in PBS in line with a
Dawn HELEOS II (Wyatt Technologies) light-scattering detector
connected to a Wyatt OptiLab T-rEX refractive index detector. Wyatt
Technologies software (ASTRA) was used to determine the corre-
sponding peaks’ molecular weight based on the refractive index.

Glycosylation-engineered epitope mapping with Wasatch
The Wasatch array-based SPR imaging system (Carterra) was used

to epitopemap-purified antibodies glycosylation-engineered LY6G6D
antigen (LY6G6D ECD with single glycosylation site mutations
fused to human IgG1 Fc; Supplementary Table S2). Antigen was
diluted at 10 mg/mL in 10 mmol/L sodium acetate buffer pH 4.5 and
directly immobilized by amino coupling onto a CMD 200M chip
(XanTec Bioanalytics) using a Continuous FlowMicrospotter to create
an array of glycosylation variants. For analysis, the IBIS MX96 SPRi
was used to evaluate antibodies binding to the immobilized antigens.
For epitope-mapping anti-LY6G6D antibodies were injected for 3
minutes at a single concentration of 100 nmol/L, followed by a
dissociation period of 10 minutes. The surface was regenerated with
10 mmol/L glycine pH2.1 between cycles. The experiment was per-
formed at 25�C in a running buffer of HBS-EP buffer (0.01 mol/L
HEPES pH 7.4, 0.15 mol/L NaCl, 3 mmol/L EDTA, 0.005% surfactant
P20). The binding data were processed using Carterra Kinetics Data
Analysis software.

Mouse xenograft tumor models
All animal studies were carried out in compliance with NIH guide-

lines for the care and use of laboratory animals and were approved by
the Institutional Animal Care and Use Committee (IACUC) at
Genentech, Inc.

Seven- to 8-week-old NSG mice (The Jackson Laboratory) were
inoculated with 5 million LS1034 or HT55 tumor cells in Hank’s
Balanced Salt Solution subcutaneously in a volume of 0.1 mL per
mouse in the right unilateral-thoracic flank, followed by intraperito-
neal injection of 10 million human PBMCs in sterile PBS either 1 day
(HT55 model) or 8 days (LS1034 model) after cell inoculation. When
tumors reached a mean volume of 100 to 200 mm3 (LS1034) or 150–
250 mm3 (HT55), mice with similarly sized tumors were randomized
into treatment groups (assigned as day 0). Tumor size and body weight
were measured once or twice per week during the study.

Data availability
The data generated in this report are available within the article and

its Supplementary Data Files. Coordinates and structure factor ampli-
tudes of crystal structure were deposited in the PDB as entry 7S4G.

Data sharing
The data generated in this study are available upon request from the

corresponding author.

Results
LY6G6D is differentially expressed in colorectal cancer

We performed differential gene expression analysis for LY6G6D
using TCGA RNA-seq data that consisted of >11,000 human tissue
samples across 20 normal tissue types and 28 tumor types. There

was significant LY6G6D upregulation in colorectal tumors compared
with normal colorectal tissues with log fold change ¼ 6.8, P < 0.001
(n ¼ 625 and 51 in sample sizes, respectively; Fig. 1A). A high
prevalence of LY6G6D expression was observed in MSS and MSI-L
colorectal cancer, whereas its expression in MSI-H colorectal cancer
was low (Fig. 1B). Normal tissues and non-colorectal cancer tumors
displayed minimal or low LY6G6D expression. Although normal
prostate had the highest copy number of LY6G6D among normal
tissues, the level was significantly lower than that in colorectal tumors,
median nRPKM ¼ 0.898 and 8.431, respectively. To further validate
limited gene expression of LY6G6D in normal tissues, we analyzed
normal tissue samples in the GTEx data that derived from 9,120
samples representing 32 normal tissue types from 549 donors
(Fig. 1C). In GTEx cohort, all of the normal tissue types except colon
and prostate had median nRPKM ¼ 0.001 (Supplementary Table S3).
Although a small percentage of samples in brain and prostate had
relatively high copy numbers, all of the brain and prostate samples had
nPRKMvalues <1. The skin samples displayed awide range of nRPKM
values, and around 9% of the samples (considered outliers) had
nRPKM values >2. The median nPRKM values for brain (n ¼
1,331), colon (n ¼ 367), prostate (n ¼ 117), and skin (n ¼ 639) were
0.001, 0.061, 0.085, and 0.001, respectively.

We conducted semiquantitative evaluation of LY6G6D protein
expression in normal human tissues as well as primary and metastatic
colorectal cancer tumors using an IHC-reactive rabbit mAb against
human LY6G6D, with a minimum of two (range, 2–49) cases per
normal tissue type. Screening of normal human tissues showed that all
cases were negative (score¼ 0) for LY6G6D staining in 23 of 37 tissue
types. Weak staining (1þ) was present in scattered cells in five of 10
cases of lymph node, and moderate staining (2þ) was present in three
of three cases of tonsil. Equivocal stainingwas present in 13 tissue types
(Supplementary Table S4A). Analysis of 36 normal cynomolgus
monkey tissue types yielded similar findings, with positive staining
(IHC 1þ) detected only in some spleen and lymph node tissues
(Supplementary Table S4B). In addition, we assessed LY6G6D expres-
sion in human immune cell subpopulations, including CD4þ and
CD8þ T cells, natural killer cells, and monocytes from 12 healthy
donors by flow cytometry. LY6G6D was primarily negative in these
immune cells (Supplementary Fig. S1A–S1D; Supplementary
Table S5). Screening of a total of 107 primary MSS colorectal cancer
samples showed that the overall prevalence of LY6G6D expression was
74% (IHC 1þ/2þ/3þ), with moderate to strong LY6G6D expression
(IHC 2þ/3þ) in 25% of the cases (Fig. 1D), when setting a tumor cell
expression cutoff value of 50%. The overall prevalence of LY6G6D
expression in 66 colorectal cancer liver metastases was 88%, with
moderate to strong LY6G6D expression in 52% of the cases (Fig. 1E).
LY6G6D prevalence in primary MSS colorectal cancer and liver
metastases when setting tumor cell expression cutoff value of 1%,
25%, 50%, and 75% is listed in Supplementary Table S6.

Discovery of LY6G6D-TDB
LY6G6D-TDB is a full-length IgG1-based bispecific antibody that

binds to human CD3e on T cells with one arm and to human LY6G6D
antigen with the other arm. We characterized a panel of 96 anti-
LY6G6D mAbs, including rabbit and murine clones, for binding
affinity and epitope binning. The mAbs were sorted into 4 different
epitope bins (bin1–bin4). To test the effect of affinity to CD3 on
LY6G6D-TDB activity, we evaluated two anti-CD3 antibody clones as
candidates to pair with LY6G6D arm: clone with high affinity to CD3
(CD3H,KD¼ 14.4� 0.42 nmol/L), and clone with low affinity to CD3
(CD3L, KD ¼ 446 � 46 nmol/L). The KD values were higher than the
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Figure 1.

LY6G6D is differentially overexpressed in colorectal cancer.A, LY6G6D differential expression in samples in TCGA RNA-seq dataset. Gene expression is displayed in
normalized Reads Per Kilobase of exon model per Million mapped reads (nRPKM). B, LY6G6D expression in MSS/MSI-L/MSI-H colorectal cancer samples in TCGA
dataset. MSS: n¼ 108; MSI-L: n¼ 36; MSI-H: n¼ 35. C, LY6G6D expression in human normal tissue samples in the GTEx RNA-seq dataset. A–C, Boxes represent the
interquartile range (IQR, 25th to 75th percentile), the horizontal line is the median. Whiskers extend to the most extreme data point that is within 1.5�IQR of the 25th
and 75th percentiles. Data points beyond the whiskers represent outliers. D, Representative images of LY6G6D IHC staining in normal colon and primary MSS
colorectal cancer samples (n¼ 107). E, Representative images of LY6G6D IHC staining in colorectal cancer liver metastases (n¼ 66). Numbers of positive samples
under each IHC score are derived at tumor cell expression cutoff of 50%,which requires that at least 50%of the tumor cells stainedpositive for LY6G6Dat the denoted
levels. IHC score: 0 ¼ negative; 1þ ¼ low signal; 2þ ¼ moderate signal; 3þ ¼ strong signal.
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values we reported previously (25), due to BIAcore measurements
taken at 37�C instead of room temperature.

We compared TDBs of five anti-LY6G6D mAbs from different
epitope bins that had similar binding affinity for human LY6G6D,
KD ranging from0.32 to 2.71 nmol/L, for the potency of target cell lysis.
Murine clone 1G4 and rabbit clone 6E10 from bin1, rabbit clones 3A4
from bin2, 17F11 from bin3, and 5E4 from bin4 were assembled into
TDBs with the low-affinity CD3 arm. TDBs of 1G4 and 6E10 differ-
entiated themselves from TDBs harboring clones from other bins with
the highest potency in lysis of LY6G6D-expressing colorectal cancer
cell line HT55 (Fig. 2A). A slightly more robust T-cell activation was
observed with 1G4-TDB (Fig. 2B and C). Despite similar binding
affinity to LY6G6Dand the sameCD3 arm, the difference in potency of
target cell lysis by theTDBs indicates that epitope can have a significant
impact on LY6G6D-TDB potency.

We focused our optimization effort on the selection of a more
effective CD3 arm by comparing the potency of 1G4/CD3L and
1G4/CD3H TDBs. In vitro cytotoxicity assay showed that high
affinity to CD3 increased the potency by 26-fold in target cell killing
and fourfold in T-cell activation (Fig. 2D–F), supporting the
selection of the high-affinity CD3 arm for better LY6G6D-TDB
activity.

Crystal structure analysis reveals membrane-proximal epitope
bound by potent LY6G6D-TDB

To further characterize the epitope recognized by clone 1G4, we
solved a 2.2 ÅX-ray structure of the complex between the recombinant
ECD of LY6G6D and the Fab of 1G4 (Supplementary Table S1). A
molecular replacement solution was obtained for 1G4 and a model for

an 8-mer peptide consisting of residues Asp95-Asn103 was built into
the positive density (Fig. 3A and B). The unstructured peptide is
cyclized through a disulfide bond between Cys96 and Cys102. The
LY6G6D-1G4 Fab interface reveals a network of hydrogen bonds and
salt bridge interactions that stabilize the complex (Fig. 3C). Key
interactions mediated by the 1G4 heavy chain include salt bridges
between the carboxy group of Asp95 and the guanidinium moiety of
HC.Arg99 and between the carboxy group of Asp100 and amine group
of HC.Lys59 side chain along with a hydrogen bond pair between the
hydroxyl group of Tyr97 and the backbone amide of HC.Val33. The
light chain CDRs engage in the following hydrogen bond pairs: The
carboxy group of Asp100 side chain with the hydroxyl group of LC.
Tyr102, backbone carbonyl of Cys96 with the hydroxyl side chain of
LC.Tyr38 and the backbone amide of Gly99 interacts with the back-
bone carbonyl of LC.Ser98. These contacts bury a total solvent-
exposed surface area of approximately 500 Å2, with a similar contri-
bution from both chains (257 Å2 from light chain versus 246 Å2 from
the heavy chain) that is consistent with the average surface areas for
peptide antigens (26).

Interestingly, the organization within the asymmetric unit arranges
the LY6G6D complexes in pairs centered around a LY6G6D peptide
dimer. In this dimer, we found that the long CDR L1 of the symmetry
Fab extends across the dimer interface and potentially contributes an
additional approximately 177 Å2 of buried surface area to the main
complex (Supplementary Fig. S2). To assess whether this dimeric
organization might be the result of a crystal packing artifact, we used
size exclusion chromatography withmulti-angle light scattering (SEC-
MALS). The elution profile of recombinant LY6G6D reveals a single
peak corresponding to a 9.6 kDa protein, suggesting that LY6G6D is

Figure 2.

Selection of LY6G6D and CD3 arms for the optimized LY6G6D-TDB. A, Dose–response analysis of HT55 cell killing mediated by TDBs of anti-LY6G6D clones from
different epitope bins paired with the low-affinity CD3 arm. Cell killing was measured by CellTiter-Glo reagent at 48-hour time point. B and C, CD8þ and CD4þ T-cell
activation induced by TDBs of anti-LY6G6D clones from different epitope bins. T-cell activationwas measured at 48-hour time point by flow cytometry.D, Killing of
HT55 cells by 1G4-TDB paired with high- or low-affinity CD3 arm. 48-hour time point. EC50 values were 3.31 � 1.91 ng/mL and 86.00 � 60.61 ng/mL from 4 PBMC
donors, respectively.E andF,CD8þ andCD4þT-cell activation inducedby 1G4-TDBpairedwith high- or low-affinity CD3 arm.A–C,The representativedata of 3PBMC
donors. D–F, The representative data of 4 PBMC donors. Cell killing data are shown as means � SD of triplicate wells.
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alsomonomeric (Supplementary Fig. S3A). The complex eluted off the
column as a single peak with an estimated molar mass of 56.2 kDa,
suggesting a 1:1 stoichiometry (estimated molecular weight of the
complex 57 kDa) and that the dimeric organization observed in the
asymmetric unit is most likely a crystallographic artifact (Supplemen-
tary Fig. S3B).

Protein sequence analysis of human LY6G6D has shown that
LY6G6D is a GPI-anchored cell surface protein of 133-amino acid
in length, and Ser104 is predicted to be the GPI-anchoring site (10, 11).
Our crystal structure revealed that the epitope recognized by 1G4
(residues Asp95-Asn103) immediately follows the GPI-anchoring
sequence, suggesting that it is located proximal to the cell mem-
brane. We also used a high-resolution, high-throughput glycosyla-
tion-engineered epitope mapping (GEM) method (27) to map the
location of epitopes bound by mAbs from different bins. GEM results
showed that the epitopes bound by 1G4 and 6E10 were the most
membrane-proximal, meanwhile, themAbs in the other bins bound to
more membrane-distal epitopes (Supplementary Table S2).

LY6G6D-TDB is active against colorectal cancer cell lines with a
broad range of target expression

We evaluated the correlation between LY6G6D expression level
and LY6G6D-TDB potency by selecting four colorectal cancer
cell lines with surface LY6G6D ranging from 500 to 10,000 binding
sites per cell. IHC was also used to determine LY6G6D expression in
these cell lines, and the results of the two methods correlated well
(Fig. 4A and B). The levels of LY6G6D in these cell lines correspond
to those in colorectal cancer tumors having low to high levels
of LY6G6D. Regardless of LY6G6D expression level, the four
colorectal cancer cell lines showed comparable sensitivity to
1G4/CD3H–mediated cytotoxicity with EC50 values ranging from
7.11 to 19.49 ng/mL. No cell killing was observed in the LY6G6D-

negative HEK 293 cells (Fig. 4C). These data suggest that target cell
killing by LY6G6D-TDB is not strictly driven by the level of
LY6G6D, and LY6G6D-TDB can mediate killing of colorectal
cancer cell lines with a wide range of LY6G6D expression, including
cell lines with low levels of the target.

LY6G6D-TDB activity is target dependent
We conducted a series of in vitro experiments to assess the spec-

ificity of LY6G6D-TDB activity. First, there was a robust killing of an
engineered LY6G6D-expressing 293 cell line when the cells were
cultured with human PBMCs and 1G4/CD3H; meanwhile, no killing
of the parental 293 cells was observed under the same condition
(Fig. 5A). Although the engineered LY6G6D-expressing 293 cell line
is not disease relevant as the level of LY6G6D is much higher than that
in the endogenous colorectal cancer cell lines (>400,000 binding sites
per cell, Supplementary Fig. S4A and S4B), the study shows that cell
killing by LY6G6D-TDB requires the presence of LY6G6D target.
Another experiment shows that the cytotoxicity of 1G4/CD3H is
mediated by CD3þ T cells because depletion of CD3þ T cells from
total PBMCs resulted in complete loss of target cell killing (Fig. 5B).
Second, 1G4/CD3H induced T-cell activation when PBMCs were co-
cultured with target cell HT55, but failed to activate T cells when
PBMCs were cultured alone. Also, T cells were not activated by a
control TDB comprised of CD3H paired with a non-binding arm
(Fig. 5C and D). These data show that T-cell activation induced
by LY6G6D-TDB is highly controlled and depends on the presence
of LY6G6D-expressing target cells. Further evidence of target cell–
dependent T-cell activation by LY6G6D-TDB came from the detec-
tion of several cytokines in the co-culture media of PBMC and
HT55, whereas these cytokines were not detected in the culture
media of PBMCs when exposed to 1G4/CD3H in the absence of
HT55 cells (Fig. 5E).

Figure 3.

Crystal structure of LY6G6D–1G4 Fab complex at 2.2 Å resolution suggests Fab binds an epitope located close to the membrane. A, Ribbon diagram of one
crystallographic dimer shown from a top view. The complex crystallized in space group P 1 21 1 with two dimers per asymmetric unit; the four complexes within the
asymmetric unit superimposewith a root–mean–square deviation of less than 0.5 Å. The light and heavy chains from the Fab are colored in red and gray, respectively.
The LY6G6D peptides (Asp95-Asn103) are shown in cyan and light blue and side chains are shown as sticks. Disulfides are shown in yellow (PDB accession pending).
B, Close-up view of LY6G6D peptides within dimer (from highlighted box inA). mFo�DFc omit map for one LY6G6D peptide is shown in blue mesh contoured at 1s.
Both main and side chain atoms are shown; side chains density for most of the residues is clearly defined. For clarity, only the side chains of the symmetry-related
peptide are shown in stick. Two views rotated by 90 degrees are depicted. C, Details of molecular interactions between the LY6G6D peptide (shown in sticks and
colored in cyan) and its proximal Fab (surface representation, key CDR side chains involved in binding are shown in sticks). The peptide binds within a cleft between
the light and heavy CDRs of the Fab. Water is represented as red spheres and contacts (hydrogen bonds and salt bridges) as black dotted lines.
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We further assessed the kinetics of CD8þ and CD4þ T-cell acti-
vation in response to LY6G6D-TDB stimulation by measuring the
levels of intracellular granzyme B and Ki67 in CD8þ and CD4þ T cells
in co-culture of PBMC andHT55 cells during a 72-hour period by flow
cytometry. The data showed that 1G4/CD3H induced upregulation of
granzyme B and Ki67 in both CD8þ and CD4þ T cells in a dose-
dependent and time-dependent manner (Fig. 5F and G). Although
CD8þ and CD4þ T cells exhibited similar kinetics of Ki67 upregula-
tion, there was delayed kinetics of granzyme B expression in CD4þ

T cells compared with CD8þ T cells. At the 24-hour time point,
approximately 46% of CD8þ T cells were positive for granzyme B,
whereas only 5% of CD4þ T cells were positive at the highest TDB
concentration. At 48-hour, approximately 84% of CD8þ T cells were
positive compared with 57% in CD4þ T cells. Nevertheless, all CD8þ

and CD4þ T cells were positive for granzyme B within 72 hours. This
kinetic study shows that CD8þ T cells are the primary contributor to
the T-cell effector function after LY6G6D-TDB treatment, and CD4þ

T cells are able to contribute to target cell killing via granzyme B, albeit
with a delay.

Antitumor efficacy of LY6G6D-TDB in vivo
In vivo efficacy of LY6G6D-TDB in inhibiting colorectal cancer

tumor growth was evaluated in established xenograft tumor models in
NSG mice engrafted with human PBMCs. One model was LS1034
xenograft tumor model, an MSS colorectal cancer cell line (28) with
strong LY6G6D-expression (IHC 3þ) in xenograft tumors (Supple-
mentary Fig. S5A). 1G4/CD3H demonstrated antitumor efficacy with
a higher response rate in the 5 mg/kg dose group than that in the
1 mg/kg dose group (n ¼ 10 per group), resulting in partial response
(PR) in nine and five mice, or 90% and 50% of the treated mice,
respectively. The control mice that received PBMCs and no TDB or
TDB and no PBMCs exhibited uncontrolled tumor growth, indicating
that the in vivo antitumor activity is mediated by human effector cells
(Fig. 6A).

We evaluated the impact of affinity toCD3onLY6G6D-TDB in vivo
efficacy inHT55 xenograft tumormodel, anMSS colorectal cancer cell

line (28) with moderate LY6G6D-expression (IHC 2þ) in xenograft
tumors (Supplementary Fig. S5B). Tumor-bearingmice that received a
single dose of 1G4/CD3H at 1 mg/kg showed better control of tumor
growth than mice that received a single dose of 1G4/CD3L at 5 mg/kg,
n¼ 9 per group, with PR in five mice (56% of the treated mice) versus
PR in 1 mouse (11% of the treated mice) and tumor reduction (not
reached PR) in 2 mice, respectively. 1G4/CD3L at 1 mg/kg failed to
control tumor growth (Fig. 6B). The in vivo result was consistent with
the in vitro finding, both facilitating the selection of the high-affinity
CD3 arm for optimal antitumor activity of LY6G6D-TDB.

We next assessed the potential therapeutic benefit of combining
LY6G6D-TDB with PD-1/PD-L1 blockade in the HT55 xenograft
tumor model. An anti–PD-1 antibody was administered as a single
agent and showed no effect on tumor growth at 10 mg/kg. In this
study, two of the nine mice that received a single dose of 1G4/CD3H
at 1 mg/kg had PR (22% of the treated mice), and four mice showed
complete response (CR; 44% of the treated mice). Combination of
1G4/CD3H and anti–PD-1 antibody improved the antitumor activ-
ity of the TDB, resulting in tumor regression in all nine treated
mice: seven PR (78% of the treated mice) and two CR (22% of the
treated mice; Fig. 6C).

Pharmacokinetics (PK) of LY6G6D-TDB 1G4/CD3H were inves-
tigated in mice in two independent in vivo studies. In a single-dose PK
study, the serum concentration-time profile exhibited a typical bi-
exponential disposition. In a second study, serum exposure data in
NSG mice in the context of the HT55 tumor xenograft efficacy model
showed no apparent difference in exposure between the groups with or
without PBMCs (Supplementary Fig. S6).

Discussion
Contrary to the successful development of bispecific T-cell

engagers in treating hematological malignancies, efforts to bring
this potent therapeutic modality to solid tumors have encountered
many challenges. One key challenge is to identify “clean” TAAs that
have minimal expression in healthy normal tissues, or TAAs that

Figure 4.

LY6G6D-TDB is active against colorectal cancer cell lineswith abroad range of LY6G6D level.A, IHC stainingon colorectal cancer cell pellets.B, LY6G6D-binding sites
on cell surface determined by flow cytometry. C, Cell killing by 1G4/CD3H, 48-hour time point. Cell killing data are shown as means �SD of triplicate wells.
Representative data of assays with three PBMC donors.
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exhibit large differential expression between normal and tumor
tissues. Many TAAs found in solid tumors can also be expressed by
normal tissues, therefore, exposing patients to the risk of “on-target,
off-tumor” toxicity.

In this report, we describe the discovery of a novel T-cell bispecific
antibody targeting LY6G6D that can redirect T-cell effector function
to colorectal tumors. Compared with other TAAs that have been
selected for bispecific T-cell engagers for the treatment of colorectal
cancer, such as P-cadherin and GUCY2C (29, 30), that can target
a larger patient population due to higher and more abundant expres-
sion on colorectal cancer, LY6G6D exhibits the characteristics of a
“clean” TAA with limited expression in normal tissues and elevated
expression in colorectal cancer, therefore can potentially reduce the
risk of “on-target, off-tumor” toxicity. Significant overexpression of
LY6G6D in colorectal cancer, predominantly inMSS colorectal cancer,
is corroborated by the works of Giordano and colleagues (31). Surface
proteins with such large differential expression between normal and
tumor tissues are rare, and thus far there are no reports of other
therapeutics targeting LY6G6D.

One of the factors that can affect the functionality of a bispecific
T-cell engager in T-cell redirection is the distance of the targeted
epitope to the target cell membrane. A membrane-proximal epitope
bound by anti-LY6G6D clone 1G4, a clone that demonstrated
superior potency in the context of a TDB, is likely the determining

factor in the higher potency of 1G4-TDB than TDBs of clones that
bind to more membrane-distal epitopes. Our findings are consistent
with the previous reports that show targeting a membrane-proximal
epitope facilitates efficient synapse formation and is a crucial
determinant for potent T-cell–mediated target cell lysis (32, 33).
Unlike the previous reports that were based on targeting large
proteins that may interfere with the formation of a tight synapse,
therefore targeting an epitope close to the membrane could over-
come this steric constraint, LY6G6D is quite small in size with 133
amino acids. Thus, targeting membrane-proximal epitope seems to
be a generalized way to improve the potency of T-cell–engaging
bispecific antibodies, regardless of the size of the target.

Optimal affinity to CD3 may vary for each unique T-cell bispecific
antibody due to different properties of TAAs. In the development of a
TDB targeting the acute myelogenous leukemia tumor antigen CLL-1
(CLEC12A), the anti–CLL-1/CD3 TDB with a low-affinity CD3 arm
was found to be more efficacious and tolerable in vivo, contrary to the
prediction from the in vitro studies (25). In the case of anti-HER2/CD3
TDB, T-cell–binding affinity had only limited impact on in vitro and
in vivo antitumor activity (34). LY6G6D-TDBwith a high-affinityCD3
arm showed increased antitumor activity both in vitro and in vivo.
Because of the limited target expression in normal tissues, selection of a
high-affinity CD3 arm may not pose serious safety concerns in the
clinical setting for LY6G6D-TDB.

Figure 5.

LY6G6D-TDB activity is target dependent. A, Killing of engineered LY6G6D-expressing 293 cells and parental cells. Forty-eight-hour time point. B, Killing of HT55
cells when co-cultured with either total PBMCs, or CD3þ T-cell–depleted PBMCs in the presence of 1G4/CD3H. 48-hour time point. C and D, CD8þ and CD4þ T-cell
activation in co-culture ofHT55 cells andPBMCs in the presenceof either 1G4/CD3H, or a control TDB, or cultureof PBMCsalone in thepresenceof 1G4/CD3H. 48-hour
time point. E, Cytokine in culture media of co-culture of HT55 cells and PBMCs or culture media of PBMCs alone in the presence of 1G4/CD3H. 24-hour time point.
F, Intracellular level of granzyme B in CD8þ T and CD4þ T cells in co-culture of PBMCs and HT55 in the presence of 1G4/CD3H at 24-, 48-, and 72-hour time points,
measured by flow cytometry.G, Intracellular level of Ki67 in CD8þ T and CD4þ T cells in co-culture of PBMCs and HT55 in the presence of 1G4/CD3H at 24-, 48-, and
72-hour time points, measured by flow cytometry. Representative data of two to three donors.
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Our data on the correlation between LY6G6D expression level and
LY6G6D-TDB potency add to the divergent results on correlation of
the TAA level and the in vitro potency of IgG-like TDBs (25, 35, 36).
Ellerman reviewed published data on the correlation between copy
number of the TAA and the in vitro potency of different antibody
formats (37). The data showed that the minimum copy number
required for inducing an effective cell killing response varied among
individual T-cell engagers, and the lack of correlation between antigen
expression and potency could be indicative of a very potent molecule
that only requires minimal target expression for supporting an effec-
tive cell killing.

Multiple strategies, including the use of T-cell–engaging bispecific
antibodies, are currently under investigation to render “immune-cold”
MSS/MSI-L colorectal cancers “immune-competent” and amenable
for immunotherapy (8, 38). Encouraging clinical data have been
reported in the ongoing phase Ia and Ib studies with the carcinoem-
bryonic antigen (CEA) T-cell bispecific antibody (CEA-TCB) in

advanced patients with colorectal cancer (39). The antitumor efficacy
demonstrated by LY6G6D-TDB against the established colorectal
cancer xenograft tumors suggests that LY6G6D-TDB can redirect
immune effector cells into the vicinity of colorectal tumor cells and
induce an antitumor response. The data presented in this report
provide evidence that a novel T-cell–engaging bispecific antibody
targeting LY6G6D may potentially provide clinical benefit to patients
with colorectal cancer.
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