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A Bispeciﬁc Antibody Antagonizes Prosurvival CD40
Signaling and Promotes Vg9Vd2 T cell–Mediated
Antitumor Responses in Human B-cell Malignancies
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ABSTRACT

◥

Novel T cell–based therapies for the treatment of B-cell malignancies, such as chronic lymphocytic leukemia (CLL) and multiple
myeloma (MM), are thought to have strong potential. Progress,
however, has been hampered by low efﬁcacy and high toxicity.
Tumor targeting by Vg9Vd2 T cells, a conserved T-cell subset with
potent intrinsic antitumor properties, mediated by a bispeciﬁc
antibody represents a novel approach promising high efﬁcacy with
limited toxicity. Here, we describe the generation of a bispeciﬁc
Vg9Vd2 T-cell engager directed against CD40, which, due to its
overexpression and biological footprint in malignant B cells, represents an attractive target. The CD40-targeting moiety of the bispeciﬁc antibody was selected because it can prevent CD40L-induced

Introduction
Despite major improvements in the treatment of B-cell lineage
malignancies such as chronic lymphocytic leukemia (CLL) and multiple myeloma (MM) brought about by novel agents, long-term
treatment is required, eventually eliciting toxicity and resistance (1, 2).
Besides targeted therapies, T cell–based therapy represents a promising antitumor approach, speciﬁcally in B-cell malignancies (3, 4).
Current autologous T cell–based strategies include chimeric antigen
receptor (CAR) T cells, immune-checkpoint blockade, and bispeciﬁc
antibodies. The major challenges associated with these strategies
include toxicity and limited response rates (complete response rate
in CLL for CAR T-cell therapy: 17%–29%; for immune-checkpoint
blockade: 0%; refs. 5–12). The current bispeciﬁc antibody approaches
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prosurvival signaling and reduce CD40-mediated resistance of CLL
cells to venetoclax. Selective activation of Vg9Vd2 T cells in the
presence of CD40þ tumor cells induced potent Vg9Vd2 T-cell
degranulation, cytotoxicity against CLL and MM cells in vitro, and
in vivo control of MM in a xenograft model. The CD40-bispeciﬁc gd
T-cell engager demonstrated lysis of leukemic cells by autologous
Vg9Vd2 T cells present in patient-derived samples. Taken together,
our CD40 bispeciﬁc gd T-cell engager increased the sensitivity of
leukemic cells to apoptosis and induced a potent Vg9Vd2 T cell–
dependent antileukemic response. It may, therefore, represent a
potential candidate for the development of novel treatments for
B-cell malignancies.
engage T cells via their CD3 antigen, which is expressed by all T cells,
leading to toxicity (6–9) as well as the activation of regulatory T cells
(Treg), thereby impeding effective T-cell responses (13–16).
The use of a restricted T-cell subset with inherent antitumor
properties, such as Vg9Vd2 T cells, may circumvent these issues.
Vg9Vd2 T cells comprise 1% to 10% of peripheral blood T cells and
possess a conserved T-cell receptor (TCR) that allows MHCindependent recognition of malignant cells (17). The Vg9Vd2 TCR
detects high expression of phosphorylated antigens in the context of
butyrophilin (BTN) 3A1, which are commonly upregulated in malignant cells and can be pharmacologically increased using
aminobisphosphonates (18–20). Upon activation, Vg9Vd2 T cells
function as cytotoxic T cells that efﬁciently produce proinﬂammatory
cytokines and in addition possess antigen-presenting capacity.
Although we have previously shown that Vg9Vd2 T cells can be
activated by and subsequently lyse CLL cells, the cytotoxic function of
CLL-derived Vg9Vd2 T cells is often impaired in a CLL-mediated
manner (21). Vg9Vd2 T cells have also been shown to be cytotoxic to
MM and other malignant B cells (22). In contrast to toxicity concerns
associated with pan-CD3–based strategies, clinical trials have demonstrated the safety of Vg9Vd2 T cell–based immunotherapy in
hematologic malignancies (23–25).
CD40 is an attractive target for antibody-based antitumor strategies
due to its expression on the surface of many B-cell malignancies (i.e.,
CLL, MM, non-Hodgkin lymphoma, Hodgkin disease, and acute
lymphoblastic leukemia) and certain solid malignancies (e.g., renal
cell carcinoma, breast carcinoma, melanoma, pancreatic carcinoma;
refs. 26–29). CD40 functions as a costimulatory molecule on healthy B
cells, and CD40 stimulation results in maturation and improved
antigen-presenting function (30). Malignant B cells, including CLL
cells, interact with nonmalignant immune cells within the lymph node
tumor microenvironment (31), which results in inhibition of apoptosis
and induction of proliferation. CD40 ligation, resulting from interactions between CLL cells and follicular T-helper cells, induces NFkB
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and mTOR activation, resulting in increased expression of antiapoptotic Bcl-2 family members and resistance to apoptosis-inducing
agents such as ﬂudarabine and the Bcl-2 antagonist venetoclax (32–35).
Although CD40 stimulation has been reported to induce apoptosis of
MM cells, it also provides tumor support by stimulating MM cell
proliferation and promoting bone marrow (BM) homing (36, 37).
Antagonistic CD40 antibodies that aim to disrupt CD40 signaling
therefore hold therapeutic potential. As a monotherapeutic agent, the
monovalent CD40-speciﬁc antagonistic antibody lucatumumab has
demonstrated limited activity in CLL and MM (38, 39).
We set out to develop a bispeciﬁc antibody that antagonizes CD40
stimulation and simultaneously activates Vg9Vd2 T cells upon binding to CD40. The bispeciﬁc antibody was composed of two variable
antigen-binding fragments derived from heavy chain–only antibodies
(VHH; ref. 40). The low immunogenicity risk proﬁle, as well as relative
ease and low cost of production, support the use of the bispeciﬁc VHH
format. Here, we describe the generation of a CD40-speciﬁc Vg9Vd2
T-cell engager, which prevented CD40/CD40L-induced prosurvival
signaling and activated Vg9Vd2 T cells from healthy controls (HC)
and leukemic patients to induce lysis of CLL and MM cells in vitro and
in in vivo models.

Materials and Methods
Patient and healthy donor material
Peripheral blood (PB) samples were taken from patients with CLL,
as deﬁned by iwCLL criteria, who had not been previously treated,
between 2014 and 2019. Buffy coats from blood donors (age ≥60 years)
obtained from Sanquin Blood Supply (Amsterdam, the Netherlands)
between 2015 and 2019 were used for HCs (Table 1). PB mononuclear
cells (PBMC) were isolated by Ficoll (VWR) density gradient centrifugation, frozen in Iscove’s Modiﬁed Dulbecco’s Medium (IMDM;
12440-053, Thermo Fisher Scientiﬁc) supplemented with 10% DMSO
(VWR), 23% fetal calf serum (FCS; F7524), 0.05 mmol/L b-mercaptoethanol (M6250, both Merck), 200 mmol/L L-glutamine (25030-123),
and 10 kU/mL penicillin/streptomycin (15140-122, both Thermo
Fisher Scientiﬁc) and stored in liquid nitrogen. Mononuclear cells
from the BM of MM patients (n ¼ 6, median age 53.5 years; range,
34–62) were isolated similarly and cryopreserved in FCS supplemented
with 10% DMSO. The presence of monoclonal B-cell lymphocytosis
was excluded in HCs by CD5, CD19, k, and l immunophenotyping.
Healthy B cells were obtained from HC PBMCs by CD19 selection
(magnetic microbeads, 130-050-301, Miltenyi Biotec). The study was
approved by the institutional review boards of the Academic Medical
Center and VU Medical Center. Written informed consent from all
subjects was obtained in accordance with the Declaration of Helsinki.
Vg9Vd2 T cells and cell lines
Expanded Vg9Vd2 T cells were generated as described previously (41). In short, Vd2þ T cells were isolated from HC PBMCs using
FITC-conjugated anti-Vd2 TCR (Supplementary Table S1) in combination with anti-mouse IgG microbeads (Miltenyi Biotec) and
cultured weekly with irradiated feeder mix consisting of PBMCs from
two HCs (1  106 cells/mL from each donor), JY cells (1  105 cells/mL),
IL7 (10 U/mL), IL15 (10 ng/mL, R&D Systems), and PHA (R30852801,
Thermo Fisher Scientiﬁc). Cells were expanded for at least two
cycles prior to their use, and purity of Vg9Vd2 T cells was maintained at >90%.
All culture media were supplemented with 10% FCS, 0.05 mmol/L
b-mercapto-ethanol, 200 mmol/L L-glutamine, and penicillin/strep-
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Table 1. CLL patient characteristics.
N

44

Age in years
Sex, % female
IGHV, % M-CLL
Rai, % stage 0
ALC  109/L

69.5 (range, 39–89)
36.4
55.2 (for 29 known)
67.9 (for 28 known)
66.0 (13.1–422)

Note: Data presented as a percentage or median (range).
Abbreviations: ALC, absolute leukocyte count; M-CLL, CLL cells with a mutated
IGHV status.

tomycin (10 kU/mL). HEK293T cells (ATCC), either wild-type or
transfected with CD40 as described below, were grown in supplemented Dulbecco’s Modiﬁed Eagle Medium (41965-039; Thermo Fisher
Scientiﬁc). HEK293E-253 (ATCC) cells were grown in FreeStyle 293
Expression medium (Thermo Fisher Scientiﬁc). The CLL cell line CII
(kind gift from Professor T. Stankovic, Institute of Cancer and
Genomic Sciences, University of Birmingham, Birmingham, UK) and
MM cell line MM.1s, either wild-type or stably transduced with
CD1d-mCherry (ref. 42; kind gift from Dr. R. Groen, Amsterdam
UMC, Vrije Universiteit, Amsterdam, the Netherlands), were cultured
in supplemented Roswell Park Memorial Institute 1640 medium
(52400-025; Thermo Fisher Scientiﬁc). NIH/3T3 ﬁbroblasts (ATCC),
either wild-type (3T3) or stably transfected with a plasmid encoding
human CD40L (3T40L; ref. 43), were cultured in supplemented
IMDM. Authentication of human cell lines was performed using
short-tandem repeat analysis (DC6531, Promega). All cell lines were
used within 3 months of thawing and checked for Mycoplasma using
PCR at least every 3 months.
Flow cytometry
Cells were stained with antibodies, and viability dyes were listed in
Supplementary Table S1. Cytoﬁx/Cytoperm reagent (BD Biosciences)
was used for detection of intracellular cytokines, and the FoxP3
staining buffer set (Thermo Fisher Scientiﬁc) was used for detection
of intracellular Bcl-xL. Samples were measured on an LSRFortessa or
FACSCanto cytometer and analyzed with FlowJo MacV10 (all BD
Biosciences; gating strategy in Supplementary Information).
VHH generation
Llama immunization and construction of the VHH phage library
The Vd2-TCR chain-speciﬁc VHH 5C8 was previously generated (44), and CD40-speciﬁc VHHs were generated similarly. Two
llamas (Lama glama) were immunized subcutaneously six times with
50  106 MUTZ-3 dendritic cells (DC; DSMZ; ref. 45), with a 1-week
interval.
RNA was isolated from PB lymphocytes obtained 1 week after the
last immunization, reverse-transcribed into cDNA, and used for
Ig-heavy chain-encoding gene ampliﬁcation (46). Phage libraries were
constructed by ligation of VHH-encoding genes into the phagemid
vector pUR8100 containing a Myc- and His6-tag encoding fragment
(kind gift from Dr. M. El Khattabi, QVQ, Utrecht, the Netherlands)
and subsequent transformation into Escherichia coli TG1 for display
on ﬁlamentous bacteriophage. Llama immunization and construction
of the VHH phage library was performed at Eurogentec in collaboration with QVQ in accordance with institutional and international
guidelines.
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Enrichment and selection of CD40-speciﬁc VHHs
To enrich for phages displaying CD40-speciﬁc VHHs, multiple
selection rounds were performed. 96-well ﬂat-bottom plates were
coated with IgG1-Fc–tagged human CD40 (2.25 mg/mL; 71174, BPS
Bioscience). Phages were blocked with PBS (Fresenius Kabi) containing 1% bovine serum albumin (Sigma-Aldrich), 1% milk (Nutrilon),
0.05% Tween 20 (Merck), and human IgG (0.625 mg/mL, Thermo
Fisher Scientiﬁc) and then allowed to bind to the CD40-coated plates
for 90 minutes at 37 C. Eluted phages (150 mL) were used to infect
exponentially growing E. coli TG1 (600 mL). After two rounds, ELISAbased screening was performed to select for binding to human CD40,
but not human Ig. For this, plates were coated either with IgG1-Fc–
tagged human CD40 or human IgG1 and incubated with periplasmic
extracts from the transformed TG1. Bound extracts were detected by
sequential incubation with mouse-derived anti-Myc tag (05-274,
Merck) and HRP-conjugated rabbit-derived anti-mouse IgG (Cell
Signaling Technology). DNA sequencing was performed on 22 clones
that bound to human CD40 but not human Ig, as well as two negativecontrol clones that did not bind to CD40, translated to amino
acid sequences using the ExPASy Translate tool and aligned using
MUSCLE. DNA sequence analysis of selected clones demonstrated
three different CD40-speciﬁc VHH sequences termed V12, V15, and
V19 (Supplementary Table S2).
VHH production
Monovalent VHH
Gene segments encoding the three selected VHHs and a Myc- and
His6-tag were recloned into the pcDNA5 vector (Invitrogen). Plasmid
(15 mg), GENIUS DNA transfection reagent (Westburg), and
Opti-MEM (Thermo Fisher Scientiﬁc) was used to transfect 80%
conﬂuent HEK293T cells in T225 ﬂasks for 15 minutes at room
temperature. VHH protein (V12t, V15t, and V19t) was puriﬁed from
the HEK293T supernatant using fast protein liquid chromatography
€
with an AKTApuriﬁer
(GE Healthcare). First, size exclusion was
performed a HiPrep 26/10 desalting column (10 mL sample injection
volume, CP limit 1.5 kPa, 5 mL/min; buffer: 500 mmol/L sodiumchloride, 20 mmol/L sodiumphosphate, 20 mmol/L imidazole) followed by
washing the column with 70 mL buffer. Subsequently, nickel-based
His-tag selection was performed in a 1 mL HisTrap column (30 mL
sample injection volume, CP limit 0.7 kPa, 5 mL/min; both columns
GE Healthcare) and imidazole-based elution (buffer: 500 mmol/L
sodiumchloride, 20 mmol/L sodiumphosphate, and 500 mmol/L
imidazole) in 30 eluate fractions of 1 mL. In this manner,
three monovalent CD40-speciﬁc VHHs were retrieved (V12t,
V15t, and V19t), in which “t” indicates the presence of an Myc
and His6 tag.
Bispeciﬁc VHH
To generate bispeciﬁc VHH constructs, V12-5C8t, V15-5C8t, and
V19-5C8t, the anti-Vd2-TCR VHH 5C8 (C-terminal) was joined to
the anti-CD40 VHHs (N-terminal) with a Gly4Ser-linker. The bispeciﬁc VHHs, containing a Myc and His6 tag, were produced by
HEK293T transfection as described above. VHH protein was puriﬁed
from the supernatant using immobilized ion afﬁnity chromatography
on Talon resin (Clontech) followed by elution with 250 mmol/L and
dialysis against PBS using 10K molecular weight cutoff Slide-A-Lyzer
dialysis cassettes (Thermo Fisher Scientiﬁc).
Generation of V19S76K-5C8
A glycosylation site in framework region 3 of the V19t VHH was
identiﬁed, after which a new VHH (V19S76K) was produced and
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puriﬁed in which the relevant serine was altered into a lysine. This
variant retained its binding capacity to CD40-expressing cells. Tagless
bispeciﬁc V19S76K-5C8 VHH, hereafter referred to as V19-5C8, was
constructed analogous to the bispeciﬁc VHH. VHH protein was
generated by U-protein Express, after transfection into HEK293E253 cells. V19-5C8 protein was puriﬁed from the supernatant using
€
fast protein liquid chromatography with an AKTAexplorer
(GE
Healthcare). VHH was bound to a 35 mL rmp protein A column (GE
Healthcare) at 11 C, followed by washing the column with PBS and
acid-based elution (buffer: 20 mmol/L citrate, 150 mmol/L
sodiumchloride, pH 3.0). Eluate fractions (5 mL) were collected in
1 mL alkaline buffer (1 mol/L dipotassium phosphate, pH 8.0) for
neutralization to pH 7. The column was regenerated with 50 mmol/L
sodium hydroxide containing 1 mol/L sodium chloride and equilibrated in PBS. The puriﬁcation was repeated ﬁve times. VHHcontaining fractions were concentrated using a Vivaspin20 10kDa
molecular weight cutoff ﬁlter (GE Healthcare) and further puriﬁed by
geﬁltration using a Superdex 200 column (GE Healthcare) equilibrated
with PBS.
VHH integrity
VHH integrity and purity were conﬁrmed by Coomassie blue
staining in NuPAGE gels. VHH was quantiﬁed using a Nanodrop
spectrophotometer.
VHH binding
To assess binding, cells were incubated with the indicated concentrations of VHH for 30 minutes at 37 C. Bound VHH was detected by
sequential incubation with mouse anti-Myc tag and Alexa Fluor (AF)
488–conjugated goat anti-mouse antibodies for 20 minutes at 4 C
(Supplementary Table S1). Bound tagless VHH was detected with
FITC-conjugated anti-llama antibodies. VHH binding was determined using ﬂow cytometry and quantiﬁed by geometric mean
ﬂuorescence intensity.
Analysis of agonistic and antagonistic effects of CD40-speciﬁc
VHHs
To assess whether VHH binding to CD40 led to CD40 stimulation,
300,000 primary CLL PBMCs (>90%, CD5þCD19þ) were cultured for
48 hours in the presence of 10 nmol/L, 100 nmol/L, or 1 mmol/L VHH,
medium control, or recombinant multimeric CD40 ligand (100 ng/mL,
Bioconnect) as indicated, and phenotyped by ﬂow cytometry. Relative
data were calculated by dividing experimental conditions by control
condition without VHH  100.
To test whether the VHH antagonized CD40 stimulation, primary
CLL PBMCs were preincubated with VHH or medium control for 30
minutes at 37 C and subsequently cultured for 48 hours in the
presence of recombinant multimeric CD40L (100 ng/mL). After
48 hours, cells were phenotyped by ﬂow cytometry as described above.
Relative data were calculated by dividing experimental conditions by
control condition with recombinant multimeric CD40L in the absence
of VHH  100.
Cytokine and degranulation assays
Expanded Vg9Vd2 T cells (50,000) were incubated with the indicated concentrations of VHH or medium control for 30 minutes at
37 C. Subsequently, Vg9Vd2 T cells were cocultured with CLLderived CII cells for 4 hours in a 1:1 ratio in the presence of Brefeldin
A (10 mg/mL; Thermo Fisher Scientiﬁc), GolgiStop (7% v/v), and antiCD107a (both BD Biosciences). In the assays with autologous Vg9Vd2
T cells, CLL PBMCs or MM BM cells were cultured overnight with
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10 nmol/L VHH or medium control for 30 minutes at 37 C and
cultured overnight with puriﬁed CD3þ cells from the same patient in a
5:1 or 20:1 (CD3þ:PBMC) ratio. For cytotoxicity assays with primary
MM cells as target cells, BM was preincubated with 10 pmol/L or 10
nmol/L VHH or medium control for 30 minutes at 37 C and cultured
overnight with expanded Vg9Vd2 T cells in a 1:1 (Vg9Vd2:plasma cell)
ratio. In assays with patient-derived Vg9Vd2 T cells as effector cells
and assays with primary MM cells as target cells, viable cells were
quantiﬁed by ﬂuorescently labeled antibodies and viability dyes
(Supplementary Table S1) in combination with counting beads
(01-1234-42, Thermo Fisher Scientiﬁc).

10 nmol/L VHH or medium control in the presence of Brefeldin A,
GolgiStop, and anti-CD107a as above. Prior to culture, CLL
PBMCs were partially depleted of CD19þ cells using magnetic beads
(130-050-301, Miltenyi Biotec; after depletion 50% of cells were
CD19þ). Cytokine production and degranulation were then determined by ﬂow cytometry as described above.
Cytotoxicity assays
For cytotoxicity assays, target cells (CII, primary CLL, MM.1s,
HEK293T cells as indicated) were preincubated with the indicated
concentration of VHH or medium control for 30 minutes at 37 C and
then cocultured overnight with expanded Vg9Vd2 T cells in a 1:1
(Vg9Vd2 T-cell:target cell) ratio, unless otherwise indicated. Target
cells were identiﬁed by mCherry expression (MM.1s.mCherry/luc) or
prior carboxyﬂuorescein succinimidyl ester (CFSE; Thermo Fisher
Scientiﬁc) labeling in all other cell lines and primary CLL cells (>90%,
CD5þCD19þ). The percentage of viable cells was determined using
MitoTracker Orange (25-minute incubation at 37 C) and To-pro-3
(10-minute incubation at room temperature; both Thermo Fisher
Scientiﬁc) by ﬂow cytometry.
For cytotoxicity assays performed with patient-derived Vg9Vd2
T cells, CD3þ cells were enriched by magnetic bead selection (130-050101, Miltenyi Biotec; ≥90% purity). PBMCs were preincubated with
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In vivo studies
Immunodeﬁcient NOD SCID gamma (NSG) mice ages 16 to
26 weeks were obtained from Charles River. Mice were housed in
isolators under pathogen-free conditions and randomly divided in
three control groups (group 1: PBS and PBS; group 2: PBS and Vg9Vd2
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V1
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Expansion assays
For expansion assays, 1  106 PBMCs were cultured with 10 nmol/L
VHH or medium control in the presence of IL2 (50 IU/mL, AF-2002–02,
Bioconnect) for 1 week, after which the percentage of Vg9Vd2 T cells
was determined by ﬂow cytometry.

Figure 1.
Selection of CD40-speciﬁc VHHs. A, CD40 expression on wild-type (WT; gray, ﬁlled histogram) and CD40-transfected (black, open histogram) HEK293T cells.
B, CD40 speciﬁcity of VHH binding. WT and CD40-transfected HEK293T cells were incubated with V12t, V15t, V19t (1 mmol/L), or medium control, and VHH binding
was measured by ﬂow-cytometric detection of the Myc tag. Representative histograms of three experiments. gMFI, geometric mean ﬂuorescence intensity. C, CD40
expression on primary CLL cells. Representative histograms of ﬁve experiments. D, Binding of CD40-speciﬁc VHHs (1 mmol/L) to primary CLL cells as in B (n ¼ 5). E,
Primary CLL PBMCs were cultured with V12t, V15t, V19t (all 1 mmol/L), recombinant multimeric CD40L (100 ng/mL), or medium control and analyzed for CD86 and
CD95 expression after 48 hours (n ¼ 5). F, Primary CLL PBMCs were preincubated with V12t, V15t, V19t (all 1 mmol/L), or medium control for 30 minutes, and
then cultured with recombinant multimeric CD40L (100 ng/mL) for 48 hours and analyzed for CD86 and CD95 expression after 48 hours (n ¼ 9). Data, mean
and SEM.  , P < 0.05;    , P < 0.001;    , P < 0.0001. For D, repeated-measures one-way ANOVA followed by Dunnett post hoc test compared with no VHH; for
E and F, one-way ANOVA followed by Dunnett post hoc test compared with medium control.
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T cells; group 3: VHH and PBS) and one experimental group (group
4: VHH and Vg9Vd2 T cells). On day 1, mice were irradiated
(2 Gy) and, on day 0, injected intravenously with 2.5  106 MM.1s.
mCherry/luc cells. On days 7, 14, and 21, mice received either PBS
or 1  107 expanded human Vg9Vd2 T cells intravenously. From
day 7, mice also received PBS or V19-5C8 (100 mg per mouse)
intraperitoneally biweekly. Mice were weighed weekly, and PB
samples were taken at days 20 and 50. Mice were euthanized in
case of severe weight loss (>10% of initial body weight), paralysis, or
other symptoms of severe disease burden. PB, BM, and plasmacytomas were collected from mice. Animal experiments were
approved by the Dutch Central Authority for Scientiﬁc Procedures
on Animals (CCD) and handled in accordance with institutional
and international guidelines.
Statistical analyses
Speciﬁc lysis was calculated as: (% cell death in treated cells) 
(% cell death in untreated cells)/(% viable cells in untreated cells) 
100. Data were analyzed using one-way analysis of variance (ANOVA;
followed by Dunnett post hoc test), two-way ANOVA (followed by
Tukey, Sidak, or Dunnett post hoc test as appropriate), Mantel–Cox
log-rank test (followed by Holm–Sidak post hoc test), or nonlinear
regression analysis as indicated with signiﬁcance set at P < 0.05 using
GraphPad Prism v7.

Results
Identiﬁcation of monovalent CD40-speciﬁc VHHs
To generate CD40-speciﬁc VHHs, two Lama glamas were immunized six times (weekly intervals) with CD40þ MUTZ-3 DCs. Three
putative CD40-heavy chain–only binding domains were identiﬁed
through phage display and ELISA-based screening using a
CD40–IgG Fc fusion protein. Wild-type (CD40) HEK293T cells
and HEK293T cells stably transfected to express CD40 (Fig. 1A)
were then used to conﬁrm binding speciﬁcity of these three distinct
VHHs, termed V12t, V15t, and V19t. None of the CD40-speciﬁc
VHHs bound to wild-type HEK293T cells, but all bound to CD40þ
HEK293T cells, with the highest binding intensity observed for
V15t and V19t (Fig. 1B). Primary CLL cells homogeneously
expressed CD40 on the cell surface (Fig. 1C). All three VHHs
bound to CLL cells, although V15t and V19t had a higher binding
intensity than V12t (n ¼ 5; Fig. 1D).
To test whether binding of the VHHs activated CD40 signaling,
CLL cells were cultured for 48 hours with the CD40-speciﬁc VHHs.
Whereas the positive control, recombinant multimeric CD40L
(rmCD40L), increased expression of the costimulatory molecule
CD86 and the death receptor CD95 on CLL cells, these effects were
not seen with any of the CD40-speciﬁc VHHs (Fig. 1E). Next, we
evaluated whether the CD40-speciﬁc VHHs could prevent CD40L–CD40 interactions. As expected, rmCD40L enhanced upregulation
of both CD86 and CD95, which was averted by both V15t and V19t
but not by V12t (Fig. 1F). Taken together, we generated and
identiﬁed three monovalent VHHs that speciﬁcally bound to surface-expressed CD40, none of which exerted agonistic effects and
two of which antagonized the prosurvival stimulus that is provided
to CLL cells by CD40 stimulation.
The bispeciﬁc anti-CD40-Vd2 VHHs induce target cell lysis
We then set out to construct an anti-CD40–directed bispeciﬁc
Vg9Vd2 T-cell engager by joining each of the monovalent
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CD40-speciﬁc VHHs (N-terminal) to the previously generated
Vd2-speciﬁc VHH 5C8 (ref. 44; C-terminal) with a Gly4–Ser linker.
Speciﬁc binding to CD40 was retained by all three VHHs in the
bispeciﬁc format (Fig. 2A).
Subsequently, we assessed whether the bispeciﬁc anti-CD40-Vd2
VHHs induced Vg9Vd2 T cell–mediated cytotoxicity of CD40þ tumor
cells. Healthy donor–derived Vg9Vd2 T cells did not induce appreciable lysis of the CLL-derived cell line CII, which has high expression of
CD40 (Supplementary Fig. S1A; Fig. 2B). The addition of the bispeciﬁc
anti-CD40-Vd2 VHHs, especially V15-5C8t and V19-5C8t, induced
tumor cell death in a dose-dependent manner. After a 4-hour coculture
with primary CLL cells, Vg9Vd2 T cells induced cell death in 16.1%
(3.1) of the CLL cells (background viability 84.3%–85.0%; Fig. 2C).
This was again enhanced by V12-5C8t (100 nmol/L; 45.3%  4.0%), in
particular by V15-5C8t (100 nmol/L; 70.5%  7.3%) and V19–5C8t
(100 nmol/L; 68.5%  7.9%).
High afﬁnity and potency of bispeciﬁc anti-CD40-Vd2 VHH
For subsequent experiments and a more in-depth characterization, we selected V19-5C8 because both the V19t monovalent- and
bispeciﬁc V19-5C8t–based VHH performed slightly better in terms
of blocking CD40 stimulation and inducing cytotoxicity. The
presence of a glycosylation site in framework region 3 of V19
prompted generation of a VHH in which a serine residue (at
position 76) was modiﬁed into a lysine. This alteration did not
signiﬁcantly change the binding characteristics to CD40 [KD 17.8
nmol/L (V19t) vs. 16.4 nmol/L (V19S76Kt), Supplementary Fig. S1B].
The afﬁnity of the modiﬁed bispeciﬁc anti-CD40-Vd2 VHH, V19-5C8,
binding to Vg9Vd2 T cells and CII cells was assessed by ﬂow cytometry.
Binding of the bispeciﬁc VHH to Vg9Vd2 T cells was detectable at
100 pmol/L, with maximum binding reached at 10 nmol/L (KD
1.2 nmol/L; Fig. 3A). The bispeciﬁc VHH bound to CD40þ cells with
an afﬁnity of KD 10.9 nmol/L.
Addition of the bispeciﬁc VHH induced an activated phenotype in
Vg9Vd2 T cells exposed to CD40þ target cells, as measured by
upregulation of CD69 expression [geometric mean ﬂuorescence intensity (MFI) 1,001  183.0 without bispeciﬁc VHH vs. 1,337  193.3
with bispeciﬁc VHH, P ¼ 0.049]. Upon coculture with CD40þ target
cells alone, Vg9Vd2 T cells did not produce detectable IFNg or TNF
(Fig. 3B). The addition of the bispeciﬁc VHH induced effector-type
cytokine production by the majority of Vg9Vd2 T cells at picomolar
concentrations (EC50 7.1 and 4.5 pmol/L, for IFNg and TNF, respectively). To a lesser degree, Vg9Vd2 T cells also produced IL2. Vg9Vd2
T cells exert antitumor activity through the release of granzymes and
perforin. The CII target cells alone did not elicit degranulation of
Vg9Vd2 T cells, which did occur upon addition of the bispeciﬁc VHH
(EC50 3.6 pmol/L; Fig. 3B). The bispeciﬁc VHH enhanced lysis of both
CD40þ CLL-derived and MM-derived cell lines at similar concentrations (EC50 9.1 and 5.3 pmol/L; Fig. 3C; Supplementary Fig. S1C for
CD40 expression on MM.1s cells). An irrelevant control bispeciﬁc
VHH, consisting of the same Vd2-speciﬁc VHH (5C8) coupled to a
CD1d-speciﬁc VHH (1D7) did not induce lysis of the MM-derived cell
line. The bispeciﬁc VHH did not induce lysis in the absence of Vg9Vd2
T cells, demonstrating that the cytotoxicity was mediated by Vg9Vd2 T
cells. The bispeciﬁc VHH evoked cytotoxicity in a CD40-speciﬁc
manner because it augmented the lysis of CD40-transfected HEK293T
cells, but not of its CD40 parental cell line (Fig. 3D). Taken together,
the bispeciﬁc anti-CD40-Vd2 VHH, V19-5C8, potently activated
Vg9Vd2 T cells and induced cell death of a CLL and MM cell line
in a CD40-speciﬁc manner.
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100 nmol/L; Fig. 4A). CLL cells with a mutated IGHV status (M-CLL)
had a comparable CD40 expression and were equally sensitive to the
bispeciﬁc VHH-induced cytotoxicity as those with an unmutated
IGHV status (U-CLL; Supplementary Fig. S2A). Because CD40

The bispeciﬁc anti-CD40-Vd2 VHH is active against primary
CLL
Next, we evaluated the activity of the bispeciﬁc VHH against
primary leukemic cells. The bispeciﬁc VHH did not induce target
cell death directly (speciﬁc cell death 2.0%  1.0%), but increased
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Figure 3.
The bispeciﬁc anti-CD40-Vd2 VHH has a high binding
afﬁnity and potently activates Vg9Vd2 T cells. A, Binding
of the bispeciﬁc anti-CD40-Vd2 VHH to Vg9Vd2 T cells and
CD40þ cells. Healthy donor–derived Vg9Vd2 T cells
(green, n ¼ 3 donors) or CII cells (black, triplicate) were
incubated with the indicated concentrations of V19-5C8,
and VHH binding was measured by ﬂow-cytometric detection of anti-llama IgG heavy- and light-chain antibodies;
geometric mean ﬂuorescence plotted. bsVHH, bispeciﬁc
VHH; gMFI, geometric mean ﬂuorescence intensity.
B, Activation of Vg9Vd2 T cells by the bispeciﬁc antiCD40-Vd2 VHH. Healthy donor–derived Vg9Vd2 T cells
and CII target cells were cultured in a 1:1 ratio with V19-5C8
for 4 hours in the presence of Brefeldin A, GolgiStop, and
anti-CD107a to measure IFNg, TNF, and IL2 production and
degranulation by ﬂow cytometry (n ¼ 3). C, Speciﬁc lysis of
CII or MM.1s target cells after overnight culture with healthy
donor–derived Vg9Vd2 T cells in a 1:1 ratio in the presence
of V19-5C8 (circles) or the irrelevant bispeciﬁc anti-CD1dVd2 VHH 1d7-5C8 (squares; all n ¼ 4). Speciﬁc lysis was
calculated by correcting for background cell death in
conditions with Vg9Vd2 T cells, without bispeciﬁc VHH.
D, Speciﬁc lysis of wild-type (WT) or CD40-transfected
HEK293T cells as in C (n ¼ 4). Speciﬁc lysis was calculated
by correcting for background cell death in conditions
without Vg9Vd2 T cells. Data, mean and range, with the
line depicting a nonlinear regression curve (A–C) or mean
and SEM (D).     , P < 0.0001. For A–C, nonlinear regres ak post
sion analysis; for D, mixed-effects analysis with Sid
hoc test comparing CD40-transfected versus WT.

105

Fluorescence intensity

Specific cell death (%)

Figure 2.
The bispeciﬁc anti-CD40-Vd2 VHHs induce target cell
lysis. A, Binding of bispeciﬁc anti-CD40-Vd2 VHHs.
CD40-transfected or wild-type (WT) HEK293T cells were
incubated with V12-5C8t, V15-5C8t, V19-5C8t (1 mmol/L), or
medium control, and VHH binding was measured by ﬂowcytometric detection of the Myc tag. Representative histograms of two experiments. B, Speciﬁc lysis of the CII cell line
after overnight culture with healthy donor–derived Vg9Vd2
T cells in a 1:2 effector:target ratio in the presence of the
indicated concentrations of the bispeciﬁc anti-CD40-Vd2
VHHs V12-5C8t, V15-5C8t, or V19-5C8t (n ¼ 5). bsVHH,
bispeciﬁc VHH. C, Speciﬁc lysis of primary CLL cells after
overnight culture with healthy donor–derived Vg9Vd2 T
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V15-5C8t, or V19-5C8t (n ¼ 3). Speciﬁc lysis was calculated
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Figure 4.
The bispeciﬁc anti-CD40-Vd2 VHH activates Vg9Vd2 T cells from CLL patients and induces autologous tumor lysis. A, Speciﬁc lysis of primary CLL cells after overnight
culture with healthy donor–derived Vg9Vd2 T cells in a 1:1 ratio in the presence of V19-5C8 (n ¼ 10). B, CLL PBMCs were cultured on irradiated 3T3 or CD40Lþ 3T40L
ﬁbroblasts for 72 hours. Speciﬁc cell death of harvested CLL PBMCs after subsequent overnight culture with healthy donor–derived Vg9Vd2 T cells (1:1 ratio), healthy
donor–derived Vg9Vd2 T cells and V19-5C8 (1:1 ratio, 100 nmol/L), venetoclax (10 nmol/L), or medium control (n ¼ 3). C–E, CLL PBMCs were preincubated with 10,
100, or 1,000 nmol/L V19-5C8 or medium control for 30 minutes and then cultured in the presence of recombinant multimeric CD40L (100 ng/mL) for 48 hours.
C, CD86 and CD95 expression after 48 hours (n ¼ 6). D, Speciﬁc cell death after subsequent culture with the indicated concentrations of venetoclax for 24 hours
(n ¼ 6). E, Bcl-xL expression after 48 hours (n ¼ 3). F and G, PBMCs from CLL patients were enriched for T cells by depletion of CD19þ CLL cells and then cultured with
CD19þ CLL cells in a 1:1 ratio with V19-5C8 (10 nmol/L), aminobisphosphonates (ABP; 25 mmol/L pamidronate), or medium control in the presence of Brefeldin A,
GolgiStop, and anti-CD107a to measure IFNg production (F) and degranulation (G) by ﬂow cytometry (n ¼ 7). H, Lysis of primary CLL cells by autologous Vg9Vd2 T
cells. CD3þ cells were isolated from CLL PBMCs and cultured with total CLL PBMCs in a 5:1 (CD3:PBMC; 1:20 Vd2:PBMC ratio; range, 1:10–1:24) or 20:1 (CD3:PBMC;
1:3 Vd2:PBMC ratio; range, 1:3–1:6) ratio with V19-5C8 (10 nmol/L) or medium control. Live CLL cells were quantiﬁed by ﬂow cytometry using counting beads (n ¼ 5).
I, Percentage Vg9Vd2 T cells after PBMCs were cultured with IL2 (50 IU/mL) or IL2 and the bispeciﬁc VHH V19-5C8 (10 nmol/L) for 1 week (n ¼ 5). Data, mean and SEM.

, P < 0.05;   , P < 0.01;   , P < 0.001;    , P < 0.0001. For A, C, and E–H, repeated-measures one-way ANOVA followed by Dunnett post hoc test compared with
 ak post hoc test comparing each treatment condition between the CLL groups; for D, two-way
conditions without VHH; for B, two-way ANOVA followed by Sid
ANOVA followed by Dunnett post hoc test comparing conditions to medium control; and for I, paired t test.

stimulation decreases the apoptotic sensitivity of CLL (32, 35), we
evaluated the sensitivity to bispeciﬁc VHH-induced cytotoxicity after
prior CD40 stimulation. Whereas coculture with CD40L-expressing
ﬁbroblasts increased the resistance of primary CLL cells to the Bcl-2
inhibitor venetoclax, the CD40L-expressing ﬁbroblasts had no effect
on the susceptibility to Vg9Vd2 T cell–mediated cytotoxicity (Fig. 4B).
Because the CD40-speciﬁc VHH counteracted CD40 stimulation, we investigated whether CD40-mediated venetoclax resistance could be reverted by the bispeciﬁc VHH. The capacity to
antagonize CD40 stimulation was retained in the bispeciﬁc format,
and the bispeciﬁc VHH completely prevented upregulation of
CD86 and CD95 (Fig. 4C). rmCD40L also increased the resistance
of CLL cells to venetoclax, which was abrogated by the bispeciﬁc
VHH (Fig. 4D). The decreased sensitivity to venetoclax upon
CD40 stimulation was previously reported to result from Bcl-xL
upregulation (32), and the bispeciﬁc VHH prevented Bcl-xL upre-
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gulation upon CD40 stimulation (Fig. 4E). Similar to the monovalent CD40-speciﬁc VHHs, culture of CLL cells with the bispeciﬁc
VHHs did not lead to upregulation of CD86 or CD95 (Supplementary Fig. S2B).
The bispeciﬁc anti-CD40-Vd2 VHH activates patient-derived
Vg9Vd2 T cells
We then assessed whether the bispeciﬁc VHH also activated patientderived Vg9Vd2 T cells because we and others previously found
dysfunction of Vg9Vd2 T cells in CLL patients (21, 47). Whereas
culture of T cell–enriched PBMCs from CLL patients with aminobisphosphonates led to activation of a minority of Vg9Vd2 T cells, a
signiﬁcantly higher proportion of Vg9Vd2 T cells producing IFNg,
TNF, and IL2 was noted in the presence of the bispeciﬁc
VHH (n ¼ 7; Fig. 4F; Supplementary Fig. S2C). Vg9Vd2 T cells from
CLL patients also degranulated to a greater extent upon culture in the
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The bispeciﬁc VHH delays tumor outgrowth in a xenograft
model
To study the effects of the bispeciﬁc VHH on tumor growth
in vivo, immunodeﬁcient NSG mice were injected with human
MM-derived MM.1s cells. The tumor cells were allowed to grow out
and engraft for 1 week before mice received the ﬁrst of three weekly
i.v. injections with either human Vg9Vd2 T cells or PBS, followed
by twice weekly i.p. injections with the bispeciﬁc VHH or PBS, and
the mice were sacriﬁced at the time of severe disease symptoms
(Fig. 6A). Neither the bispeciﬁc VHH alone nor the Vg9Vd2 T cells
alone signiﬁcantly improved overall survival. In contrast, mice
treated with both the bispeciﬁc VHH and Vg9Vd2 T cells lived
signiﬁcantly longer, with a median overall survival of 80 days versus
47 days in the control group (Fig. 6B). Mice treated with both the
bispeciﬁc VHH and Vg9Vd2 T cells retained their initial body
weight after 7 weeks of treatment (Fig. 6C). Human Vg9Vd2 T cells
were infrequent or undetectable in the PB after 50 days of treatment,
as well as in the BM and plasmacytomas at the time of sacriﬁce
(Supplementary Fig. S3A and S3B). In conclusion, the bispeciﬁc
VHH improved survival in a MM in vivo model.

presence of the bispeciﬁc VHH than in the presence of aminobisphosphonates (Fig. 4G). We then tested whether the bispeciﬁc VHH could
also induce CLL lysis by autologous Vg9Vd2 T cells, by culturing
puriﬁed CD3þ cells and CLL cells from the same donor together in the
presence or absence of the bispeciﬁc VHH. The CD40-directed
Vg9Vd2 T cells were also capable of lysis of autologous CLL cells
(n ¼ 5; Fig. 4H). The cytotoxic response mediated by Vg9Vd2 T cells
was already observed at low effector-to-target (E:T) ratios of 1:20,
and as expected increased with a higher E:T ratio of 1:5.
We then studied whether activation of Vg9Vd2 T cells induced
by the bispeciﬁc VHH also induced expansion of Vg9Vd2 T cells.
Culture of PBMCs for 1 week with the bispeciﬁc VHH led to
enrichment of Vg9Vd2 T cells, with the proportion of Vg9Vd2
T cells within the total T-cell pool increasing on average 7.2-fold
with the VHH in comparison with IL2 alone (n ¼ 5; Fig. 4I). In
summary, patient-derived Vg9Vd2 T cells were activated by, and
cytotoxic against, autologous CLL cells in the presence of the
bispeciﬁc VHH.
Activity of the bispeciﬁc VHH against primary MM
Because CD40 is also expressed on primary MM cells (ref. 26;
representative histogram of four samples tested in Fig. 5A; mean
geometric MFI: 7,794  4,498 SD) and CD40 stimulation exerts
various biological effects in this context, including proliferation of
MM cells, we assessed the antitumor efﬁcacy of the bispeciﬁc VHH
in primary BM mononuclear cells from MM patients in two
concentrations due to limitations in availability of patient material.
When cultured overnight in the presence of the bispeciﬁc VHH,
healthy donor–derived Vg9Vd2 T cells also lysed primary MM
cells (n ¼ 5; Fig. 5B). Vg9Vd2 T cells present in the BM of these
patients were triggered to produce the proinﬂammatory cytokines
IFNg and TNF upon culture with the bispeciﬁc VHH (n ¼
6; Fig. 5C and D), as well as IL2 (Supplementary Fig. S2D).
Similarly, Vg9Vd2 T cells present in BM mononuclear cells from
MM patients degranulated after culture with the bispeciﬁc VHH
(Fig. 5D). Together, these results indicated that the bispeciﬁc VHH
was active against primary MM and could activate autologous
BM–derived Vg9Vd2 T cells.
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mediating survival signaling and resistance to proapoptotic
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Figure 5.
The bispeciﬁc anti-CD40-Vd2 VHH is active against primary MM. A, CD40 expression on primary MM cells. Representative histogram of four donors tested. B, BM of
MM patients was cultured overnight in the presence or absence of healthy donor–derived Vg9Vd2 T cells in a 1:1 (Vg9Vd2-T:plasma cell) ratio in the presence of the
bispeciﬁc VHH V19-5C8 (10 pmol/L or 10 nmol/L). Live plasma cells were quantiﬁed by ﬂow cytometry using counting beads (n ¼ 5). C and D, Mononuclear cells
from the BM of MM patients were cultured overnight with V19-5C8 (10 nmol/L), aminobisphosphonate (ABP; 10 mmol/L zoledronic acid), or medium control in
the presence of Brefeldin A, GolgiStop, and anti-CD107a to measure cytokine production (C) and degranulation (D) by ﬂow cytometry (n ¼ 6). Data, mean and SEM.

, P < 0.05;   , P < 0.01. B–D, Repeated-measures one-way ANOVA followed by Dunnett post hoc test compared with conditions without VHH.
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Figure 6.
The bispeciﬁc anti-CD40-Vd2 VHH prolongs survival in vivo. Immunodeﬁcient mice were irradiated on day 1 and grafted (i.v.) with 2.5  106 MM.1s cells on day 0.
Mice received PBS or human Vg9Vd2 T cells (1  107 cells; i.v.) on days 7, 14, and 21, followed by PBS or V19-5C8 (5 mg per mouse; i.p.) twice weekly starting on day 9.
A, Schematic overview of treatment schedule. B, Kaplan–Meier analyses of mouse survival (control: n ¼ 6; bispeciﬁc VHH: n ¼ 6; Vg9Vd2 T cells: n ¼ 8; bispeciﬁc
VHH þ Vg9Vd2 T cells: n ¼ 8). C, Body weight after 7 weeks of treatment relative to individual body weight at time of tumor injection.   , P < 0.01. Data, mean and
 ak post hoc test.
SD. B, Mantel–Cox log-rank test followed by Holm–Sid

bispeciﬁc CD40-Vd2 VHH will ultimately need to be assessed in earlyphase clinical trials.
Here, we designed a strategy to activate Vg9Vd2 T cells in the
presence of leukemic cells by constructing a bispeciﬁc VHH directed
against CD40 and the Vg9Vd2 TCR. Previously, a Vd2-speciﬁc VHH
was selected from a generated panel of Vg9- and Vd2-TCR–speciﬁc
VHHs to allow for more speciﬁc binding to phosphoantigen-responsive
Vg9Vd2 T cells, based on the knowledge that a variable but sometimes
considerable proportion of Vg9þ cells pairs with a d-chain other than
Vd2, whereas nearly all Vd2þ cells coexpress the Vg9 chain (55, 56). We
generated three distinct CD40-speciﬁc antibodies that, when incorporated in a bispeciﬁc VHH format, induced potent Vg9Vd2 T cell–
dependent lysis of leukemic cells in vitro. The V15- and V19speciﬁc antibodies had a superior cytotoxic effect in comparison
with V12. Both of these constructs prevented CD40L-induced
survival of CLL cells. Although the two antibodies had comparable
characteristics, the slightly stronger induction of cytotoxicity and
blockade of CD40 stimulation favored further exploration of the
V19-based antibody. The bispeciﬁc V19-5C8 VHH induced
Vg9Vd2 T-cell degranulation upon exposure to CD40þ target cells.
Although CD40 stimulation decreases the apoptotic sensitivity of
CLL cells through Bcl-xL and Bﬂ-1 upregulation (32, 33), CD40
stimulation did not hamper bispeciﬁc VHH-induced cytotoxicity.
The bispeciﬁc VHH also promoted the production of proinﬂammatory cytokines by Vg9Vd2 T cells, which, in combination with
their antigen-presenting capacity (57, 58), may lead to the recruitment of other immune effector cells to initiate and propagate an
antitumor response. The ability of the bispeciﬁc VHH to induce an
antitumor response was further conﬁrmed in a xenograft model.
Adoptive transfer of human Vg9Vd2 T cells only resulted in
signiﬁcant prolongation of survival of mice engrafted with MM
cells when combined with treatment with the bispeciﬁc VHH. The
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limited persistence of human Vg9Vd2 T cells in immunodeﬁcient
mouse models that we and others have seen presumably led to
cessation of the therapeutic effect (41, 59).
We demonstrated that the bispeciﬁc VHH had a dual mechanism of
action, as it not only induced Vg9Vd2 T cell–mediated lysis, but also
abrogated CD40 stimulation in CLL cells. Apart from the direct effect
on CLL viability, CD40 stimulation induces concurrent resistance to
ﬂudarabine- and venetoclax-based treatment through NFkB signaling
and subsequent upregulation of Bcl-xL, Bﬂ-1, and Mcl-1 (32–35). We
showed that the bispeciﬁc VHH reversed CD40-induced upregulation
of Bcl-xL and resistance to venetoclax, indicating that the bispeciﬁc
VHH described here may increase the efﬁcacy of venetoclax-based
treatment. Because CD40/CD40L signaling also promotes survival and
proliferation in lymphoma and MM cells, the CD40 antagonistic
activity of the bispeciﬁc VHH also holds promise in other B-cell
malignancies (37, 60, 61).
The application of bispeciﬁc constructs in T cell–based therapy
allows ﬂexible timing and dosing. In contrast, the administration of
living cellular products such as CAR T-cell treatment restrains possibilities to adjust dosing or discontinuation in case of toxicity or
refractory disease (62, 63). Bispeciﬁc constructs obviate the risk of
genetically introducing therapy-speciﬁc resistance associated with
CAR T-cell therapy (64). The low immunogenicity risk proﬁle, good
manufacturability, and stability of VHHs favor their use over constructs derived from conventional antibodies (40, 65).
We and others have previously described dysfunction of ab T cells
and Vg9Vd2 T cells in CLL patients, which could hamper the efﬁcacy
of autologous T cell–based therapy, and presumably results at least in
part from impaired synapse formation (21, 47, 66, 67). Bispeciﬁc
T cell–activating antibodies effectively induce immune synapse formation, particularly if the target epitope is proximal to the membrane,
as is the case with relatively small target molecules such as CD40 (50
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kDa; refs. 68, 69). Whether the bispeciﬁc Vg9Vd2 T-cell engager also
improves synapse formation in CLL-derived Vg9Vd2 T cells remains
to be studied. Our results, however, did demonstrate that the bispeciﬁc
VHH was capable of activating patient-derived Vg9Vd2 T cells and
enabled lysis of autologous tumor cells at low E:T ratios ex vivo. The
bispeciﬁc VHH also induced Vg9Vd2 T-cell enrichment and could
thereby result in an increase in the number of effector cells available.
Novel agents such as venetoclax or ibrutinib are effective at reducing
CLL burden, yet continuous treatment appears to be required. Because
we and others have found indications that dysfunction of ab T cells
and Vg9Vd2 T cells is induced by CLL cells directly (21, 66), this
suggested that the bispeciﬁc VHH could be useful in a consolidation
setting, after prior reduction of the CLL disease load (e.g., by venetoclax
or ibrutinib). We have previously shown that ibrutinib favorably alters
the cytokine production proﬁle of Vg9Vd2 T cells (70).
In conclusion, we generated a CD40-speciﬁc Vg9Vd2 T cell–
engaging construct with a dual mechanism of action. The bispeciﬁc
VHH deprived leukemic cells of CD40L-induced prosurvival signaling
and apoptotic resistance. The bispeciﬁc VHH also selectively triggered
potent antitumor effector functions of Vg9Vd2 T cells against CD40þ
malignant cells, including CLL and MM cells, in patient-derived
samples, as well as in an in vivo xenograft model. Because CD40 is
expressed by a wide range of hematologic and solid malignancies, this
underscores the potential for broader therapeutic application of this
Vg9Vd2 T cell–based bispeciﬁc strategy.
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