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ABSTRACT

◥

Purpose: Advanced-stage gastrointestinal cancers represent a
high unmet need requiring new effective therapies. We investigated
the antitumor activity of a novel T cell–engaging antibody (B7-H6/
CD3 ITE) targeting B7-H6, a tumor-associated antigen that is
expressed in gastrointestinal tumors.
Experimental Design: Membrane proteomics and IHC analysis
identiﬁed B7-H6 as a tumor-associated antigen in gastrointestinal
tumor tissues with no to very little expression in normal tissues. The
antitumor activity and mode of action of B7-H6/CD3 ITE was
evaluated in in vitro coculture assays, in humanized mouse tumor
models, and in colorectal cancer precision cut tumor slice cultures.
Results: B7-H6 expression was detected in 98% of colorectal
cancer, 77% of gastric cancer, and 63% of pancreatic cancer tissue
samples. B7-H6/CD3 ITE-mediated redirection of T cells toward

Introduction
Gastrointestinal cancers including colorectal, gastric, and pancreatic cancer remain a leading cause of cancer-related deaths in both men
and women worldwide with more than 900,000, 760,000, and 466,000
deaths, respectively, every year (1–3).
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B7-H6–positive tumor cells resulted in B7-H6–dependent lysis of
tumor cells, activation and proliferation of T cells, and cytokine
secretion in in vitro coculture assays, and inﬁltration of T cells into
tumor tissues associated with tumor regression in in vivo colorectal
cancer models. In primary patient-derived colorectal cancer precision-cut tumor slice cultures, treatment with B7-H6/CD3 ITE
elicited cytokine secretion by endogenous tumor-inﬁltrating
immune cells. Combination with anti-PD-1 further enhanced the
activity of the B7-H6/CD3 ITE.
Conclusion: These data highlight the potential of the B7-H6/
CD3 ITE to induce T cell–redirected lysis of tumor cells and
recruitment of T cells into noninﬂamed tumor tissues, leading to
antitumor activity in in vitro, in vivo, and human tumor slice
cultures, which supports further evaluation in a clinical study.

Bispeciﬁc T-cell engagers represent a promising class of antibodybased cancer immunotherapy. These biotherapeutics are designed to
facilitate the formation of a cytolytic synapse by binding concomitantly
to an antigen on the tumor cells and to CD3 on T cells and direct the
cytolytic activity of the T cells selectively to the tumor cells. After
formation of the cytolytic synapse, the T cells increase the secretion of
perforin and granzyme B, resulting in apoptosis of the tumor cells.
Subsequent activation and proliferation of T cells leads to transient
release of cytokines, which attracts other immune cells to the tumor
tissue and has the potential to broaden the immune response against
the tumor cells and convert a noninﬂamed (cold) into an inﬂamed
(hot) tumor environment (4–9). While the ﬁrst bispeciﬁc T-cell
engagers targeted mostly lineage antigens in hematologic cancers and
utilized the short half-life BiTE format which was administered via
continuous intravenous infusion (10, 11), the next generation of T-cell
engagers are based on bispeciﬁc formats incorporating half-life extension for increased dosing convenience and target novel antigens on
solid tumors (6, 8, 9, 12–16). After the successful development of T
cell–engaging therapies in hematologic tumors (10, 11), the proof of
principle for treatment of patients with solid tumors was demonstrated
only recently. In a phase III trial, treatment of patients with metastatic
uveal melanoma with tebentafusp, an HLA-A 02:01/gp100/CD3
ImmTAC molecule, led to longer overall survival compared with the
control group and was recently approved by the FDA (17).
However, for gastrointestinal tumors, the identiﬁcation of tumorassociated antigens to ensure a therapeutic window remains challenging. In a phase I clinical trial with solitomab, an EpCAM targeting
BiTE, in patients with solid tumors, treatment was associated with
dose-limiting toxicities including severe diarrhea and increased liver
enzymes, which is most likely associated to the expression of EpCAM
in various healthy epithelial tissues including colon, small intestine,
and hepatoblasts (18, 19). Treatment with MEDI-565, a BiTE targeting
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Translational Relevance
Current treatment options for gastrointestinal cancers mainly
include chemotherapy-based regimens, and available targeted and
immunotherapy options provide only insufﬁcient antitumor
responses. T-cell engagers represent tumor-targeted immunotherapies that utilize the cytolytic potential of T cells by selectively redirecting them toward tumor cell antigens, resulting in lysis
of tumor cells. This article describes the discovery of B7-H6 as a
tumor-associated antigen expressed at high prevalence in colorectal, gastric, and pancreatic cancer tissue, and provides mechanistic
insights into the mode of action of a novel B7-H6–targeted IgG-like
T cell–engaging antibody (B7-H6/CD3 ITE). In our studies, we
show that the B7-H6/CD3 ITE efﬁciently redirects the cytolytic
activity of T cells to B7-H6–positive tumor cells in in vitro
and in vivo models as well as patient-derived colorectal cancer
precision-cut tumor slice cultures. The tumor selectivity and
antitumor activity of the B7-H6/CD3 ITE support the ongoing
clinical trial in patients with B7-H6–positive cancers.

CEA, in a phase I trial in patients with gastrointestinal adenocarcinomas also led to dose-limiting toxicities including diarrhea and
cytokine release syndromes which precluded dose escalation to therapeutic levels (20), very likely due to the expression of CEA in healthy
tissues of the gastrointestinal organs (21).
In this article, we describe the identiﬁcation of B7-H6 (NCR3LG1),
a member of the B7 family of immune receptors which has been
previously described to play a role in natural killer (NK) cell–
mediated cytotoxicity (22–24), as a novel tumor-associated antigen
in gastrointestinal tumors and the preclinical characterization of a
novel half-life extended B7-H6–targeted IgG-like T-cell engager
(ITE). B7-H6/CD3 ITE monotherapy treatment induces potent and
strictly B7-H6–dependent lysis of tumor cells and inﬁltration of T
cells into the tumor tissue resulting in tumor regression and an
inﬂamed tumor environment. The activity was further enhanced
when combined with anti-PD-1 treatment. The B7-H6/CD3 ITE (BI
765049) is currently being investigated in a nonrandomized, openlabel, dose-escalation trial as monotherapy and in combination with
anti-PD-1 (ezabenlimab; ref. 25) in patients with B7-H6–expressing
tumors (NCT04752215; ref. 26).

Material and Methods
Human peripheral blood mononuclear cells and tissues
Fresh buffy coats from healthy volunteers were obtained from the
Austrian Red Cross or HemaCare. Human tissues were obtained from
the Department of Pathology at the Medical University of Vienna,
Austria, or Indivumed GmbH. All blood donors and patients provided
written informed consent in accordance with the Declaration of
Helsinki and the studies were approved by the Institutional Review
Board before sample collection.
Proteomic analysis of tumor and normal (noncancerous) tissues
Plasma membrane fractionations were isolated and analyzed by
LC/MS as described previously (27). Obtained raw data were processed
compared with the OGAP (Oxford Genome Anatomy Project, Oxford
Biotherapeutics) platform. The OGAP platform was built on integrating experimental proteomics data together with molecular, cellular,
phenotypic, and clinical information and is designed to allow rapid
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characterization and identiﬁcation of proteins in human tissue
samples (28).
IHC analysis
B7-H6
Tissue sections were stained with anti-B7-H6 antibody (Ventana
Medical Systems) or negative control followed by OptiView DAB IHC
Detection Kit on the BenchMark ULTRA automated system (all
reagents and platform from Ventana Medical Systems). The stained
tissue sections were evaluated by a trained pathologist and sections
containing at least 1% B7-H6–expressing tumor cells were scored as
positive. B7-H6 staining intensity was scored as 1þ (weak), 2þ
(moderate), and 3þ (strong). H-score ¼ 3  percentage of strongpositive cells þ 2  percentage of moderate-positive cells þ percentage
of weak-positive cells.
CD3, CD69, granzyme B, perforin, PD-L1, and cleaved caspase 3
Xenograft tumor tissues were stained with anti-human CD3 (Ventana, RRID:AB_2335978), anti-human CD69 (Abcam, RRID:
AB_2922929), anti-granzyme B (Abcam, RRID:AB_2860567), antiperforin (Leica Biosystems, RRID:AB_563955), anti-human PD-L1
(Leica Biosystems, RRID:AB_10555292), or anti-human cleaved caspase 3 (Cell Signaling Technology, RRID:AB_2070042) antibodies.
Stained slides were scanned for digital quantitative analysis of CD3,
CD69, granzyme B, perforin, and cleaved caspase 3 expression. PD-L1
staining was manually scored under a light microscope according to
the following scoring system: 0: no membrane staining; 1þ: a faint/
barely perceptible membrane staining, the cells exhibit incomplete
membrane staining; 2þ: a weak to moderate complete membrane
staining; 3þ: a strong complete membrane staining. H-score was
calculated as described above.
Engineering, expression, and puriﬁcation of B7-H6/CD3 ITE
Antibodies cross-reactive to human and cynomolgus monkey
B7-H6 were generated by single B-cell technology from AJ mice
immunized with the recombinant extracellular domains of human
and cynomolgus monkey B7-H6. Humanization and further sequence
optimization of both variable regions was performed using a Fab
expression vector system according to methods described previously (29). The murine anti-CD3 antibody described previously (30) was
the source of the anti-CD3 binder used in the B7-H6/CD3 ITE. The
B7-H6/CD3 ITE cross-reacts to human and cynomolgus monkey but
not to rodent CD3. Subsequently, the optimized variable regions were
formatted in an ITE expression construct, a two-chain heterodimeric
bispeciﬁc antibody with Fab domains that contain polypeptide linkers
to assure correct light-heavy chain pairing and an Fc domain
engineered for heterodimerization and efﬁcient puriﬁcation (31),
using a pTT5 expression vector (National Research Council, Canada)
with common molecular biology techniques. The B7-H6/CD3 ITE was
produced in CHO-E (National Research Council) cells by transient
transfection. After 10 days of culturing, the supernatant was harvested and puriﬁed by Protein A afﬁnity chromatography using
MabSelect columns (GE Healthcare). The bispeciﬁc antibody was
further puriﬁed by cation exchange chromatography using a Poros
50 HS column (Applied Biosystems) and stored in 50 mmol/L
sodium acetate and 100 mmol/L NaCl, pH 5.0 buffer. Analytic
characterization by intact mass spectrometry, SDS-PAGE, and sizeexclusion chromatography showed that the puriﬁed antibody has
the expected heterodimeric mass and contained minimal high
molecular weight aggregate (less than 1%) and no contaminating
homodimeric species.
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Cell lines and cell culture
NCI-H716 (CCL-251, RRID:CVCL_1581), HCT-15 (CCL-225, RRID:
CVCL_0292), HT-29 (HTB-38, RRID:CVCL_0320), LoVo (CCL-229,
RRID:CVCL_0399), RKO-E6 (CRL-2578, RRID:CVCL_3787), HCIH508 (CCL-253, RRID:CVCL_1564), Colo201 (CCL-224, RRID:
CVCL_1987), SNU-C1 (CRL-5972, RRID:CVCL_1708), LS411N
(CRL-2159, RRID:CVCL_1385), AGS (CRL-1739, RRID:CVCL_0139),
SNU-16 (CRL-5974, RRID:CVCL_0076), HS746T (HTB-135, RRID:
CVCL_0333), Capan-1 (HTB-79, RRID:CVCL_0237), SW1990
(CRL2172, RRID:CVCL_1723), Panc 02.13 (CRL-2554, RRID:CVCL_
1634), AsPC-1 (CRL-1682, RRID:CVCL_0152), Panc 03.27 (CRL-2549,
RRID:CVCL_1635), Panc-1 (CRL-1469, RRID:CVCL_0480), CFPAC-1
(CRL-1918, RRID:CVCL_1119), HPAFF-II (CRL-1997, RRID:
CVCL_0313) were purchased from the ATCC. MKN-45 (ACC 409,
RRID:CVCL_0434), 23132/87 (ACC 201, RRID:CVCL_1046), PA-TU8988T (ACC 162, RRID:CVCL_1847), and HuPT4 (ACC 233, RRID:
CVCL_1300) were purchased from the German Collection of Microorganisms and Cell Cultures (DSMZ). SNU-C4 (0000C4.1, RRID:
CVCL_5111) and SNU-719 (00719.1, RRID:CVCL_5086) were purchased from the Korean Cell Line Bank (KCLB). NUGC-3 (JCRB0822,
RRID:CVCL_1612), OCUM-1 (JCRB0172, RRID:CVCL_3084), NCCStC-K140 (JCRB1228, RRID:CVCL_3055), KP-3 (JCRB0178.0, RRID:
CVCL_3005), SUIT-2 (JCRB1094, RRID:CVCL_3172) were purchased
from the Japanese Collection of Research Bioresources (JCRB). MKN74
(TCB1002, RRID:CVCL_2791) was purchased from RIKEN BRC Cell
Bank. All cell lines were cultured according to supplier’s (ATCC, KCLB,
DSMZ, JCRB, RIKEN BRC cell bank) instruction. The recombinant
PD-L1 overexpression cell line HCT-15-PD-L1 was generated by lentiviral
transduction. Lentivirus was generated using a PD-L1 (Uniprot,
#Q9NZQ7) encoding plasmid in 293FT cells (Thermo Fisher Scientiﬁc).
All cell lines were tested to exclude Mycoplasma contamination and
maintained in culture for a maximum of 20 passages.
Isolation of peripheral blood mononuclear cells and T cells
Peripheral blood mononuclear cells (PBMC) were puriﬁed from
buffy coats by density gradient centrifugation. T-cell subsets were
puriﬁed from PBMCs using the respective T-cell subset isolation kits
(Miltenyi Biotec) according to manufacturer’s instructions.
Quantiﬁcation of B7-H6 cell surface molecules on cell lines
Quantiﬁcation of B7-H6 and PD-L1 cell surface molecules
expressed on cancer cell lines was performed by ﬂow cytometry using
the QIFIKIT (Agilent) according of manufacturer’s instructions.
Cytotoxicity, T-cell activation, T-cell proliferation, cytokine
secretion assays
Cytotoxicity, activation, degranulation, and proliferation of T cells,
and cytokine secretion were analyzed in multiparametric cytotoxicity
assays. Cell lysis was assessed by quantiﬁcation of lactate dehydrogenase concentrations in the cell culture supernatant using the
Cytotoxicity Detection KitPLUS (Sigma-Aldrich) according to manufacturer’s instructions. Activation and degranulation of T cells were
assessed by staining cells for extracellular CD25 (anti-CD25-APC,
Becton Dickinson, RRID:AB_2916552), CD69 (anti-CD69-PE-Cy7,
Becton Dickinson, RRID:AB_396851), and CD107a (anti-CD107aBV421, BioLegend, RRID:AB_11203537), and intracellular granzyme
B (anti-GrzB-FITC, Becton Dickinson, RRID:AB_1645488) by ﬂow
cytometry. For analysis of T-cell proliferation, the PBMCs were labeled
with CFDA-SE (Becton Dickinson) and T cells were additionally
stained with anti-CD3 (BioLegend, RRID:AB_2561628). Cytokine
concentrations were analyzed from supernatants of cytotoxicity assays
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using the V-PLEX Assays (Mesoscale Discovery) following the manufacturer’s instructions.
Mouse xenograft studies
All animal studies were approved by the respective Institutional
Animal Care and Use Committees (IACUC). Antitumor activity
was evaluated in female HCT-15 and HCT-15-PD-L1 xenograft
bearing PBMC-humanized NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG,
RRID:IMSR_JAX:005557), and NCI-H716 xenograft bearing T cell–
humanized NOD.Cg-PrkdcscidIl2rgtm1Sug/JicTac (NOG, RRID:
IMSR_TAC:HSCFTL-NOG) mice.
NOG mice were irradiated (200 Rad) the day before NCI-H716 cell
injection. A total of 2.5  107 HCT-15 or NCI-H716 or 1  107 HCT15-PD-L1 cells suspended in 100 mL PBS were injected subcutaneously
into the right ﬂank of the animals at the timepoints outlined in the
respective ﬁgures. For the T cell–humanized NOG model, T cells were
isolated (Miltenyi Biotec #130-096-535) and expanded (Miltenyi
Biotec, #130-091-441) for 17 days before intraperitoneal injection.
PBMCs were injected intravenously as indicated in the respective
ﬁgure. Animals were randomized into treatment groups based on
tumor size one day before start of treatment. Tumor size was measured
by an electronic caliper and calculated according to the formula
“tumor volume ¼ length diameter2 p/6”. Regressions were deﬁned
as a relative tumor volume < 1 when normalized to the tumor volume
before the start of treatment. Tumor growth inhibition was calculated
according to the formula “% TGI ¼ 100 (1-(MedianTx - MedianT0)/
(MedianCx - MedianC0))” (Tx, T0 ¼ tumor volume of B7-H6 ITE–
treated group at timepoint x or 0; Cx, C0: tumor volume of vehicle
group at timepoint x or 0).
Flow cytometry analysis of xenograft tumor tissues
For ﬂow cytometry analysis of tumor tissues, tumors were harvested
at the study end and dissociated using the human tumor dissociation kit
(Miltenyi Biotec #130-095-929) following the manufacturer’s instructions. After staining single-cell suspensions with ﬁxable violet dead cell
stain kit (Becton Dickinson #L34955) and subsequent blocking with
anti-CD16/32 antibody (BioLegend, RRID:AB_2922498), cells were
stained with anti-mouse CD45-FITC (clone 30F11, BioLegend, RRID:
AB_312973), anti-human CD4-Alexa700 (clone RPA-T4, BioLegend,
RRID:AB_493743), anti-human CD8-PE-Cy7 (clone T8, BioLegend,
RRID:AB_2044007), anti-human CD19-BV650 (clone HIB19, BioLegend, RRID:AB_11126981), anti-human CD3-BUV737 (clone SK7,
BD Biosciences, RRID:AB_2870083), and anti-human CD45-APC-H7
(clone 2D1, BD Biosciences, RRID:AB_1645734).
Pharmacokinetic studies
All animal studies were approved by the IACUC. Serum concentrations of B7-H6/CD3 ITE were determined in an ELISA-based assay
using recombinant human B7-H6 (extracellular domain) protein as
capture and human CD3eg (Fc-fusion protein) as detection reagents.
Data were treated as a na€ve pool and ﬁtted to a linear twocompartment model using Phoenix 64 WinNonlin 8.2 (Certara) and
NONMEM7.4 (ICON Clinical Research).
Colorectal cancer precision-cut tumor slice cultures
Freshly excised tumor tissue was transferred to the lab within 30
minutes after surgery. Subsequently, 200 mmol/L sections were prepared using a Compresstome VF-300-0Z and incubated at 37 C, 5%
CO2 for 48 hours in DMEM 4.5 g/L D-glucose supplemented with 1x
GlutaMAX, 1x Penicillin/Streptomycin/Amphotericin B, and 10%
FCS in presence of 15 mg/mL B7-H6/CD3 ITE or medium alone.

Clin Cancer Res; 2022

OF3

Zhang et al.

B7-H6 and CD3 expression were analyzed by IHC in a tissue section
that was taken at baseline, ﬁxed in formalin and embedded in parafﬁn.
IFNg, IP-10, and IL2 were quantiﬁed in the cell supernatant using
U-PLEX Assays (Mesoscale Discovery, #K15049K) following the
manufacturer’s instructions. Cytokines were quantiﬁed from all biological replicates, the mean value of each sample was then normalized
to the respective untreated (medium only) samples and depicted as
fold change.
Statistical analysis
Statistical analysis was performed using GraphPad Prism 9.0.0
software (RRID:SCR_002798). In experiments with two groups, a
one-sided nonparametric Mann–Whitney U test was applied to compare the B7-H6/CD3 ITE-treated group to the vehicle-treated group.
In experiments with more than two groups, a nonparametric oneway ANOVA test was applied to compare the B7-H6/CD3 ITEtreated groups with the respective vehicle-treated groups.  , P <
0.0001;  , P < 0.001;  , P < 0.01;  , P < 0.05.
Data availability statement
The data generated in this study are available within the article and
its Supplementary Data. Raw data are available only upon reasonable
request to comply with the patients’ informed consent.

Results
B7-H6 expression in human colorectal, gastric, and pancreatic
cancer tissues
We identiﬁed B7-H6 as a tumor-associated membrane protein in a
proteomics screen using the OGAP proteomic discovery platform,
where B7-H6 was detected in tumor tissue samples but not in any
normal (noncancerous) tissues (Supplementary Fig. S1A). Analysis of
The Cancer Genome Atlas datasets showed elevated expression levels
of B7-H6 mRNA in gastrointestinal tumors including colorectal,
gastric, and pancreatic cancer tissues (Supplementary Fig. S1B). The
membranous B7-H6 expression pattern in tumor tissues was analyzed
by IHC. In a pre-experiment, formalin-ﬁxed and parafﬁn-embedded
(FFPE) cell pellets from eight representative pancreatic cancer cell
lines, covering the expression range from 90 to 13,000 B7-H6 molecules per cell on the cell surface (as determined by ﬂow cytometry),
were analyzed by IHC and membranous B7-H6 expression was
detectable in cell pellets with approximately 600 or more B7-H6
molecules per cell, and the intensity correlated with the B7-H6 cell
surface density (Supplementary Fig. S2). Subsequently, the membranous protein expression pattern of B7-H6 was analyzed in colorectal
(n ¼ 50; Fig. 1A and B), gastric (n ¼ 43; Fig. 1C and D), and pancreatic
cancer (n ¼ 46; Fig. 1E and F) tissue samples. B7-H6 expression was
detected in 98% of colorectal cancer, 77% of gastric cancer, and 63% of
pancreatic cancer samples. H-scores ranged from 13 to 180 in colorectal cancer, 1 to 160 in gastric cancer, and 2 to 130 in pancreatic
carcinoma samples. Expression of B7-H6 was independent of cancer
stage.
Discovery and in vitro activity of B7-H6/CD3 ITE
The B7-H6/CD3 ITE is an ITE based on a bispeciﬁc heterodimeric
IgG-like scaffold with monovalent binding to each antigen that
incorporates ﬂexible peptide linkers between light and heavy chains
and is designed to bind concurrently to B7-H6 on tumor cells and CD3
on T cells while maintaining an IgG-like architecture (Fig. 2A). In a
ﬂow cytometry–based assessment using B7-H6–positive HCT-15 cells
and CD3-positive human T cells, the B7-H6/CD3 ITE bound with an
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EC90 of 7 nmol/L to HCT-15 cells and 11 nmol/L to T cells (Fig. 2B
and C). Furthermore, the B7-H6/CD3 ITE does not interfere in the
natural interaction of B7-H6 and its ligand NKp30, and the consequential B7-H6–dependent activation of NK cells (Supplementary
Fig. S3).
Initial characterization of B7-H6/CD3 ITE-mediated T cell–
redirected tumor cell lysis was performed in coculture assays with
human T cells and a panel of colorectal cancer, gastric, and pancreatic
cancer cell lines, with B7-H6 cell surface expression levels ranging from
15 to 13,000 B7-H6 molecules per cell, and a ﬁxed concentration of 1.5
mg/mL B7-H6/CD3 ITE. In these assays, the B7-H6/CD3 ITE induced
lysis of colorectal cancer, gastric, and pancreatic cancer cell lines and
the lysis activity correlated with the expression level of B7-H6 on the
cell surface (Fig. 2D–F).
Subsequently, the selectivity and mode of action of the B7-H6/CD3
ITE was further characterized in in vitro coculture experiments with
human T cells and B7-H6–positive HCT-15, or B7-H6–negative
CHO-3E7 cell lines. The B7-H6/CD3 ITE-induced T cell–redirected
lysis was strictly dependent on B7-H6 expression and CD4þ as well as
CD8þ T cells contributed to the lysis activity (Fig. 2G and H). The
potency and maximal lysis of the B7-H6/CD3 ITE-induced lysis of
HCT-15 cells depended on the effector to target cell (E:T) ratio with
lysis activity already observed at an E:T ratio of 1:5 and maximal lysis
activity reached at an E:T ratio of ≥ 5:1 (Fig. 2I). Assessment of CD25,
CD69, and CD107a expression on the cell surface of T cells, intracellular granzyme B in T cells, IFNg and IL2 levels in the cell culture
supernatant conﬁrmed the B7-H6 dependency of the B7-H6/CD3 ITE
(Fig. 2J–L). Further analysis conﬁrmed the B7-H6–dependent induction of proliferation of T cells in presence of B7-H6–positive HCT-15
cells but not B7-H6–negative CHO-3E7 cells (Fig. 2M).
B7-H6/CD3 ITE monotherapy mediated antitumor activity and
modulation of tumor-inﬁltrating T cells in vivo
In vivo B7-H6/CD3 ITE monotherapy studies were conducted in
human B7-H6–positive HCT-15 xenograft bearing PBMC-humanized
NSG or NCI-H716 xenograft bearing T cell–humanized NOG mouse
models.
In a dose–response study in HCT-15 xenograft tumor-bearing
PBMC-humanized NSG mice (Fig. 3A), B7-H6/CD3 ITE was administered at three doses (0.005, 0.05, 0.5 mg/kg, i.v.) in a every 7 days
regimen and as a single dose. Dosing schedules were selected on the
basis of the observed pharmacokinetic proﬁle in a single dose (1 mg/kg,
i.v.) study in non–tumor-bearing NOG mice, where the B7-H6/CD3
ITE exhibited a half-life of 10 days (Supplementary Fig. S4). Treatment
with B7-H6/CD3 ITE in the every 7 days regimen led to 112% (P <
0.0001) tumor growth inhibition in the 0.5 mg/kg dose group with
tumor regression in 6 of 7 mice, and 55% (P < 0.0001) tumor growth
inhibition in the 0.05 mg/kg dose group. Administration as a single
dose led to 100% (P < 0.0001) tumor growth inhibition with tumor
regressions in 3 of 8 mice in the 0.5 mg/kg dose group at the study end
on day 18 (Fig. 3B). In a second study, the inﬂuence of different PBMC
donors was evaluated. In this study, HCT-15 tumor-bearing NSG mice
were humanized with PBMCs isolated from three different donors and
treated with 0.5 mg/kg B7-H6/CD3 ITE in a every 7 days regimen.
Tumor growth inhibition at the end of the study on day 18 ranged from
93% in the group humanized with PBMCs from donor A to 111% in the
group humanized with donor B. Tumor regressions also varied
between the groups, ranging from 1 of 9 animals regressing in the
group humanized with donor A and 9 of 9 animals regressing in the
group humanized with donor B (Fig. 3C–E). At the end of the study on
day 18, tumors from the group treated with donor A were harvested,
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Figure 1.
Identiﬁcation of B7-H6 as antigen in
human gastrointestinal tumor tissues.
A-F, Colorectal cancer (A and B), gastric
cancer (C and D), and pancreatic
cancer (E and F) tissues containing at
least 1% tumor cells with membranous
B7-H6 expression. Right, representative
images of colorectal cancer (B), gastric
cancer (D), and pancreatic cancer (F)
tissue sections. Cells with membranous
B7-H6 staining were quantiﬁed manually by a trained pathologist.

processed, and analyzed by ﬂow cytometry for presence of tumor
cells and inﬁltrating T cells. Treatment with B7-H6/CD3 ITE led to
a statistically signiﬁcant reduction of tumor weight, (P < 0.0001),
tumor cells (P < 0.05), and an increase of tumor-inﬁltrating CD8þ T
cells (P < 0.001). Treatment also led to an increase of tumorinﬁltrating CD4þ T cells; however, this increase was not statistically
signiﬁcant (Fig. 3F–I).
In a subsequent study in NCI-H716 xenograft bearing T cell–
humanized NOG mice (Fig. 4A), the B7-H6/CD3 ITE was administered at a dose of 0.05 mg/kg, i.v. in a weekly (every 7 days) regimen or
as a single dose on day 1. Treatment with B7-H6/CD3 ITE in the every
7 days regimen led to sustained tumor regressions in all 9 animals on
day 16 and 5 of 9 animals on day 28 (TGI ¼ 105%, P < 0.0001).
Treatment with B7-H6/CD3 ITE administered as single dose led to
tumor regressions in 6 of 9 animals until day 22; however, tumor
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regrowth after day 22 was observed. At the end of the study (day 28), a
statistically signiﬁcant tumor growth inhibition (TGI ¼ 79%, P < 0.05)
with 1 animal still in regression was observed (Fig. 4B). B7-H6/CD3
ITE plasma levels in NCI-H716 xenograft tumor-bearing T cell–
humanized NOG mice were conﬁrmed after administration of
0.05 mg/kg, i.v. in a every 7 days regimen or as a single dose (Fig. 4C).
In a separate study, we further assessed the ability of the B7-H6/CD3
ITE to modulate the inﬂammatory environment in the NCI-H716
xenograft tumor-bearing T cell–humanized mice. NCI-H716 xenograft tumor tissues from animals were collected one day after administration of one dose of 0.05 mg/kg B7-H6/CD3 ITE i.v., and sections of
FFPE tissues were immunohistochemically stained with anti-CD3,
anti-CD69, anti-granzyme B, anti-perforin, anti-PD-L1, and anti-cC3
(cleaved caspase 3) antibodies. A statistically signiﬁcant increase in
tumor-inﬁltrating CD3þ T cells (Fig. 4D and J; P < 0.001) in B7-H6/
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Figure 2.
In vitro mode of action of B7-H6/CD3
ITE. A, Schematic graphic of B7-H6/
CD3 ITE. B and C, Binding to HCT-15
(B) and T cells (C). Each datapoint
represents a single measurement.
D-F, Correlation of B7-H6 cell surface
density and B7-H6/CD3 ITE-induced
lysis of 10 colorectal (D), 10 gastric
(E), and 14 pancreatic (F) cancer cell
lines incubated with T cells in a ratio of
1:10 in the presence of 1.5 mg/mL B7H6/CD3 ITE for 72 hours. G–M, Human
T cells and B7-H6–positive HCT-15 cells
or B7-H6–negative CHO-3E7 cells
were cocultivated in the presence of
increasing concentrations of B7-H6/
CD3 ITE for 72 hours. G, B7-H6 dependency of B7-H6/CD3 ITE-induced cell
lysis [effector to target cell ratio (E:T)
10:1]. H, B7-H6/CD3-induced lysis of
HCT-15 cells by CD4þ and CD8þ T cells
(E:T 10:1). I, E:T ratio dependency of
B7-H6/CD3 ITE-induced lysis of HCT15 cells. J, B7-H6 dependency of B7H6/CD3 ITE-induced upregulation of
CD25 and CD69 on CD4þ and CD8þ T
cells (E:T 10:1). K, B7-H6 dependency
of B7-H6/CD3 ITE-induced upregulation of extracellular CD107a and intracellular granzyme B (GrzB) in CD4þ
and CD8þ T cells (E:T 10:1). L, B7-H6
dependency of B7-H6/CD3 ITEinduced secretion of IL2 and IFNg by
T cells (E:T 10:1). M, B7-H6 dependency
of B7-H6/CD3 ITE-induced proliferation of T cells (E:T 10:1) after 6 days of
coculture. Each datapoint represents a
single measurement. For G, H, I, and L,
each datapoint represents the mean of
duplicates, error bars represent the
SD. For J and K, each datapoint represents data from duplicates which were
pooled for the ﬂow cytometry analysis.

CD3 ITE-treated animals compared with the vehicle-treated animals
was observed, which correlates with the increase of cleaved caspase 3
(Fig. 4E and J) in the tumor cells. Tumor-inﬁltrating T cells were
activated as conﬁrmed by upregulation of CD69, perforin, and granzyme B (Fig. 4F–H, and J). As a result of the presence of activated T
cells and resulting inﬂamed tumor environment, expression of PD-L1
was upregulated (Fig. 4I and J).
Combination with anti-PD-1 enhances the antitumor activity of
B7-H6/CD3 ITE
To further evaluate the potential effect of upregulation of the
PD-(L)1 pathway on the B7-H6/CD3 ITE activity, we generated a
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recombinant PD-L1–overexpressing HCT-15-PD-L1 cell line that
expressed 120,000 PD-L1 molecules per cell. The parental (PD-L1–
negative) HCT-15 cell line and the recombinant HCT-15-PD-L1 cell
line had comparable B7-H6 expression levels (Fig. 5A). In an in vitro
cytotoxicity assay, the B7-H6/CD3 ITE-induced lysis of HCT-15-PDL1 cells was slightly lower than of PD-L1–negative HCT-15 cells (100%
vs. 80% lysis). While combination with anti-PD-1 slightly increased
the B7-H6/CD3 ITE-induced lysis of the PD-L1–overexpressing HCT15-PD-L1 cells (90% lysis), the combination did not have any effect on
PD-L1–negative HCT-15 cells (Fig. 5B).
While in the NCI-H716 tumor model, the endogenous PD-L1
expression levels, which were induced one day after with the B7-H6/
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Figure 3.
B7-H6/CD3 ITE monotherapy induces antitumor activity in human HCT-15 xenograft tumor bearing PBMC humanized in vivo mouse model. A and B, B7-H6 IHC
(A), dose and schedule dependency (B). Each datapoint represents the median of 8 animals. C–E, Donor dependency of antitumor activity of B7-H6/CD3 ITE.
Each datapoint represents 1 animal. F-I, Flow cytometry analysis of HCT-15 xenograft tumors (PBMC donor A) on day 18, tumor weight (F), number of tumor
cells (G), number of CD4þ T cells (H), and number of CD8þ T cells (I) per gram tumor tissue. Each datapoint represents one animal, and bars represent the
median.     , P < 0.0001;    , P < 0.001;   , P < 0.01;  , P < 0.05.

CD3 ITE, did not lead to abrogation of the antitumor efﬁcacy, the PD-L1
overexpression on recombinant HCT-15-PD-L1 cells inﬂuenced the
antitumor activity. In HCT-15-PD-L1 xenograft (Fig. 5C) bearing
PBMC-humanized NSG mice, anti-PD-1 or B7-H6/CD3 ITE administered as monotherapies did not exhibit antitumor activity; however, the
combination therapy of B7-H6/CD3 ITE and anti-PD-1 led to tumor
regression in all treated animals (Fig. 5 D–F).
Activity of B7-H6/CD3 ITE in ex vivo patient-derived colorectal
cancer precision cut tumor slice cultures
To assess the activity of the B7-H6/CD3 ITE in human colorectal
cancer tissues with endogenous expression levels of B7-H6 on
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tumor cells and tumor-inﬁltrating T cells, we incubated colorectal
cancer tissue slices from 10 patients with colorectal cancer, 9 with
microsatellite stable and, one with high microsatellite instability
status, for 48 hours in presence of 15 mg/mL B7-H6/CD3 ITE or
medium alone (untreated) before quantifying cytokines in the cell
culture supernatant. Treatment with B7-H6/CD3 ITE induced
secretion of IFNg (5- to 700-fold increase), IP-10 (10- to 500-fold
increase), and IL2 (10- to 500-fold increase) by tumor-inﬁltrating
immune cells in all 10 analyzed colorectal cancer tissue slices. The
combination with anti-PD-1 further increased the secretion of IFNg
in nine of 10, and IL2 and IP-10 in eight of 10 colorectal cancer
tissue slices (1.1- to 2.9-fold increase on top of B7-H6/CD3

Clin Cancer Res; 2022

OF7

Zhang et al.

Figure 4.
B7-H6/CD3 ITE monotherapy induces antitumor activity and modulation of tumor-inﬁltrating T cells in human NCI-H716 xenograft tumor-bearing T cell–
humanized in vivo mouse model. A and B, B7-H6 IHC (A), and antitumor activity (B; each datapoint represents the median of 9 animals). C, Pharmacokinetic
proﬁle (each datapoint represents the mean of 3 animals, error bars represent the SD). D–J, IHC analysis of NCI-H716 xenograft tumors on day 2 for CD3 (D),
cC3 (purple) and CD3 (yellow; E), GrzB (F), perforin (G), CD69 (H), and PD-L1 (I). J, Representative IHC stainings. D and F–I, Each datapoint represents
1 animal, bars represent the median.     , P < 0.0001;    , P < 0.001;   , P < 0.01;  , P < 0.05.

monotherapy treatment; Fig. 6A–C). For retrospective analysis of B7H6 expression on tumor cells and presence of T cells, a fresh tumor
tissue slice was reserved at baseline, ﬁxed in formalin for further
analysis of B7-H6 and CD3 expression by IHC. B7-H6 expression
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and presence of CD3þ T cells was conﬁrmed retrospectively in all 10
colorectal cancer tissue samples. Expression of B7-H6 covered a similar
range (H-scores between 1 and 140) as in the analyzed colorectal
cancer tissues in the prevalence study (Figs. 6D and E).
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Figure 5.
Combination with anti-PD-1 enhances antitumor activity of B7-H6/CD3 ITE. A, B7-H6 and PD-L1 expression on parental HCT-15 and recombinant HCT-15-PD-L1 cell
lines. B, B7-H6/CD3 ITE-induced cell lysis (E:T 10:1, 72 hours) in vitro. Each datapoint represents the mean of duplicates, error bars represent the SD. C, PD-L1
expression in HCT-15-PD-L1 xenograft tissue. D-F, Antitumor activity of anti-PD-1 monotherapy (D), B7-H6/CD3 ITE monotherapy (E), and B7-H6/CD3 ITE and antiPD-1 combination therapy (F) in HCT-15-PD-L1 xenograft bearing PBMC-humanized mouse model.

Discussion
Advanced-stage colorectal, gastric, and pancreatic cancer represent
tumor indications with high unmet medical need. Immunomodulating
therapies, for example, anti-PD-1 inhibitors, remain mainly ineffective
due to the immunosuppressive tumor environment (32–36) and the
identiﬁcation of tumor-speciﬁc antigens to ensure a therapeutic
window remains a key challenge, as observed in phase I clinical trials
with solitomab (EpCAM targeting BiTE) and MEDI-565 (CEA targeting BiTE), where toxicities due to normal tissue expression were
observed (18–21).
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In this article, we describe the preclinical antitumor activity of a
novel B7-H6–targeted T cell–engaging antibody for the treatment of
colorectal, gastric, and pancreatic cancer tissues. Initially, B7-H6 was
identiﬁed as a cell surface molecule that is absent in normal tissues but
expressed on leukemia and lymphoma cells which binds to NKp30 on
NK cells and triggers the NK-cell cytotoxicity against these cells (22).
Another in vitro study with cancer cell lines suggests that B7-H6
mRNA and protein expression may be upregulated under cellular
stress conditions induced by chemotherapy (cisplatin, 5-ﬂuorouracil),
radiotherapy, nonlethal heat shock, and TNFa treatment (37). In our
cancer tissue analysis, we detected B7-H6 expression in 98% of
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Figure 6.
B7-H6/CD3 ITE induces secretion of cytokines in colorectal cancer precision cut tumor slice cultures. A–C, Fresh tumor tissue from 10 patients with colorectal cancer
were cultured for 48 hours in a 24-well plate in presence of 15 mg/mL B7-H6/CD3 ITE and/or 10 mg/mL anti-PD-1 or medium alone (untreated). IL2, IFNg, and IP-10
were quantiﬁed in the cell culture supernatant. Each datapoint represents one tumor sample. D and E, B7-H6 (D) and CD3 (E) expression in 10 colorectal cancer tissue
samples at baseline.

colorectal cancer, 77% of gastric cancer, and 63% of pancreatic cancer
samples by IHC and conﬁrmed the absence of B7-H6 membrane
expression in nontumorous (normal) tissues using membrane proteomics, which suggests B7-H6 as an ideal target antigen for a tumorselective targeting approach. B7-H6 expression has also been previously described in tumor tissues of patients with non–small cell lung
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cancer (38), small cell lung cancer (39), oral squamous cell cancer (40),
and cervical cancer (41), providing the potential for a B7-H6–targeted
therapeutic approach in a broad range of solid tumor indications.
Further analysis of B7-H6 expression and correlation with more
clinicopathologic features is still required to better characterize the
B7-H6–positive patient population.
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To target B7-H6, we have designed a novel half-life extended T cell–
engaging bispeciﬁc antibody targeting B7-H6. The B7-H6/CD3 ITE is
clearly differentiated to the short half-life B7-H6 BiTE (42) and B7-H6
CAR T cells (43–45), but also to recently described half-life extended T
cell–engaging antibodies GUCY2 (8) and CEA TCB (6). B7-H6/CD3
ITE induces potent T cell–redirected lysis of B7-H6–positive colorectal, gastric, and pancreatic cancer cell lines by redirecting T cells toward
B7-H6–postitive cancer cells without lysing B7-H6–negative target
cells. As a result of the formation of the cytolytic synapse, T cells secrete
proinﬂammatory cytokines and proliferate. In vivo, the B7-H6/CD3
ITE induced dose-dependent antitumor activity in subcutaneous
colorectal cancer (NCI-H716, HCT-15) xenograft tumor-bearing
PBMC or T cell–humanized mice. A single dose of B7-H6/CD3 ITE
led to profound inﬁltration of T cells into the tumor tissue, and tumor
regressions were observed with single doses of ≤ 0.5 mg/kg, which
highlights the potential of the B7-H6/CD3 ITE for treatment of
noninﬂamed tumors, which are currently difﬁcult to treat with available immunotherapies. As a result of the inﬂamed tumor environment
induced by treatment with the B7-H6/CD3 ITE, the tumor cells
upregulated PD-L1 expression already one day after treatment initiation. Although, the B7-H6/CD3 ITE-treatment related upregulation
of endogenous PD-L1 did not result in abrogation of the antitumor
efﬁcacy in this study, further studies using a mechanistic in vivo
model with recombinant and highly PD-L1–overexpressing tumors
showed that overexpression of PD-L1 may inﬂuence the antitumor
activity of the B7-H6/CD3 ITE, and combination with anti-PD-1
inhibitors may provide potential for enhanced antitumor efﬁcacy
and may sensitize tumors to anti-PD-1 treatment. In future studies,
it will be important to further characterize the combination in
in vivo models with endogenous PD-L1 expression levels. In vitro
coculture assays as well as humanized xenograft mouse models
based on human cancer cell lines and PBMCs or T cells isolated
from healthy blood donors represent good tools for initial characterization of T-cell engagers; however, these models can only
represent isolated features of the complex human cancer tissue.
Precision cut tumor slice cultures represent a primary human
disease relevant model system which recapitulates the tissue architecture including its tumor cells, microenvironment, and inﬁltrating
immune cells, and is to date the closest human cancer model system.
Importantly, the B7-H6/CD3 ITE induces secretion of cytokines in
human colorectal cancer tissue slices demonstrating the ability to
redirect tumor-inﬁltrating T cells toward colorectal cancer cells
with endogenous B7-H6 expression levels.
Taken together, the B7-H6/CD3 ITE provides a novel drug candidate for the treatment of gastrointestinal tumors with upside potential
in other B7-H6–expressing solid tumor types, which is currently being
investigated in a nonrandomized, open-label, dose-escalation trial
(NCT04752215) as monotherapy and in combination with the antiPD-1 antibody ezabenlimab.
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