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A Bispecific gd T-cell Engager Targeting EGFR Activates
a Potent Vg9Vd2 T cell–Mediated Immune Response
against EGFR-Expressing Tumors
Lisa A. King1,2,3, Elisa C. Toffoli1,2,3, Myrthe Veth1,2,3, Victoria Iglesias-Guimarais4, Manon C. Slot3,5,
Derk Amsen3,5, Rieneke van de Ven2,3,6, Sarah Derks1,2,3, Marieke F. Fransen2,3,7, Jurriaan B. Tuynman8,
Thilo Riedl4, Rob C. Roovers4, Anton E.P. Adang4, Jurjen M. Ruben4, Paul W.H.I. Parren4,9,
Tanja D. de Gruijl1,2,3, and Hans J. van der Vliet1,2,4

ABSTRACT
◥

Vg9Vd2 T cells are effector cells with proven antitumor efficacy
against a broad range of cancers. This study aimed to assess the
antitumor activity and safety of a bispecific antibody directing
Vg9Vd2 T cells to EGFR-expressing tumors. An EGFR-Vd2
bispecific T-cell engager (bsTCE) was generated, and its capacity
to activate Vg9Vd2 T cells and trigger antitumor activity was
tested in multiple in vitro, in vivo, and ex vivo models. Studies to
explore safety were conducted using cross-reactive surrogate
engagers in nonhuman primates (NHP). We found that Vg9Vd2
T cells from peripheral blood and tumor specimens of patients
with EGFRþ cancers had a distinct immune checkpoint expres-
sion profile characterized by low levels of PD-1, LAG-3, and
TIM-3. Vg9Vd2 T cells could be activated by EGFR-Vd2 bsTCEs
to mediate lysis of various EGFRþ patient–derived tumor samples,

and substantial tumor growth inhibition and improved survival
were observed in in vivo xenograft mouse models using peripheral
blood mononuclear cells (PBMC) as effector cells. EGFR-Vd2
bsTCEs exerted preferential activity toward EGFRþ tumor cells
and induced downstream activation of CD4þ and CD8þ T cells
and natural killer (NK) cells without concomitant activation of
suppressive regulatory T cells observed with EGFR-CD3 bsTCEs.
Administration of fully cross-reactive and half-life extended
surrogate engagers to NHPs did not trigger signals in the safety
parameters that were assessed. Considering the effector and
immune-activating properties of Vg9Vd2 T cells, the preclinical
efficacy data and acceptable safety profile reported here provide a
solid basis for testing EGFR-Vd2 bsTCEs in patients with EGFRþ

malignancies.

Introduction
gd T cells represent a unique unconventional T-cell population at

the interface of innate and adaptive immunity (1). Vg9Vd2 T cells are
the largest gd T-cell subset in peripheral blood (PB), accounting for
�1% to 5% of the total T-cell population, and they recognize target
cells in an HLA-independent fashion. They do so by sensing confor-
mational changes in butyrophilin 3A1 (BTN3A1) upon binding of
phosphoantigens, such as the mevalonate pathway intermediate iso-
pentenyl diphosphate, to a BTN3A1 intracellular domain (2). Recent-

ly, BTN2A1 was identified as an important coreceptor for phosphoan-
tigen-mediated engagement of Vg9Vd2 T cells (3). Phosphoantigen-
mediated activation of Vg9Vd2 T cells stimulates expansion, their
capacity to serve as antigen-presenting cells (APC), the production of
proinflammatory cytokines and chemokines, and cytotoxicity (4–6).
Other receptors, such as NKG2D, can act as costimulatory receptors to
support Vg9Vd2 T-cell activation against tumor cells by binding to
MIC-A/B and ULBPs (7).

Transcriptomic signatures of 18,000 tumors showed that the pres-
ence of gd T cells among tumor-infiltrating immune cells was most
significantly associated with favorable prognosis (8). Additional stud-
ies confirmed the positive association between Vg9Vd2 T-cell infil-
tration and clinical outcome and reported on the relative abundance of
tumor-infiltratingVg9Vd2T cells in different cancers (9, 10). Together
with the demonstration that Vg9Vd2 T cells can exert strong cytolytic
activity against a wide range of malignancies (11, 12), this has
stimulated the development of Vg9Vd2 T cell–based cancer immu-
notherapy clinical trials. These trials included testing systemic acti-
vation of Vg9Vd2 T cells using amino-bisphosphonates and synthetic
phosphoantigens and systemic administration of autologous or allo-
geneic ex vivo–expanded Vg9Vd2 T cells, reviewed in (13). Although
these studies demonstrated Vg9Vd2 T cell–directed therapies to have
an acceptable safety profile, clinically relevant antitumor responses
were observed only in a minority of cases. Strategies that enhance
activation of Vg9Vd2 T cells specifically in the tumor microenviron-
ment, e.g., using chimeric antigen receptor (CAR) or bispecific anti-
body–based approaches, may result in more consistent and robust
anticancer activity (13).

Bispecific T-cell engagers (bsTCE) offer “off-the-shelf” immu-
notherapies and most commonly induce signaling via the CD3–TCR
complex upon binding to a target protein on tumor cells, thereby
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triggering T cell–mediated tumor lysis (14). Although impressive
clinical results have been obtained with CD3-targeting bsTCE (e.g.,
blinatumomab) in B-cell malignancies, toxicities such as cytokine
release syndrome (CRS) and immune effector cell–associated neuro-
toxicity syndrome often occur, and broadening of the use of bsTCE,
specifically to solid tumors, has been challenging (15). Moreover,
concomitant engagement of regulatory T cells (Treg) byCD3-targeting
bsTCE negatively affects clinical outcome (16). Engaging innate like
T-cell subsets with inherent antitumor activity, like Vg9Vd2 T cells,
has the potential to overcome these challenges and could combine high
therapeutic efficacy with a reduced risk of CRS and off-tumor toxicity.

We have developed bispecific single-domain antibodies (VHH,
variable fragment of a heavy chain–only antibody) that activate
Vg9Vd2 T cells to selectively kill EGFRþ tumor cells. Here, we extend
our earlier findings (17) using a different Vd2-specific VHH, and
advance our concept toward the clinic by demonstrating that Vg9Vd2
T cells, present in both patient PB and EGFRþ tumor specimens, could
be activated by EGFR-Vd2 bsTCEs to kill autologous patient-derived
tumor cells and trigger Vg9Vd2 T cells in peripheral blood mononu-
clear cells (PBMC) to control tumor growth in an in vivomousemodel.
Analysis of cancer-associated Vg9Vd2 T cells showed them to be
versatile effector cells, expressing low levels of inhibitory immune-
checkpoint receptors. EGFR-Vd2 bsTCE–mediated activation of
Vg9Vd2 T cells triggered subsequent IFNg- and TNF-mediated
downstream activation of T and natural killer (NK) cells, and avoided
the coactivation of suppressive Tregs that was observed with EGFR-
CD3 bsTCE. Finally, as severe toxicity was reported for EGFR-CD3
bsTCEs in nonhuman primates (NHP; ref. 18), we additionally
explored the anticipated safety profile of our approach in NHP and
found no clinical, biochemical, or histopathologic signs of toxicity,
including no CRS, despite demonstrable target engagement.

Materials and Methods
Tumor cell lines

A431 (CRL-1555), SW480KRAS-G12V (CCL-228), HT-29BRAF-V600E

(HTB-38), and HCT-116KRAS-G13D (CCL-247) were obtained from
ATCC between 2017 and 2021. COLO320 and WiDr were previously
described and maintained in our institute (17, 19). Tumor cell lines
were maintained in DMEM (41965-039, Gibco) supplemented with
10% (v/v) fetal calf serum (FCS, 04-007-1A, Biological Industries),
0.05 mmol/L 2-mercaptoethanol (200-646-6, Merck), 100 IU/mL
sodium penicillin, 100 mg/mL streptomycin sulfate, and 2.0 mmol/L
L-glutamine (PSG, 10378-016, Life Technologies) and kept at 37�C
in a humidified atmosphere containing 5% CO2. As cell lines were
obtained directly from ATCC and only early cell line passages (5–14)
were used, in-house characterization was limited to confirmation of
EGFR expression. Cell lines were tested for Mycoplasma using PCR
every 3 months.

Patient tissue samples, PBMC isolation, and lymphocyte culture
PBMCs were isolated from whole blood using Lymphoprep (AXI-

1114547, Fresenius) density gradient centrifugation. The PBMCs were
collected from healthy donors (n ¼ 31, Sanquin) and cancer patients
(Amsterdam UMC). Cancer patient tissue (n ¼ 77, i.e., primary and
metastatic malignant and nonmalignant tissues derived from colon,
peritoneum, liver, lung, esophagus, and head and neck) was surgically
collected (endoscopically for esophageal samples) and processed at
the Amsterdam UMC (location VUmc). PBMCs and tissue samples
were obtained after written informed consent was obtained (patient
characteristics; Supplementary Table S1). The study was approved by

the medical ethics committee at the Amsterdam UMC and conducted
in accordance with the Declaration of Helsinki. Tissue was cut into
small pieces, resuspended in IMDM (12440061, Gibco) supplemented
with 0.1% DNAse I (10104159001, Roche), 0.14% Collagenase A
(10103586001, Roche), 5% FCS and PSG, and stirred in a flask for
45 minutes at 37�C. Cells were processed immediately for flow
cytometry and/or used for functional experiments. Vg9Vd2 T and
invariant NK T (iNKT) cells were isolated from healthy donor PBMC
and expanded as described (20, 21); purity for experiments was >95%.

Cynomolgus monkey PBMC (CITox) were cultured in RPMI medi-
um (22400–089, Gibco) supplemented with 10% FCS, 0.05 mmol/L
2-mercaptoethanol, PSG, 10 mmol/L zoledronic acid (SML0223, Sigma),
and 100 U/mL IL2 (Novartis) for 7 days to expand Vg9þ T cells.

Tregs derived from healthy donor PBMCs were isolated based on a
CD25þCD127�GPA33þ phenotype and expanded as described (22).

Flow cytometry
Tissue single-cell suspensions, PBMC, expanded Vg9Vd2 T and

iNKT cells, and tumor cells were resuspended in PBS (1073508600,
Fresenius Kabi) supplemented with 0.5% bovine serum albumin
(M090001/03, Fisher Scientific) and 20 mg/mL NaN3 (247-852-1,
Merck) and incubated with fluorochome-labeled mAbs (Supplemen-
tary Table S2) for 30minutes at 4�C.Measurement was done using the
LSRFortessa XL-20 (BD). Data were analyzed using Kaluza Analysis
v1.3 (BeckmanCoulter) or FlowJo v10.7.2 (BD). Cytometric bead array
(CBA) data were analyzed with FCAP Array software v3.0 (BD).

Generation and assessment of target binding of bispecific
antibodies

The following bsTCEs were generated: EGFR-Vd2 bsTCE,
EGFR-CD3 bispecific T-cell engager (BiTE), EGFR-Vg9 bsTCE,
EGFR-Vg9-Fc bsTCE, and EGFR-Vd2-Fc bsTCE (Supplementary
Fig. S1 provides a schematic overview of the bcTCEs, and a detailed
characterization of the bsTCEs is provided in the Results section in
this publication). The EGFR-Vd2 bsTCE was generated by linking
EGFR-specific VHH7D12 (23) N-terminally to Vd2-TCR-specific
VHH5C8 (24) using a Gly4Ser sequence (VHH-(G4S)-VHH). The
EGFR-Vd2-Fc bsTCE was generated by linking the VHHs to an
Fc domain as outlined below. EGFR-CD3 BiTE was generated by
linking the scFv of EGFR-specific mAb clone 225 (25) N-terminally
to CD3e-specific mAb clone TR66 (18) using a Gly4Ser sequence
and hexahistidine tagged for purification (VL-(G4S)3-VH-AA(G4S)-
VH-(VEGGSGGSGGSGGSGGVD)-VL). Purified protein was pro-
duced by ImmunoPrecise Antibodies (IPA) using DNA transfected
HEK293E cells and rmp-Protein-A affinity chromatography (EGFR-Vd2
bsTCE) or immobilized metal affinity chromatography (IMAC;
EGFR-CD3 BiTE) and preparative size-exclusion chromatography.
Binding to Vd2, CD3, and EGFR was determined by incubating
target cells with EGFR-Vd2 bsTCE or EGFR-CD3 BiTE (45 minutes,
4�C), washing, incubation (30 minutes, 4�C) with FITC-labeled
anti-llama polyclonal Abs (EGFR-Vd2 bsTCE), or PE-labeled
anti–his-tag Abs (EGFR-CD3 BiTE) and flow cytometry (see Supple-
mentary Table S2 for the antibody information).

Two EGFR-Vg9 bsTCEs were generated. One, an EGFR-Vg9
bsTCE, where a Gly4Ser sequence links the EGFR-specific VHH-7D12
(ref. 23; cross-reactive for human and cynomolgus EGFR, ref. 26)
to the scFv of Vg9-specific mAb [clone 7A5, sequence provided
by Prof. D. Kabelitz (University of Kiel, Germany), cross-reactive
for human and cynomolgus Vg9; VHH-(G4S)-VL-(G4S)4-VH]
at the C-terminus (27). The other, an EGFR-Vg9-Fc bsTCE, is a
half-life extended construct containing the same EGFR-specific
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VHH-7D12 (HC2, VHH-hinge-Fc) and Vg9-specific scFv [HC1,
VL-(G4S)4-VH-hinge-Fc] now linked to an Fc domain with knobs-
into-hole technology for heterodimerization (ref. 28; HC1, knob
mutation T366W and HC2, hole mutations T366S, L368A, and
Y407V), LFLE mutations to silence the Fc domain [L234F and
L235E silencing (EU numbering)], a Cys220 deletion to avoid an
unpaired cysteine and a slightly modified hinge (29). EGFR-Vg9
bsTCEs were purified using protein A affinity chromatography and
preparative size exclusion (IPA). Proteins used were >95% pure
and monomeric; native MS analysis showed >94% heterodimer.
Binding of EGFR-Vg9 bsTCE (biotinylated with NHS-D-biotin,
Sigma-Aldrich) to cynomolgus Vg9 T cells was assessed using
APC-labeled streptavidin and flow cytometry, while binding to
cynomolgus EGFR was detected by ELISA. For the ELISA, wells
of a clear bottom F96-well Maxisorp plate (#439454, Nunc) were
coated overnight with recombinant cynomolgus EGFR (10 mg/mL,
90285-C08B, SinoBiological). Wells were blocked with 2% BSA
(#A2153, Sigma) for 60 minutes, and test samples were incubated
for 120 minutes at RT. The rabbit anti-camelid VHH cocktail
(60-minute incubation, 19L002038, GenScript) and swine anti-
rabbit immunoglobulins HRP (60-minute incubation, 41289300,
Dako) were used for detection and 3,30,5,50-Tetramethylbenzidine
(TMB, Life Technologies, #SB02) was used as a substrate for color
development. The absorbance (450 nm) was measured using a plate
reader (Molecular Devices, iD5) and the data analysis was done
using SoftMax Pro software v 7.1. Binding of the EGFR-Vg9-Fc
bsTCE to cynomolgus Vg9 and EGFR was determined using
biotinylated (EZ-link Sulfo-NHS-Biotin, 21217, Thermo Fisher)
recombinant cynomolgus Vg9Vd2-TCR (IPA) and cynomolgus
EGFR (10366-ER-100, R&D Systems) in combination with the
Octet-based Bio-Layer Interferometry platform (Sartorius).

Assessment of Vg9Vd2 T-cell and lymphocyte activation and
degranulation

Functional experiments were performed in RPMI medium sup-
plemented with 10% FCS, 0.05 mmol/L 2-mercaptoethanol and PSG.
Vg9Vd2 T-cell activation was assessed by incubating healthy donor–
derived expanded Vg9Vd2 T cells with A431, SW480, HT-29,
HCT-116, or WiDr cells (1:1 E:T ratio), and/or healthy donor–
derived expanded Tregs (1:1:1 E:T ratio) or cancer patient–
dissociated tissue suspensions � indicated concentrations of
EGFR-Vd2 bsTCE or EGFR-CD3 BiTE. Supernatants were stored
at �20�C and analyzed using the human TH1/TH2/TH17 CBA kit
(560484, BD) and granzyme-B, CCL5, CXCL10, and CXCL11 flex--
sets (560304, 558324, 558280, 560364, BD). Flow cytometry was used
to assess degranulation in the presence of PE-labeled anti-CD107a
after 4 or 24 hours and CD25 expression after 24 hours. For blocking
experiments, Vg9Vd2 T were preincubated 30 minutes with 10 mg/mL
Fc-receptor block (130-059-901, Miltenyi Biotec) or anti-NKG2D
(MAB139-SP, R&D Systems) and WiDr cells were preincubated
30 minutes with 10 mg/mL cetuximab (Merck) and/or anti-CD277/
BTN3A (PABL-415, Creative Biolabs). Activation of human and
NHP Vg9Vd2 T cells by EGFR-Vd2 bsTCE or EGFR-Vg9 bsTCE
was assessed after a 24-hour culture with A431 cells (1:1 E:T ratio)
or overnight precoated recombinant cynomolgus EGFR (10 mg/mL,
Sino Biological) in the presence of anti-CD107a using flow cytometry.

Activation of activated or resting Tregs (FoxP3þþCD45RA� or
FoxP3þCD45RAþ; ref. 30) was assessed in single-cell suspensions
from peritoneal metastases of colorectal cancer patients cultured for
48 hours � 50 nmol/L EGFR-Vd2 bsTCE or EGFR-CD3 BiTEs using
flow cytometry.

In 7-day cocultures of healthy donor or cancer patient PBMCs
and SW480 tumor cells (10:1 E:T ratio) or autologous tumor cells �
50 nmol/L EGFR-Vd2 bsTCE, activation of Vg9Vd2 T, conventional
T, and NK cells was determined by assessing CD25 expression using
flow cytometry. Cultures were performed in the presence and
absence of 10 mg/mL TNF-specific (MAB2101, R&D Systems) and/or
IFNg-specific (MAB285–100, R&D Systems) neutralizing antibodies
or isotype control (401504, BioLegend).

Assessment of target cell lysis
Tumor lysis was assessed by incubating Vg9Vd2 T with A431,

SW480, HT-29, HCT-116, or WiDr cells or cancer patient tissue–
derived single-cell suspensions (1:1 E:T ratio) � a concentration
range or 50 nmol/L of EGFR-Vd2 bsTCE, EGFR-CD3 BiTE,
or EGFR-Vg9 bsTCE for 4 or 24 hours as indicated. Adhered cells
were detached using trypsin-EDTA (15400-054, Gibco), and tumor
lysis was determined using 7AAD (A9400-1MG, Sigma) and
123counting eBeads (01-1234-42, Thermo Fisher) followed by
flow-cytometry analysis.

SW480 tumor lysis was also assessed in 7-day cultures with healthy
donor or cancer patient PBMCs (metastatic colorectal cancer or
primary esophageal cancer; 10:1 E:T ratio) � 50 nmol/L EGFR-Vd2
bsTCE. Where indicated, SW480 cells were preincubated for 30
minutes with 10 mg/mLHLA-I–specific (MA1-19027, Thermo Fisher)
or HLA-II–specific blocking antibodies (555557, BD) or isotype
control (401504, BioLegend) and Vd2þ, CD4þ, CD8aþ, CD8bþ, or
CD56þ cells were MACS-depleted from PBMCs using population-
specific mAbs and goat anti-mouse IgG microbeads (130-048-401,
Miltenyi Biotec).

Autologous patient tumor cell lysis (tumor cells were identified as
EpCAMþ/dimCD45� cells, and lysis was quantified using 7AAD and
123counting eBeads) was assessed (using flow cytometry) by cocul-
turing colorectal cancer patient PBMCs or MACS-purified (CD3
REAlease kit, 130-121-562; Miltenyi Biotec) tumor-infiltrating T-cell
fractions (purity >80%) enriched from primary or peritoneal metastatic
colorectal cancer single-cell suspensions with matched patient tumor
cells � 50 nmol/L EGFR-Vd2 bsTCE for 24 hours (tumor-infiltrating
T cells; 1:1 E:T ratio) or 7 days (PBMC; 5:1 E:T ratio).

In vivo mouse studies
For in vivo mouse studies, female immunodeficient NOD–scid

Il2rg�/� (NPG) mice (6–7 weeks) that were kept under pathogen-
free conditions were used (Crown Bioscience). In the HCT-116 study,
mice were randomized into 4 groups (n ¼ 8/group) and subcutane-
ously (s.c.) inoculated with 5�106 HCT-116 tumor cells alone or
admixed with 5�106 PBMCs of either of 2 healthy donors in a 1:1 E:T
ratio. PBS or EGFR-Vd2 bsTCE (0.5 or 5.0 mg/kg) was intravenously
(i.v.) administered daily for 14 days. In the A431 study, mice were s.c.
inoculated with 5�106 A431 tumor cells admixed with 5�106 PBMCs
of 1 healthy donor in a 1:1 E:T ratio and treated weekly (starting
day 0) with i.v. PBS or 2 mg/kg half-life extended EGFR-Vd2-Fc
bsTCE (n ¼ 8/group) preceded (30 minutes earlier) by an intraper-
itoneal immunoglobulin injection (IVIG, 10 mg/mouse). Mice were
checked daily for physiologic parameters and twice weekly for tumor
volume using a caliper. Tumor volume was expressed in mm3 using
the formula: V ¼ (L �W �W)/2, where V was tumor volume, L was
tumor length (the longest tumor dimension), andW was tumor width
(the longest tumor dimension perpendicular to L). Animals were
terminated when tumors reached 2,000 mm3 or when mandated. The
in vivo studies were performed at the facility of Crown Bioscience,
conducted in accordance with the regulations of the Association for

Antitumor Activity of Vg9Vd2-T Engagers against EGFRþ Tumors

AACRJournals.org Cancer Immunol Res; 11(9) September 2023 1239

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
a
a
c
r
j
o
u
r
n
a
l
s
.
o
r
g
/
c
a
n
c
e
r
i
m
m
u
n
o
l
r
e
s
/
a
r
t
i
c
l
e
-
p
d
f
/
1
1
/
9
/
1
2
3
7
/
3
3
5
6
5
4
1
/
1
2
3
7
.
p
d
f
 
b
y
 
L
e
i
d
s
 
U
n
i
v
e
r
s
i
t
y
 
M
e
d
i
c
a
l
 
C
e
n
t
e
r
 
u
s
e
r
 
o
n
 
2
7
 
F
e
b
r
u
a
r
y
 
2
0
2
4



Assessment and Accreditation of Laboratory Animal Care (AAALAC)
and approved by the Institutional Animal Care and Use Committee
(IACUC) of Crown Bioscience (Taicang) Inc. (Beijing, China).

NHP studies
Safety, pharmacokinetic and pharmacodynamic effects of targeting

Vg9Vd2-T cells to EGFR were explored in a total of nine NHP using
two fully cross-reactive EGFR-Vg9 bsTCEs (one VHH-scFv and one
Fc-domain containing VHH-scFv format).

The EGFR-Vg9 bsTCE (VHH-scFv) was tested in 6 femaleMacaca
fascicularis [3–5 kg, Crown Bioscience (Taicang) Inc]. This study
was approved by Crown Bioscience IACUC, and all procedures
related to housing, handling, caring, and treatment of the animals
were performed in compliance with the guidelines approved by the
AAALAC. Three NHP received a single dose of the EGFR-Vg9 bsTCE
(0.03 mg/kg, 0.1 mg/kg, or 0.3 mg/kg, n ¼ 1/dose, 30 minutes i.v.)
and three (other) NHP received 7-daily EGFR-Vg9 bsTCE doses
(0.03 mg/kg, 0.1 mg/kg, or 0.3 mg/kg, n ¼ 1/dose, 30 minutes i.v.).
Venous blood samples were collected predose (days�14 and�7) and
at multiple time points thereafter for pharmacokinetics (PK) and
flow-cytometry analysis using anti-CD45, CD3, CD4, CD8, CD14,
CD20, CD25, CD69, TCR Vg9, TCR pan-gd, and anti-VHH Abs.
EGFR-Vg9 bsTCE plasma concentrations were measured using a
Simoa-free drug assay (PK Solver software version 2.0) by Active
Biomarkers. In multiple dosed animals, complete blood cell count
(determined in 1 mL whole blood collected in K2-EDTA BD Vacu-
tainer tubes; 367841), parameters of coagulation (determined in 1.8mL
whole blood Vacuette PREMIUM tubes with 3.8% buffered sodium
citrate solution; 454381), liver and kidney function, (pre-)albumin,
globulin, uric acid (all determined after collection of 1 to 2mL of whole
blood in BD Vacutainer SST II Plus plastic serum tubes (367957) that
were centrifuged at 3,500 rpm for 10 minutes after samples were
allowed to clot for a minimum of 30 minutes at room temperature),
and cytokines (IL1b, IL2, IL4, IL5, IL6, IL8, IL10, TNF, IFNg , IL12p70,
IL15, CCL2; determined in 0.7 mL blood samples collected in BD
Vacutainer K2-EDTA tubes (367841), centrifuged at 3,000 rpm for
10 minutes at 4�C, and transferred into polypropylene screw-cap
vials for storage at �80�C until analysis) were also measured. NHP
were euthanized 24 hours after the last dose for tissue collection and
analyses. Axillary lymph nodes were collected 14 days prior to and
7 days after the first dose for flow cytometry using CD3, TCR-Vg9,
CD25, CD69, and anti-VHH antibodies. EGFR-Vg9-Fc bsTCE was
tested in 3 female Macaca fascicularis (3–4 kg, Cynbiose SAS). The
study was approved by the Animal Welfare Body of Cynbiose and
the Ethics Committee of VetAgro-Sup and performed in compliance
with the guidelines approved by the AAALAC. NHP received 4 weekly
EGFR-Vg9-Fc bsTCE infusions (1 mg/kg, 5 mg/kg, and 23 mg/kg,
n ¼ 1/dose, 30 minutes i.v.). Blood samples were collected predose
(days�14 and�7) and at multiple days after infusion for PK and flow
cytometry using anti-CD3, TCR Vg9, TCR pan-gd, CD25, CD69, and
anti-VHH Abs, and assessment of hematologic and biochemical
parameters and cytokine levels. EGFR-Vg9-Fc bsTCE plasma con-
centrations weremeasured using ELISA. For the ELISA, wells of a clear
bottom F96-well Maxisorp plate (#439454, Nunc) were coated over-
night with 0.25 mg/mL human Gamm9Delta2 TCR-Fc fusion protein
(UPE, Batch 4927 P1). Wells were blocked with 2% BSA (Sigma,
#A2153) for 90 minutes and test samples and standards were
incubated for 120 minutes at RT. The rabbit anti-camelid VHH HRP
(GenScript, #A01861) was used for detection (incubated for
60 minutes at RT) and 3,30, 5,50-Tetramethylbenzidine (TMB, Life
Technologies, #SB02)was used as substrate for color development. The

absorbance (450 nm) was measured using a plate reader (Molecular
Devices, iD5), and the data analysis was done using SoftMax Pro
software v 7.1. For curve fitting a fixed weighting 4-Parameter fit
was used. NHP were euthanized for tissue collection 24h after the
last dose. Tissues from liver, kidney, skin, stomach, small and large
intestines, spleen, lymph nodes (axillary, submandibular, mesenteric),
muscle, thymus, lungs, bladder, ovary, uterus, and vagina were
paraffin-embedded for H&E staining and histopathologic exami-
nation. H&E staining was performed according to Cerba Research
internal procedures. Slides were digitalized with the Nanozoomer
scanner (Version 2.0 HT, Hamamatsu) in bright field mode, with a
20� objective (no z-stack). The histopathologic assessment was
carried out on digital H&E-stained slides to determine the presence
or absence of side effects from the dispensed treatment. Micro-
scopic findings were graded 0–5 (0, no finding; 1, minimal; 2, mild;
3, moderate; 4, marked; 5, severe) for the different organs. Pieces of
skin, muscle, colon, lymph node, and spleen were frozen in optimal
cutting temperature (Tissue Tek) compound for EGFR-Vg9-Fc
bsTCE detection using HP-coupled anti-human IgG (2049-05,
Southern Biotech) combined with Chromomap DAB and IHC
staining for EGFR (clone ICR10, ab231, Abcam) and Vg9 (clone
7A5). Toxicokinetic parameters of both studies can be found in
Supplementary Tables S3 and S4.

Statistics and EC50 calculation
GraphPad Prism v9.1.0 (GraphPad Software) was used for sta-

tistical analyses. Data were analyzed using paired or unpaired t
test, one-way ANOVA with Dunnet multiple comparisons test or
Mantel–Cox test as appropriate. P ≤ 0.05 was considered significant,
and P > 0.05 was considered not significant and is not indicated
with asterisks. EC50 values were calculated using nonlinear regres-
sion analysis with GraphPad Software.

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

its supplementary data files. Raw data are available upon request from
either L.A. King or the corresponding author.

Results
EGFR-Vd2 bsTCEs trigger Vg9Vd2 T-cell activation and lysis
of EGFR-expressing tumor cell lines

An EGFR-Vd2 bsTCE was generated by linking VHH-5C8, a high-
affinity Vd2-TCR–specific VHH, N-terminally to the EGFR-specific
VHH-7D12 (Supplementary Fig. S1).

The EGFR-Vd2 bsTCEwas shown to bind specifically andwith low-
nanomolar apparent affinity to healthy donor–derived expanded
Vg9Vd2 T cells and to EGFRþ tumor cells derived from cell lines
(Fig. 1A). No binding was detected to T cells not expressing the
Vg9Vd2 TCR (iNKT cells) or the EGFR-negative tumor cell line
COLO320, illustrating target specificity. In cocultures of Vg9Vd2 T
cells and multiple EGFRþ tumor cell lines that differ in EGFR
expression levels and KRAS/BRAF mutation status (e.g., A431:
KRAS/BRAFwt, MFI EGFR: 263.2; HCT-116: KRASmt, MFI EGFR:
159.1; HT-29: BRAFmt,MFI EGFR: 26.6; SW480: KRASmt,MFI EGFR:
15.6), the EGFR-Vd2 bsTCE–induced activation of Vg9Vd2 T cells
(CD25 upregulation) and their degranulation (CD107a upregula-
tion; Fig. 1B and C). EGFR-Vd2 bsTCE–activated Vg9Vd2 T cells
subsequently triggered tumor lysis regardless of KRAS/BRAF muta-
tional status with an EC50 of 8 pmol/L for lysis of A431 cells (Fig. 1D).

In 24-hour cocultures of expanded Vg9Vd2 T cells and various
EGFRþ tumor cell lines, EGFR-Vd2 bsTCE triggered release of
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proinflammatory cytokines IFNg and TNF and low levels of IL2 and
the TH2 type cytokines IL4 and IL6 (Supplementary Fig. S2A). IL10
and IL17A, cytokines that can exert suppressive and regulatory effects,
were not increased or not detected (Supplementary Fig. S2A). We also
detected enhanced levels of effector leukocyte attracting chemokines
CCL5, CXCL10 and, in A431–Vg9Vd2 T-cell cocultures, CXCL11
(Supplementary Fig. S2B).

EGFR-CD3 BiTEs, but not EGFR-Vd2 bsTCEs, trigger Treg
activation, which dampens Vg9Vd2 T-effector functions

The ability of EGFR-Vd2 and EGFR-CD3 bsTCEs to trigger
Vg9Vd2 T-cell degranulation, EGFRþ tumor cell lysis, and Treg acti-
vation was compared. First, binding of the EGFR-CD3 BiTE to EGFR
on tumor cells and CD3 on Vg9Vd2 T cells was confirmed (Supple-
mentary Fig. S3A). As shown in Fig. 1E, EGFR-Vd2 bsTCEs triggered
Vg9Vd2 T-cell degranulation at somewhat lower (though not statisti-
cally significant) concentrations than EGFR-CD3 BiTEs (EC50 6 vs.
22 pmol/L), though EC50s for tumor lysis were similar (3 vs. 4 pmol/L).

In the tumor microenvironment of patients, EGFR-CD3 BiTEs
will not exclusively trigger Vg9Vd2 T cells but will also engage
other CD3þ T-cell subsets, including Tregs, a highly immunosup-
pressive T-cell population. To explore whether EGFR-CD3 BiTEs
and EGFR-Vd2 bsTCEs differentially impact Treg activation and
effector T-cell responses, healthy donor–derived Tregs (purity
>80% CD3þCD4þCD127þCD45RAþCD25þFoxP3þHeliosþ; ref. 22)
were cultured with SW480 tumor cells and healthy donor–derived
Vg9Vd2 T cells � EGFR-CD3 BiTEs or EGFR-Vd2 bsTCEs for
24 hours. In the presence of Tregs, EGFR-CD3 BiTEs induced
statistically significantly lower CD107a levels on Vg9Vd2 T cells and
reduced granzyme-B, IFNg , TNF, and IL2 secretion compared with
EGFR-Vd2 bsTCEs (Fig. 1F). None of these parameters were, how-
ever, significantly affected by Tregs when EGFR-Vd2 bsTCEs were
used in cocultures of SW480 tumor cells and Vg9Vd2 T cells. In
some cases, a minor (not statistically significant) effect could be
observed, likely reflecting the mere presence of suppressive Tregs,
which may also explain the slight reduction in IL2 levels via
consumption of this cytokine by Tregs that constitutively express
the high-affinity IL2 receptor. Correspondingly, when tumor cell
suspensions of patients with peritoneal colorectal cancer metastases
were cultured for 48 hours � EGFR-CD3 BiTEs or EGFR-Vd2
bsTCEs, only EGFR-CD3 BiTEs triggered an increase in expression
levels of classic Treg markers FoxP3 and CD25 on activated
Tregs (FoxP3þþCD45RA�) and resting Tregs (FoxP3þCD45RAþ;
Fig. 1G; Supplementary Fig. S3B, Treg gating strategy).

EGFR-Vd2 bsTCEs trigger Vg9Vd2 T-cell activation and
cytotoxicity using healthy donor PBMCs

To assess whether EGFR-Vd2 bsTCEs could mediate tumor cell
lysis using PBMCs instead of expanded Vg9Vd2 T cells, healthy donor
PBMCs [n ¼ 12, Vg9Vd2 T-cell frequency: 0.05%–9.0% (range) of
total T cells] were cultured for 7 days with SW480 tumor cells.
Although some tumor lysis was observed in the control condition,
likely due to alloreactivity, this was significantly enhanced in the
presence of EGFR-Vd2 bsTCEs and depended on the presence of
Vg9Vd2-T cells, as no antitumor effect was observed when these were
depleted from PBMCs (Supplementary Fig. S4A). Baseline PBMC
Vg9Vd2 T-cell frequency did not correlate with the extent of tumor
lysis (Supplementary Fig. S4B), which could (in the absence of
consistent Vg9Vd2 T-cell expansion) point toward the involvement
of other immune cells after the initial activation of Vg9Vd2 T cells.
In cultures containing EGFR-Vd2 bsTCEs, we not only observed

strong Vg9Vd2 T-cell activation but also increased CD25 expression
on CD4þ and CD8þ T cells and NK cells (CD56dimCD16þ and
CD56þCD16� cells; Supplementary Fig. S4C). The EGFR-Vd2
bsTCE–induced CD25 upregulation on T and NK cells was signifi-
cantly reduced or even abrogated in the presence of IFNg-specific and
TNF-specific neutralizing antibodies (Supplementary Fig. S4D), dem-
onstrating this downstream activation to be at least in part cytokine
driven. To explore whether activated T andNK cells contributed to the
observed tumor lysis in SW480-PBMC cocultures, we evaluated the
effect of HLA class I and II neutralizing antibodies and found that
blockingHLA class I, but not class II, significantly reduced tumor lysis,
suggesting the involvement of HLA class I–restricted CD8þ T cells
(Supplementary Fig. S4E). To further substantiate these findings, the
impact of depletion of specific cell subsets from PBMCs (i.e., Vd2þ,
CD8aþ, CD8bþ, CD4þ, and CD56þ cells) on EGFR-Vd2 bsTCE–
induced SW480 lysis was assessed. Although depletion of Vd2þ cells
completely abrogated tumor lysis (Supplementary Fig. S4F), depletion
of CD4þ, CD8bþ, and CD56þ cells had limited to no impact. Deple-
tion of CD8aþ cells resulted in a trend toward reduced tumor lysis
(range of frequency of CD8aþ Vg9Vd2 T cells: 10%–33%). When
comparing lysis of SW480 using whole PBMCs, EGFR-CD3 BiTEs
were found to induce more lysis at lower concentrations than the
EGFR-Vd2 bsTCE (Supplementary Fig. S4G).

Cancer patient–derived Vg9Vd2 T cells display
immune-checkpoint profiles that are distinct from that
of conventional T cells

Vg9Vd2 T-cell frequency and phenotype were evaluated in
healthy donors and patients with EGFRþ cancers. The frequency of
Vg9Vd2 T cells was comparable in healthy donor and cancer patient
PBMCs (Supplementary Fig. S5A). However, a shift toward more
effector-memory (CD27�CD45RA�) and terminally differentiated
(CD27�CD45RAþ) Vg9Vd2 T cells was evident in PBMCs from
esophageal cancer patients (Supplementary Fig. S5B). Tumor samples
from patients with primary and metastatic colorectal cancer and
primary esophageal cancer contained 1.46% � 1.44% Vg9Vd2 T cells
among total T cells (Supplementary Fig. S5C). The Vg9Vd2 T-cell
frequency did not significantly differ between malignant and
(matched) nonmalignant tissue. Expression of immune-checkpoint
receptors CTLA-4, PD-1, LAG-3, and TIM-3 was assessed on Vg9Vd2
T, CD4þ, and CD8þ T cells in PBMCs of healthy donors and cancer
patients with primary and metastatic colorectal cancer, primary
esophageal cancer, and malignant and nonmalignant tissue samples
of patients with primary and metastatic colorectal cancer. In PBMCs
and tumor samples, a significantly higher percentage of CD4þ and
CD8þ T cells expressed PD-1 as compared with Vg9Vd2 T cells,
on which expression was low/absent (Fig. 2). CTLA-4 expression
was low on Vg9Vd2 T cells in healthy donor PBMCs, but it was
expressed at significantly higher levels on Vg9Vd2 T cells in cancer
patient PBMCs. CTLA-4 levels were comparable between Vg9Vd2 T
cells and CD4þ and CD8þ T cells in both PBMCs and tumor tissue.
Expression of LAG-3 andTIM-3was low on all subsets, but it tended to
be lower on tumor-infiltrating Vg9Vd2 T cells (Supplementary
Fig. S5D and S5E).

EGFR-Vd2 bsTCEs trigger activation and cytotoxic activity of
Vg9Vd2 T cells in cancer patient PBMCs and colorectal cancer
samples

Tumor lysis triggered by EGFR-Vd2 bsTCEs was also tested in
7-day cocultures of SW480 tumor cells and PBMCs from patients
with primary colorectal cancer and primary esophageal cancer.

Antitumor Activity of Vg9Vd2-T Engagers against EGFRþ Tumors
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Figure 1.

EGFR-Vd2 bsTCEs activate Vg9Vd2 T cells to lyse EGFRþ tumor cells and EGFR-CD3 BiTEs induce Treg activation and effector T-cell suppression. A, Mean
fluorescence intensity (MFI) of binding of EGFR-Vd2 bsTCE to Vg9Vd2 T cells or iNKT cells and A431, HT-29, SW480, or COLO320 tumor cells (n¼ 3 per cell type) as
assessed by flow cytometry. Expression of CD25 (B; n¼ 5Vg9Vd2 T-cell donors) after 24 hours andCD107a (C; n¼ 3Vg9Vd2 T-cell donors) after 4 hours onVg9Vd2T
cells cocultured with A431, HT-29, SW480, or HCT-116 (1:1 E:T ratio; � 50 nmol/L or concentration range of EGFR-Vd2 bsTCE) as assessed by flow cytometry.
D, Specific lysis (relative to tumor alone condition) of A431, SW480, HT-29, or HCT-116 after 24-hour incubation with Vg9Vd2 T cells (1:1 E:T ratio) � 50 nmol/L or
concentration range of EGFR-Vd2 bsTCE (n ¼ 4 Vg9Vd2 T-cell donors) as assessed by flow cytometry. E, Vg9Vd2-T cell CD107a expression (n ¼ 5 Vg9Vd2-T
cell donors, 4 hours) and SW480 cytotoxicity (n¼ 4 Vg9Vd2-T cell donors, 24 hours) following coculture of Vg9Vd2 T cells and SW480 tumor cells (1:1 E:T ratio)�
concentration range of EGFR-Vd2 bsTCE or EGFR-CD3 BiTE as assessed by flow cytometry. (Continued on the following page.)
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Although cancer patient PBMCs alone lysed SW480 cells, likely due
to alloreactivity, the addition of EGFR-Vd2 bsTCEs significantly
enhanced cytolytic activity (Supplementary Fig. S6). To avoid
alloreactivity, lytic activity was also assessed in 7-day cocultures
of metastatic colorectal cancer patient–derived tumor cells and
autologous PBMCs. EGFR-Vd2 bsTCEs triggered substantial tumor
lysis (Fig. 3A) and the secondary activation of T and NK cells was
also confirmed in this setting (Fig. 3B).

We next evaluated whether EGFR-Vd2 bsTCEs could activate
Vg9Vd2 T cells present in the immunosuppressed tumor micro-
environment. Even in 4-hour cultures of single-cell suspensions of
primary andmetastatic colorectal cancer samples, EGFR-Vd2 bsTCEs
triggered significant degranulation of tumor-infiltrated Vg9Vd2 T
cells (Fig. 3C). Moreover, when tumor-infiltrated T cells, isolated
from primary or metastatic colorectal cancer patient samples, were
cocultured with autologous patient-derived colorectal cancer cells, the
addition of EGFR-Vd2 bsTCEs resulted in substantial tumor lysis
(Fig. 3D).

Selective tumor cell killing by EGFR-Vd2 bsTCE–activated
Vg9Vd2 T cells

CD3 bsTCEs can induce on-target, off-tumor toxicity due to shared
target-antigen expression on healthy cells, thereby redirecting T cells
toward normal tissues, causing damage (31). Because EGFR is not
exclusively expressed on tumor tissue (32, 33), Vg9Vd2 T-cell redi-
rection and reactivity to normal EGFR-expressing tissue by the EGFR-
Vd2 bsTCE was tested. For this purpose, single-cell suspensions of
EGFR-expressing nonmalignant colon, peritoneum, and liver tissue
(derived from colorectal cancer patients) were cultured � EGFR-Vd2
bsTCE. The EGFR-Vd2 bsTCEs did not increase degranulation of
tissue-infiltrated Vg9Vd2 T cells in nonmalignant colon and perito-
neum cultures, but a moderate increase in Vg9Vd2 T-cell degranu-
lation was observed using nonmalignant liver tissue (Fig. 4A). Next,
EGFR-Vd2 bsTCE–induced cytotoxicity mediated by Vg9Vd2 T cells
toward malignant and nonmalignant cells was compared by incubat-
ing expanded healthy donor–derived Vg9Vd2 T cells with single-cell
suspensions of various malignant tumors (i.e., primary and metastatic

Figure 1.

(Continued. ) F, Vg9Vd2 T-cell CD107a expression, as assessed by flow cytometry, and levels of granzyme-B, IFNg , TNF, and IL2, as assessed by CBA, in 24-hour
supernatants of cocultures of Vg9Vd2 T cells (n ¼ 3), healthy donor–derived Tregs (n ¼ 4), and SW480 tumor cells � 50 nmol/L EGFR-Vd2 bsTCE or EGFR-CD3
BiTEs. G, Flow-cytometric analysis of FoxP3 and CD25 expression on activated (n ¼ 8) and resting (n ¼ 2) Tregs in single-cell suspensions derived from
colorectal cancer peritoneal metastases before (baseline) and after a 48-hour incubation � 50 nmol/L EGFR-Vd2 bsTCE or EGFR-CD3 BiTE. Data represent mean
and SEM (A–D, E, G) and box and whisker plots indicate the median, 25th to 75th percentiles and minimum to maximum (F). � , P < 0.05, �� , P < 0.01, ��� , P < 0.001,
���� , P < 0.0001. Paired t test (B–D, G), One-way ANOVA with Dunnet multiple comparisons test (F).
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(liver, peritoneum) colorectal cancer, head and neck squamous cell
carcinoma, and non–small cell lung carcinoma) and paired nonma-
lignant tissue (colon, peritoneum, and liver). Although EGFR-Vd2
bsTCEs induced Vg9Vd2 T cells to substantially lyse patient-derived
tumor cells, no lysis of paired nonmalignant tissues by Vg9Vd2 T cells
was observed (Fig. 4B). Primary and metastatic colorectal cancer and
esophageal cancer samples typically expressed higher levels of EGFR as
well as BTN3A, with which Vg9Vd2 T cells naturally interact, com-
pared with nonmalignant colon (mean MFI EGFR: 6.4 vs. 0.8 and
BTN3A: 44.1 vs. 8.2), peritoneal (mean MFI EGFR: 23.3 vs. 14.1 and
BTN3A: 110.6 vs. 55.7), liver (mean MFI EGFR: 19.3 vs. 4.8 and
BTN3A: 108.0 vs. 63.4), and esophageal tissue (mean MFI EGFR:
15.0 vs. 2.3 and BTN3A: 72.1 vs. 16.7; Fig. 4C). EGFR and BTN3A
expression was consistently higher on malignant compared with
nonmalignant cells of the same individual patient, and expression
was also higher on metastatic compared with primary colorectal
cancer. We next assessed the relative contribution of tumor cell–
expressed EGFR and BTN3A and the Vg9Vd2 T-cell costimulatory
receptor NKG2D, expressed by expanded healthy donor Vg9Vd2 T
cells (Supplementary Fig. S7A), to EGFR-Vd2 bsTCE–induced
Vg9Vd2 T-cell activation. In both cocultures of the EGFR, BTN3A,
and NKG2D ligand (MIC-A/B, ULPB-1, ULBP-3, ULBP-2/5/6)–
expressing human colorectal cancer cell line WiDr (Supplementary

Fig. S7B) and expanded Vg9Vd2 T cells as well as cocultures of meta-
static colorectal cancer patient–derived tumor cells and autologous
PBMCs, the EGFR-Vd2 bsTCE–induced increase in Vg9Vd2 T-cell
degranulation was reduced by EGFR-specific and/or NKG2D-specific
blocking antibodies but was not significantly affected by blocking
BTN3A (Fig. 4D). EGFR-Vd2 bsTCE–induced Vg9Vd2 T-cell acti-
vation was most profoundly abrogated when interactions with EGFR,
BTN3A, and NKG2D ligands were simultaneously blocked.

EGFR-Vd2 bsTCEs trigger in vivo antitumor activity in mice
inoculated with EGFRþ RASmt and RASwt tumor cells and human
PBMCs

We assessed the in vivo antitumor activity of EGFR-Vd2 bsTCEs in
NPGmice s.c. inoculated with 5� 106 KRAS-mutant HCT-116 tumor
cells alone or admixed with 5 � 106 PBMCs [n ¼ 2 healthy human
donors (10.7% and 4.8%Vg9Vd2-T of total T cells), n¼ 4mice/PBMC
donor/group] and treated with daily i.v. administration of PBS or
EGFR-Vd2 bsTCEs for 14 days. PBMC (containing a nonenriched and
nonpreactivated population of Vg9Vd2 T cells) were used as effector
cells instead of expanded purified Vg9Vd2 T cells as we reasoned this
would be more reflective of the effector cell population encountered in
a future human clinical trial. Compared with the PBMC control group,
treatment with 0.5 mg/kg or 5.0 mg/kg EGFR-Vd2 bsTCE led

Figure 2.

Cancer patient Vg9Vd2 T cells have a distinct inhibitory immune-checkpoint receptor expression pattern.A, Flow-cytometric analysis of PD-1 and CTLA-4 expression
on PB Vg9Vd2 T cells, CD4þ T cells, and CD8þ T cells derived from healthy donors (n ¼ 7) and cancer patients with primary colorectal cancer (n ¼ 6), peritoneal
colorectal cancer metastases (n ¼ 4), or primary esophageal cancer (n ¼ 8). B, PD-1 and CTLA-4 expression on Vg9Vd2 T cells, CD4þ T cells and CD8þ T cells in
dissociated nonmalignant tissue (colon tissue: n¼ 2 and peritoneum tissue: n¼ 3) and tumor tissue (primary colorectal cancer: n¼ 8 and peritoneal colorectal cancer
metastases: n¼ 5) derived from cancer patients, as assessed by flow cytometry. Box andwhisker plots indicate themedian, 25th to 75th percentiles andminimum to
maximum. � ,P<0.05; �� ,P<0.01; ��� ,P¼<0.001; ���� ,P<0.0001. One-wayANOVAwithDunnetmultiple comparisons test (A,B). TIL, tumor-infiltrating lymphocyte.
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to significant tumor growth inhibition resulting in increased overall
survival (medianOS/group: PBS and PBMC28 days, 0.5mg/kg bsTCE
48 days and 5.0 mg/kg bsTCE 42 days; Fig. 5A). No statistically
significant difference was found between mice receiving 0.5 or
5.0 mg/kg EGFR-Vd2 bsTCE. Figure 5B shows individual tumor
growth curves. One mouse in the 5.0 mg/kg EGFR-Vd2 bsTCE group
had nopalpable tumor at the end of the experiment. Antitumor activity
was also assessed using a half-life extended EGFR-Vd2-Fc bsTCE.
NPG mice were s.c. inoculated with 5�106 A431 tumor cells admixed
with 5�106 PBMCs [n¼ 1 healthy human donor (8.4% Vg9Vd2-T of
total T cells), n ¼ 8 mice/group] and treated with weekly i.v. admin-
istration of PBS or EGFR-Vd2-Fc bsTCE (2 mg/kg) until termination
of the experiment on day 21. As illustrated in Fig. 5C andD, treatment
with EGFR-Vd2-Fc bsTCE resulted in a significantly lower tumor
volume (tumor growth inhibition 27.7% � 6.3%; mean � SEM).

BsTCE targeting of Vg9Vd2 T cells to EGFR shows no signs
of toxicity, including CRS, despite evidence of target
engagement in macaca fascicularis

Although little in vitro reactivity of Vg9Vd2 T cells toward normal
EGFRþ cells was observed after treatment with the EGFR-specific

Vg9Vd2 T cell–activating bsTCE, the widespread expression of EGFR
in normal tissues could pose a concern for clinical testing of the
approach. Therefore, the safety of targeting Vg9Vd2 T cells to EGFR
was explored in female NHP Macaca fascicularis (cynomolgus mon-
key). As the Vd2 TCR–specific VHH lacked cross-reactivity to the
NHPVg9Vd2 TCR (34) and there are, to the best of our knowledge, no
known Vd2 TCR–specific NHP cross-reactive mAbs, surrogate enga-
gers were generated where EGFR-specific VHH-7D12 was fused to a
cross-reactive scFv derived from anti-Vg9 mAb clone 7A5 (27).
In cocultures of human Vg9Vd2 T cells and EGFRþ tumor cells,
EGFR-Vg9 bsTCE and EGFR-Vd2 bsTCE induced comparable (low
pM EC50) Vg9Vd2 T-cell degranulation and tumor lysis (Supplemen-
tary Fig. S8A). EGFR-Vg9 bsTCE binding to cynomolgus Vg9þ T cells
and recombinant cynomolgus EGFR was confirmed (Supplementary
Fig. S8B) and EGFR-Vg9 bsTCE triggered NHP Vg9Vd2 T-cell
degranulation in 24-hour cultures with plate-bound recombinant
cynomolgus EGFR (Supplementary Fig. S8C). In a first NHP study,
a single dose or 7 daily doses (0.03 mg/kg, 0.1 mg/kg, or 0.3 mg/kg) of
EGFR-Vg9 bsTCE were infused (30 minutes, i.v., n¼ 1/dose). Neither
single nor multiple doses resulted in clinical signs of toxicity, and no
relevant changes in clinical chemistry, hematology, or coagulation

Figure 3.

PB and tumor-infiltrating Vg9Vd2 T cells of cancer patients can be activated by the EGFR-Vd2 bsTCE to trigger autologous tumor cell lysis. A, Specific lysis of tumor
cells (relative to tumor alone condition) after a 7-day coculture of dissociated tumor cells (peritoneal metastases of colorectal cancer: n¼ 3) with autologous PBMCs
(5:1 E:T ratio) and� 50 nmol/L EGFR-Vd2 bsTCE.B,CD25 expression on lymphocyte subsets after a 7-day culture of patient-dissociated peritoneal colorectal cancer
metastases and autologous PBMC (5:1 E:T ratio, n¼ 5)� 50 nmol/L EGFR-Vd2 bsTCE. C, CD107a expression on tumor-infiltrating Vg9Vd2 T cells (primary colorectal
cancer: n¼ 6, peritoneal colorectal cancer metastases: n¼ 4 and liver colorectal cancer metastases: n¼ 3) after a 4-hour incubation� 50 nmol/L EGFR-Vd2 bsTCE.
D, Specific lysis (relative to tumor alone condition) of tumor cells after a 24-hour culture of patient-dissociated tumor cell suspensions (primary colorectal cancer:
n ¼ 4 and peritoneal colorectal cancer metastases: n ¼ 3) with autologous tumor-infiltrating total T-cell fractions (TI-T cells, 1:1 E:T ratio) � 50 nmol/L EGFR-Vd2
bsTCE. Data are all generated through flow cytometry and represent mean and SEM � , P < 0.05; �� , P < 0.01. Paired t test (A–D).
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tests were observed in the animals that received multiple doses
(Supplementary Table S5). Necropsy showed no gross macroscopic
nor histopathologic abnormalities. EGFR-Vg9 bsTCE plasma con-
centrations could be detected for up to 8 hours (0.1 mg/kg) and
48 hours (0.03 mg/kg, half-life 13.7 hours; 0.3 mg/kg, half-life

7.9 hours; Fig. 6A). In animals receiving multiple doses, cytokine
levels were assessed. Although there were no changes in the levels of
IL1b (all < 0.9 pg/mL), IL2 (all < 7.7 pg/mL), IL4 (all < 0.9 pg/mL), IL5
(all < 4.8 pg/mL), IL8 (all < 2.9 pg/mL), IL10 (all < 2.1 pg/mL),
TNF (all < 2.7 pg/mL), IFNg (all < 13.9 pg/mL), and IL12p70

Figure 4.

EGFR-Vd2 bsTCE–activated Vg9Vd2 T cells exert tumor preferential activity. A, CD107a expression on Vg9Vd2 T cells present in nonmalignant colon (n ¼ 3),
peritoneum (n¼ 3), and liver tissue (n¼ 3) after a 4-hour incubation� 50 nmol/L EGFR-Vd2 bsTCE. B, Specific lysis (relative to tissue alone condition) of malignant
and nonmalignant cells after a 4-hour culture of dissociated tumor cell suspensions (primary colorectal cancer, n¼ 10; peritoneal colorectal cancermetastases, n¼ 5;
liver colorectal cancer metastases, n ¼ 3; primary HNSCC, n ¼ 5; and primary NSCLC, n ¼ 4) or dissociated nonmalignant cell suspensions (colon tissue, n ¼ 3;
peritoneum tissue, n¼ 4; and liver tissue, n¼ 3) with healthy donor–derived Vg9Vd2 T cells (1:1 E:T ratio)� 50 nmol/L EGFR-Vd2 bsTCE. C, Expression of EGFR and
BTN3A on dissociated tumor [primary colorectal cancer, n ¼ 9 (EGFR) and n ¼ 8 (BTN3A); peritoneal colorectal cancer metastases; n ¼ 16; liver colorectal cancer
metastases, n¼ 3; and primary esophageal cancer, n¼ 15] and nonmalignant tissue (colon, n¼4; peritoneum, n¼ 10; liver, n¼ 3; and esophageal, n¼ 8) derived from
cancer patients.D, CD107a expression on expanded Vg9Vd2 T cells (n¼ 6) after a 4-hour coculture withWiDr tumor cells (1:1 E:T ratio) or Vg9Vd2 T cells in PBMCs of
patients with peritoneal colorectal cancer metastases (n ¼ 4) after a 4-hour coculture with matched autologous tumor cells suspensions (5:1 E:T ratio). Where
indicated, Vg9Vd2 T cells were preincubated with 10 mg/mL anti-Fc receptor and/or NKG2D-specific blocking Ab, and tumor cells were preincubated � 10 mg/mL
BTN3A-specific blocking Ab or EGFR-specific blocking Ab � 10 pmol/L EGFR-Vd2 bsTCE. Data are all generated through flow cytometry and represent
mean and SEM (B), mean (C) and box and whisker plots indicate the median, 25th to 75th percentiles and minimum to maximum (D). � , P < 0.05; �� , P < 0.01;
��� , P < 0.001; ���� , P < 0.0001. Paired t test (A, B) and one-way ANOVA with Dunnet multiple comparisons test (C, D).
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(all < 12.6 pg/mL), a mild increase in IL6, IL15, and MCP-1 was
observed in the first 24 hours after the first administration of the
highest EGFR-Vg9 bsTCE dose (Fig. 6B).

Various leukocyte populations were monitored in PB, including
neutrophilic granulocytes,monocytes, B cells, CD4þ andCD8þT cells,
and NK cells. Apart from changes typically observed in response to i.v.
drug administrations in NHP studies (e.g., temporary increase in
neutrophilic granulocytes, temporary decrease in monocyte and lym-
phocyte counts), no significant persistent changes were observed.
Kinetics of PB T-cell numbers are shown in Supplementary
Fig. S9A and S9B. Vg9þ T cells were studied more extensively. After
a single EGFR-Vg9 bsTCE dose, a rapid drop in Vg9þ T-cell counts
was noted regardless of the administered dose (Fig. 6C), although
these counts recovered to approximate baseline within 1 to 3 days. In
NHPs receiving multiple doses, a similar rapid drop and subsequent
recovery of PB Vg9þ T-cell numbers was observed (Supplementary
Fig. S9C). EGFR-Vg9 bsTCE binding to PB Vg9þ T cells was observed
at all dose levels in both single- and multiple-dosed animals. After a
single administration, EGFR-Vg9 bsTCE binding intensity to Vg9þ

T cells gradually decreased becoming (flow-cytometrically) undetect-
able after �3 days (Fig. 6D). With daily dosing, EGFR-Vg9 bsTCE
binding to PB Vg9þ T cells was observed more consistently over time

(Fig. 6E) and EGFR-Vg9 bsTCE binding to lymph node Vg9þ T cells
was detectable in the animal treated with the highest dose (Supple-
mentary Fig. S9D). Indicative of bispecific engagement, an early and
temporary increase in expression of activation markers CD25 and
CD69 was observed on PB Vg9þ T cells after dosing (Fig. 6F) and on
lymph node Vg9þ T cells in the animal treated with multiple doses at
the highest dose level (Supplementary Fig. S9E).

We next assessed the safety, pharmacokinetics, and pharmacody-
namics of a half-life extended (inert Fc containing) EGFR-Vg9 bsTCE.
Binding of this bsTCE to cynomolgus Vg9Vd2-TCR and EGFR was
confirmed (Supplementary Fig. S9F). The EC50 for Vg9Vd2 T-cell
degranulation of the EGFR-Vg9-Fc bsTCE (in the presence of A431
tumor cells) was slightly higher than that of the EGFR-Vg9 bsTCE
(EC50 0.05 nmol/L vs. 0.01 nmol/L; Supplementary Fig. S9G).
Female NHP received 4 weekly doses (1 mg/kg, 5 mg/kg, or 23 mg/kg,
n¼ 1/dose) via a 30-minute i.v. infusion. EGFR-Vg9-Fc bsTCEplasma
concentrations could be detected 103 to 127 hours after administration
and systemic exposure increased dose proportionally. In the 1 mg/kg
EGFR-Vg9-Fc bsTCE–dosed NHP, more rapid clearance and lower
peak-concentration levels were noted after the third dose, possibly
due to drug-specific antibody development (Fig. 6G). No clinical
signs of toxicity and no relevant changes in hematologic and

Figure 5.

EGFR-Vd2 bsTCE has antitumor activity in immunodeficient NPG mice in combination with PBMCs. NPG mice were engrafted s.c. with HCT-116 tumor cells alone or
admixedwith PBMCsand treatedwith PBS (control groups), 0.5mg/kgor 5.0mg/kgEGFR-Vd2bsTCE (n¼8mice per group,n¼4mice per PBMCdonor). EGFR-Vd2
bsTCE was administered daily for 14 days. Overall survival of mice (A) and tumor volume in mm3 (B) were measured over the course of 60 days (individual curves
are shown). NPGmicewere engrafted s.c. withA431 tumor cells admixedwith PBMCs and treatedweeklywith PBS (control group) or 2.0mg/kgEGFR-Vd2-Fc bsTCE
(n¼ 8mice per group) until study termination at day 21. Day 21 tumor volume (C; mean� SEM) and percent EGFR-Vd2-Fc bsTCE–mediated tumor growth inhibition
(D; mean � SEM). � , P < 0.05; �� , P < 0.01; ��� , P < 0.001. Mantel–Cox test (A), unpaired t test (C). Red arrowheads indicate EGFR-Vd2 bsTCE infusion.
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Figure 6.

Pharmacokinetic and pharmacodynamic effects of EGFR-Vg9 bsTCE and EGFR-Vg9-Fc bsTCEs in NHP. A–F, Single and multiple doses of the EGFR-Vg9 bsTCE
(0.03 mg/kg, 0.1 mg/kg, and 0.3 mg/kg, n ¼ 1 per dose) were administered to female Macaca fascicularis. PB was collected to assess pharmacokinetics in the
single-dose study (A), cytokines in themultiple-dose study (B), Vg9þ T-cell counts per 100,000CD45þ cells in the single-dose study (C), binding of EGFR-Vg9bsTCE
toVg9þT cells in the single-dose study (D) and themultiple-dose study (E) andCD25 andCD69expressiononVg9þT cells in the single-dose study (F). (Continued on
the following page.)
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biochemical parameters were seen (Supplementary Table S6). Over
time, PB Vg9þ T-cell frequencies declined (Fig. 6H), likely due to
extravasation and retention in peripheral EGFR-expressing tissues,
whereas EGFR-Vg9-Fc bsTCE binding to Vg9þ T cells was maintain-
ed (Fig. 6I). Moderate increases in CD25 and CD69 expression on
Vg9þ T cells, reflective of their activation, were observed (Supplemen-
tary Fig. S9H). Levels of IL1b (all < 0.1 pg/mL), IL2 (all < 8.7 pg/mL),
IL4 (all < 0.1 pg/mL), IL5 (all < 1.4 pg/mL), IL8 (all < 2.0 pg/mL),
IL10 (all < 1.0 pg/mL), TNF (all < 0.1 pg/mL), IFNg (all < 0.2 pg/mL),
and IL12p70 (all < 0.2 pg/mL) were measured in plasma, and mild
EGFR-Vg9-Fc bsTCE administration–related increases were observed
for IL6, IL15, andMCP-1 (Fig. 6J) and typicallymost pronounced after
the first administration. EGFR-Vg9-Fc bsTCEs could be detected in
NHP mesenteric lymph node, muscle, skin, and colon, and exposure
increased with increasing doses administered (Fig. 6K), confirming
that EGFR-Vg9-Fc bsTCEs reached relevant tissue compartments. No
compound-related microscopic findings were observed in tissues at
necropsy (Fig. 6K shows representative data of lymph node, colon,
skin, and muscle; a complete list of all tissues studied can be found in
the Materials and Methods section).

Discussion
Vg9Vd2 T cells represent a unique proinflammatory effector T-cell

population capable of lysing a large variety of tumors by sensing
phosphoantigen-induced conformational alterations in tumor cell–
expressed BTN2A1/BTN3A1 complexes (2, 3). Although the safety of
Vg9Vd2 T cell–based therapeutic approaches was demonstrated in
several clinical studies, antitumor efficacy has thus far been unsatis-
factory (13, 35). Here, we report on the preclinical in vitro, ex vivo, and

in vivo efficacy of a bispecific antibody designed to trigger conditional
activation of Vg9Vd2 T cells against EGFRþ tumor cells and dem-
onstrated the safety of this approach in NHP using fully cross-reactive
(surrogate) Vg9Vd2 T-cell engagers.

EGFR-Vd2 bsTCEs triggered Vg9Vd2 T-cell activation, degranula-
tion, and subsequent lysis of EGFRþ tumor cells regardless of tumor
KRAS/BRAFmutation status, and inhibited tumor growth and improv-
ed survival of mice inoculated with RASmt colorectal cancer cells and
human PBMCs. Vg9Vd2 T-cell activation resulted in predominant
production of proinflammatory cytokines such as IFNg , TNF, and IL2.
IL4 levels were only elevated in supernatants of Vg9Vd2 T cells cultured
with A431 tumor cells, possibly due to IL4 release from lysed A431 (36).
EGFR-Vd2 bsTCEs also triggered increased levels of CCL5, CXCL10,
and CXCL11 in cocultures of Vg9Vd2 T cells and EGFRþ tumor cells,
which could mediate activation, maturation, and chemotaxis of differ-
ent immune cell subsets (37). Indeed, in cocultures of EGFRþ tumor cell
lines or patient-derived tumor cells and PBMCs, EGFR-Vd2 bsTCEs
facilitated IFNg- and TNF-dependent downstream activation of CD4þ

and CD8þ T cells and NK cells following Vg9Vd2 T-cell activation.
Activated Vg9Vd2 T cells did not produce IL10 or IL17A, factors
associated with suppressive/regulatory effects and tumor progres-
sion (38). EGFR-Vd2 bsTCE–mediated control of tumor growth in
cocultures of EGFRþ tumor cells and PBMCs critically depended on the
presence of Vg9Vd2 T cells and was additionally affected by blocking
HLA class I interactions and depletion of CD8aþ but not CD8bþ cells.
As depletion ofCD8aþ cells removes CD8abþT cells aswell as CD8aa
homodimer expressingNK,NKT,Vg9Vd2T and other double-negative
T-cell populations (39–42), some of which may be MHC-I–restricted,
such populations may contribute to tumor control triggered by
EGFR-Vd2 bsTCE–activated Vg9Vd2 T cells.

Figure 6.

(Continued. ) G–K, Four weekly doses of EGFR-Vg9-Fc bsTCE (1 mg/kg, 5 mg/kg, and 23 mg/kg, n ¼ 1 per concentration) were administered to female Macaca
fascicularis. PBwas collected to assess pharmacokinetics (G), Vg9þ T (%) of total T cells (H), binding of EGFR-Vg9-Fc bsTCE toVg9þ T cells (I), both assessed through
flow cytometry, and IL6, IL15, and CCL2 levels (J) assessed through ELISA. K, IHC detection of EGFR-Vg9-Fc bsTCE on tissue slides derived from postmortem NHP
lymph node, muscle, skin, and colon. EGFR-Vg9-Fc bsTCE was visualized using HP-coupled anti-human IgG combined with Chomomap DAB (brown) and
hematoxylin counterstain (blue). Scale bar, 500 mm, and amagnification is presented in the lower right corner with scale bar, 50 mm. Red arrowheads inA–J indicate
EGFR-Vg9 bsTCE or EGFR-Vg9-Fc bsTCE infusion.
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Using PBMCs and esophageal cancer and primary- and metastatic
colorectal cancer patient tumor samples, we confirmed Vg9Vd2 T-cell
presence in both PB and tumors and showed Vg9Vd2 T cells to be
skewed toward an effector-memory/terminally differentiated effector
phenotype in cancer patients. In both PB and cancer patient tumors
Vg9Vd2 T cells were also distinct from conventional CD4þ and CD8þ

T cells in expressing lower LAG-3 and TIM-3 levels, and low to no
PD-1, consistent with the absence of T-cell exhaustion (43). This
profile suggests that Vg9Vd2 T cells, unlike conventional T cells, may
be relatively resistant to immune checkpoint–mediated inhibition and
position them as valid immune therapeutic targets, even under e.g.,
PD-1 blockade–resistant conditions. Although patient Vg9Vd2 T cells
expressed variable levels of CTLA-4, ipilimumab mediated inhibition
of CTLA-4 did not enhance EGFR-Vd2 bsTCE–induced activation of
CTLA-4þ Vg9Vd2 T cells in cocultures with EGFR-expressing A431
tumor cells (percentage CD69þ Vg9Vd2-T cells: baseline: 25.8% �
0.9%, A431: 25.4% � 10.3%, A431 þ 0.1 nmol/L EGFR-Vd2 bsTCE:
53.4%� 1.5% and A431þ 0.1 nmol/L EGFR-Vd2 bsTCEþ 10 mg/mL
ipilimumab: 47.6% � 11.3%; n ¼ 3, mean � SD). Vg9Vd2 T cells
present in primary- and metastatic colorectal cancer tissue degranu-
lated within hours in the presence of EGFR-Vd2 bsTCEs. Of particular
interest was the observation that whereas EGFR-Vd2 bsTCEs triggered
Vg9Vd2 T cells to exert cytolytic activity against patient colorectal
cancer, nonmalignant EGFRþ cells from the same patient organ were
spared. This tumor-selective activity of Vg9Vd2 T cells appears to be
an intrinsic beneficial feature of this cell type, though not previously
reported using a tumor-targeting approach (44–46). Though incom-
pletely understood, our data suggest that in the setting of EGFR-Vd2
bsTCEs, this tumor preferential activity is at least in part related to
differences in EGFR expression and interactions between NKG2D on
Vg9Vd2 T cells and ligands thereof on tumor cells. In earlier work, we
also demonstrated a modulatory role of phosphoantigen/BTN3A
interactions by CD1d-Vd2 bsTCE–engaged Vg9Vd2 T cells (21).
Further research is required to assess the role of other Vg9Vd2 T
cell–expressed receptors (e.g., DNAM-1 and NKG2A) in the observed
tumor-selective reactivity.

Although the introduction of bispecific (pan) T-cell engagers has
advanced cancer immunotherapy against hematologic malignan-
cies (47), efficacy in solid tumors has thus far been disappointing.
Toxicities such as CRS and neurotoxicity remain challenging in
bsTCE-treated cancer patients (48) and their efficacy is hampered by
cotriggering of immunosuppressive T-cell populations, such as Tregs,
which dampen tumor-specific immune responses in a clinically rel-
evant manner (16). We confirmed the negative impact of BiTE-
induced Treg activation in both in vitro experiments, where EGFR-
CD3 BiTEs significantly dampened Vg9Vd2 T-cell effector responses
and proinflammatory cytokine production, as well as in patient
colorectal cancer samples where EGFR-CD3 BiTEs stimulated highly
suppressive activatedTregs. Specific activation of the proinflammatory
effector Vg9Vd2 T-cell population with a bispecific Vg9Vd2 T-cell
engager avoided such Treg coactivation.

Safety of targeting Vg9Vd2 T cells to EGFR was explored in NHP
using 2 cross-reactive EGFR-Vg9 bsTCEs, of which one was half-life
extended by incorporation of an Fc domain. Previously, a CD3-based
BiTE against EGFR demonstrated severe toxicity at doses of 31 and
154 mg/kg/day (continuous infusion), requiring termination of NHP
after 56 hours for welfare reasons. In that study, NHP showed high
cytokine release levels, signs of kidney and liver toxicity and histo-
pathologic changes that included cell death in all tissues expressing
EGFR (18). Even at over 2-log higher doses, EGFR-Vg9-Fc bsTCEs
did not trigger any clinical, biochemical or histopathologic signs of

toxicity despite evidence of target engagement (i.e., binding of bsTCEs
to PB and lymph node Vg9þ T cells) and (postmortem) IHC confir-
mation of EGFR-Vg9-Fc bsTCE presence in relevant tissues. In
accordance with the absence of clinical signs, only minor changes
in serum IL6 levels, a key regulator/mediator of CRS in patients
treated with CAR T-cell and bsTCE therapies (49), were detected in
EGFR-Vg9 bsTCE-treated NHP. This further underscores the notion
that EGFR-specific Vg9Vd2 T-cell engagers may combine strong
antitumor efficacy with a relatively low risk of CRS and on-target,
off-tumor toxicity and thereby potentially allow for a relatively large
therapeutic window.

Altogether, and considering that EGFR is (over)expressed on a
broad range of malignancies (32, 33), the here reported in vitro,
ex vivo, and in vivo efficacy data against various EGFRþ cancers
together with the demonstrated benign safety profile in NHP,
underscore the importance of exploring the antitumor potential
as well as the safety profile of EGFR–Vg9Vd2 T-cell engagers in
future clinical trials.
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