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Prevention of Vy9Vo2 T Cell Activation by a Vy9Vo2
TCR Nanobody

Renée C. G. de Bruin,* Anita G. M. Stam,* Anna Vangone,’ Paul M. P. van Bergen en
Henegouwen,iE Henk M. W. Verheul,* Zsolt Sebestye’n,§ Jurgen Kuball,§ Alexandre
M. J. J. Bonvin," Tanja D. de Gruijl,* and Hans J. van der Vliet*

Vy9V52 T cell activation plays an important role in antitumor and antimicrobial immune responses. However, there are condi-
tions in which Vy9V82 T cell activation can be considered inappropriate for the host. Patients treated with aminobisphosphonates
for hypercalcemia or metastatic bone disease often present with a debilitating acute phase response as a result of Vy9Vé2 T cell
activation. To date, no agents are available that can clinically inhibit Vy9V82 T cell activation. In this study, we describe the
identification of a single domain Ab fragment directed to the TCR of Vy9Va2 T cells with neutralizing properties. This variable
domain of an H chain-only Ab (VHH or nanobody) significantly inhibited both phosphoantigen-dependent and -independent
activation of Vy9Vo2 T cells and, importantly, strongly reduced the production of inflammatory cytokines upon stimulation with
aminobisphosphonate-treated cells. Additionally, in silico modeling suggests that the neutralizing VHH binds the same residues on
the Vy9V32 TCR as the Vy9Vo2 T cell Ag-presenting transmembrane protein butyrophilin 3A1, providing information on
critical residues involved in this interaction. The neutralizing Vy9V62 TCR VHH identified in this study might provide a novel

approach to inhibit the unintentional Vy9V32 T cell activation as a consequence of aminobisphosphonate administration. The

Journal of Immunology, 2017, 198: 308-317.

cells consists of Vy9Vd2 T cells, and these cells play an

important role in the defense against microbial pathogens,
stressed cells, and tumor cells of various origin (1, 2). Vy9Va2
T cells become activated by the MHC-independent recognition of
non—peptide phosphoantigens that are produced as an intermediate
product of the bacterial non—mevalonate pathway or that are up-
regulated upon stress or malignant transformation by the meval-
onate pathway leading to cholesterol synthesis (3-5). Activated
Vy9V82 T cells produce large amounts of the proinflammatory
cytokines IFN-y and TNF-a as well as the chemokines MIP-1 and
RANTES. Additionally, cytolytic mediators such as granzyme B
and perforin are produced to induce specific lysis of cells with

I n human peripheral blood the predominant subset of y3 T
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elevated phosphoantigen levels (6). It has been reported that the
type I membrane protein butyrophilin 3A1 (BTN3A1, also known
as CD277) directly or indirectly recognizes elevated levels of in-
tracellular phosphoantigen and as a consequence undergoes a con-
formational change and membrane redistribution that is sensed by the
Vy9V32 TCR, most likely through an inside-out mechanism (7-9).

Although Vy9V82 T cell activation has been shown to be im-
portant in both antitumor and antimicrobial immune responses,
there are conditions in which Vy9V82 T cell activation can be
considered inappropriate to the host (2, 10-14). One third to half
of all patients undergoing aminobisphosphonate (NBP, e.g.,
pamidronate and zoledronate) treatment for hypercalcemia, oste-
oporosis, or metastatic bone disease experience flu-like symptoms
(chills, fatigue, myalgia) and elevated body temperature that re-
semble an acute phase response (APR) (15-17). NBP exposure
leads to the inhibition of a crucial step in the mevalonate pathway
resulting in a (desired) defective formation, activity, and survival
of osteoclasts, but it also induces (unintended) phosphoantigen
accumulation and subsequent Vy9V®82 T cell activation. It has
been demonstrated that the observed APR results from the cyto-
kines produced by activated Vy9V82 T cells (18-21). Apart from
being bothersome to patients, repeated NBP administration may
result in Vy9Va2 T cell unresponsiveness by the induction of
anergy and exhaustion (22). Although this will limit the severity of
the APR, it might also reduce overall antitumor and antimicrobial
immunity, as this is in part controlled by a functional Vy9Va2
T cell population. Efforts to dampen the APR resulting from NBP
administration, for example, by coadministration of statins, have
been largely unsuccessful (23-25).

A potential and novel way to block ligand binding is the ap-
plication of variable domains of an H chain—only Ab (VHHs),
which are variable domains of naturally occurring H chain—only
Abs (also called nanobodies). These single-domain Ab fragments
are characterized by a small size (~15 kDa) and enhanced stability
compared with conventional Abs. VHHs have low immunogenicity
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and can be produced by bacteria or yeast, allowing time and cost
reduction in the manufacturing process (26-28). Ligand blocking
has successfully been demonstrated for anti-epidermal growth
factor receptor VHHs that could block binding of epidermal
growth factor to its receptor (29). Previously, we have successfully
generated a novel set of 20 VHHs directed to the Vy9 and/or V32
chain of the Vy9V82 TCR that can be used for flow cytometry,
immunocytochemistry, and magnetic cell purification (30). In this
study, we evaluate whether these VHHs could be developed for
future therapeutic manipulation of Vy9V&2 T cells. We report that
a Vo2 chain—specific VHH can inhibit both phosphoantigen-
dependent and -independent BTN3Al-restricted stimulation of
Vy9V82 T cells, resulting in a strong reduction of cytokine se-
cretion. In silico modeling predicted this VHH to dock and in-
teract with a region on the Vy9V32 TCR that has been implicated
in phosphoantigen/BTN3A1-mediated Vy9V32 T cell activation.
As this Vy9V82 TCR-specific VHH blocked NBP-induced
Vy9V82 T cell activation in peripheral blood as well as sponta-
neous and NBP-induced activation of Vy9V382 T cells by lym-
phoma cells, this VHH could constitute an interesting novel
therapeutic agent to prevent the Vy9V32 T cell-induced APR in
NBP-treated patients.

Materials and Methods
Cell lines

HeLa cells were obtained from the American Type Culture Collection and
cultured in DMEM complete media, that is, DMEM (Lonza, catalog no.
BE12-614F) supplemented with 10% (v/v) heat-inactivated FCS (HyClone;
GE Healthcare, catalog no. SV30160.03), 100 IU/ml sodium penicillin,
100 pg/ml streptomycin sulfate, and 2.0 mM L-glutamine (Life Technol-
ogies, catalog no. 10378-016). Jurma cells were transduced to express
wild-type Vy9V82 TCR G115 or indicated 32 G115 CDR3 mutants as
described previously (10) and cultured in RPMI complete media, that is,
RPMI 1640 medium (Lonza, catalog no. SMB048) supplemented with
10% (v/v) heat-inactivated FCS, 0.05 mM 2-ME, 100 IU/ml sodium
penicillin, 100 pg/ml streptomycin sulfate, and 2.0 mM L-glutamine.
Burkitt’s lymphoma Daudi cells were obtained from the American Type
Culture Collection and cultured in RPMI complete media. FCS was from a
single lot previously tested for low background. The cell lines were
maintained at 37°C with 5% CO, in a humidified atmosphere and tested
mycoplasma negative.

Generation of donor-derived yd T cells

Healthy donor Vy9Va2 T cells were isolated, expanded, and cultured from
heparinized whole blood as described (31). In short, Vy9V82 T cells were
isolated from PBMCs using FITC-labeled anti-TCR V32 or PE-labeled
anti-TCR Vy9 mAbs in combination with anti-mouse IgG MicroBeads
(Miltenyi Biotec, catalog no. 130-048-401) by MACS. Purified VyoVa2
T cells were stimulated once a week with irradiated and NBP-treated
(100 wM pamidronate for 3 h; Teva Pharmachemie, catalog no. 12JO8RD)
human mature monocyte-derived dendritic cells or an irradiated feeder
mixture (PBMCs of two healthy human donors and EBV-transformed B cells
with addition of 50 ng/ml PHA). Vy9Va82 T cells were only used for ex-
periments when cell viability determined by trypan blue staining was >70%,
Vy9*V82" TCR expression determined by flow cytometry was >90%, and
CD25 expression was <40%.

VY97 V82", Vy9TVE2™, Vy9*TVE2", and VY9 V32~ 3 T cell lines for
the determination of VHH specificity were generated as follows. A pan-yd
T cell population was isolated from human PBMCs using a PE-labeled
pan-yd TCR Ab and purified with MACS using anti-mouse IgG
MicroBeads. The pan-yd T cell line was first expanded with feeder mixture
and then sorted into four separate populations (i.e., VY9~ V82", Vy9*V32™,
Vy9"V82", and Vy9~ V32~ v3 T cells) by flow cytometric cell sorting using
FITC-labeled anti-TCR V32 and PE-labeled anti-TCR V-y9 mAbs.

All donor-derived Vy9V82 T cell lines were cultured in Yssel’s medium
(32) supplemented with 1% heat-inactivated human AB serum (Cellect;
MP Biomedicals, catalog no. 2931949), 50 U/ml recombinant human IL-2
(Proleukin; Novartis), 0.05 mM 2-ME, 100 IU/ml sodium penicillin,
100 pg/ml streptomycin sulfate, and 2.0 mM L-glutamine. During exper-
iments, Vy9Va2 T cell lines and target cell lines were cultured in IMDM
complete media medium, that is, IMDM (Lonza, catalog no. BE12-722F)
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supplemented with 10% (v/v) FCS, 0.05 mM 2-ME, 100 IU/ml sodium
penicillin, 100 pg/ml streptomycin sulfate, and 2.0 mM L-glutamine.
Human AB serum was from a single lot previously tested for low back-
ground and viable and responsive Vy9Va2 T cell cultures. The VyoVa2
T cell lines were maintained at 37°C with 5% CO, in a humidified at-
mosphere and tested mycoplasma negative.

Generation of Vy9V52 TCR- and Va24VB11 TCR-transduced
cell lines

Jurkat cells transduced to express TCRs of interest were generated as
described previously (33). For the Vy9V32 TCR, protein sequences of
clone G9 V<9 and V82 chain (34, 35) were used. For the Va24VB11 TCR,
protein sequences of clone NKT12 Va24 and VB11 chain (36) were used.
Sequences of the individual TCR chains were separated by a picorna
virus—derived 2A sequence, codon modified for optimal protein produc-
tion, and synthesized by GeneART (Thermo Fisher Scientific, Waltham,
MA), after which they were cloned into the LZRS vector. After transfec-
tion to the Phoenix-A packaging cell line, retroviral supernatants were
collected to transduce Jurkat cells in the presence of retronectin (Takara
Bio, catalog no. T100A) according to the manufacturer’s protocol (33).
The transduced cell lines were purified for TCR expression by MACS
cell separation with anti-mouse IgG MicroBeads or by flow cytometric
sorting using FITC-labeled anti-TCR V82 and PE-labeled anti-TCR V9
mAbs or FITC-labeled anti-TCR Va24 and PE-labeled anti-TCR V@11
mAbs as appropriate.

Production and purification of VHH

VHH DNA from individual clones was cloned into plasmid pMEK219 (a
gift of Mohamed El Khattabi, QVQ, Utrecht, the Netherlands), a derivative
from pHenl (37) with addition of an HC-V cassette to enable VHH
cloning, a C-terminal Myc- and 6X His-tag, and deletion of the gene III
sequence. TG1 bacteria were transformed with pMEK219-VHH for pro-
tein production. Bacteria were inoculated in 2xYT (Serva, catalog no.
48501.01) plus 100 pg/ml ampicillin and 0.1% glucose and grown to log
phase, and protein production was induced by addition of a final con-
centration of 1 mM isopropyl B-p-thiogalactoside (Thermo Fisher Scien-
tific, catalog no. R0391). VHHs were released from the bacterial periplasm
by a PBS freeze-thawing step and purified by immobilized metal ion affinity
chromatography on TALON resin (Clontech, catalog no. 635504). VHHs
were eluted with 150 mM imidazole and dialyzed twice against PBS. The
purity of the VHHs was checked by Coomassie-stained protein gel.

Flow cytometry and mAbs

mADbs used were FITC-labeled anti-TCR V32 (catalog no. 555738), FITC-
labeled anti-CD69 (catalog no. 347823), PE-labeled anti-CD107a (catalog
no. 555801), PE-labeled anti-CD25 (catalog no. 55542), allophycocyanin-
labeled anti-CD25 (catalog no. 340907), and 7-aminoactinomycin D
(7-AAD; catalog no. 559925) from BD Biosciences. PerCP-labeled anti-
TCR V32 (catalog no. 331410), PE-labeled anti-TCR V+v9 (catalog no.
331308), and allophycocyanin-labeled anti-TCR V+v9 (catalog no. 331310)
were from BioLegend. RPE-labeled goat anti-mouse F(ab'), fragment
(catalog no. R0480) was obtained from Dako, and allophycocyanin-labeled
goat anti-mouse F(ab'), fragment (catalog no. SC-3818) was obtained
from Santa Cruz Biotechnology. Anti-Myc tag mAb clone 4A6 (catalog
no. 05-724) was obtained from Merck Millipore.

All stainings for flow cytometry were performed in PBS supplemented
with 0.1% BSA and 0.02% sodium azide. Stained cells were directly an-
alyzed by flow cytometry. All samples of individual experiments for the
same figures were either measured with FACSCalibur or LSRFortessa (both
BD Biosciences). Photomultiplier tube voltages for FACSCalibur were set
with unstained control cells, and for LSRFortessa the settings of the
manufacturer were used. Data were analyzed with CellQuest (BD Bio-
sciences) or Kaluza software (Beckman Coulter). The generated data can
be provided per request.

Functional analyses of inhibition of Vy9V82 T cell activation
by VHH 5E7

Human healthy donor-derived PBMCs or Vy9V32 T cells were incubated
for 1 h with 0-500 nM VHH in IMDM complete media at 4°C, after which
they were exposed to either 1) NBP-treated PBMCs, HeLa cells, or Daudi
cells that were cultured for 2 h with 0-100 uM pamidronate in IMDM
complete media at 37°C for 2 h, washed with PBS three times, and
resuspended in IMDM complete media; 2) Daudi cells that were cultured
overnight with 12.5 WM mevastatin (Sigma-Aldrich, catalog no. M2537) in
culture medium, washed, and resuspended in IMDM complete media; or 3)
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PBMC:s cultured with O or 20 wM anti-BTN3A1 mAb (eBioscience, catalog
14-2779-82) for 1 h at 4°C followed by incubation for 1 additional hour at
37°C, washed with PBS, and resuspended in IMDM complete media.

For the 1:1 cocultures of Vy9V82 T cells with target cells, 5 X 10*
Vy9V32 T cells were cultured together with 5 X 10* Daudi or HeLa cells
for 4 or 24 h, respectively, in a final volume of 200 wl of IMDM complete
media. The PBMCs were cultured for 24 h in IMDM complete media. For
HeLa cell cocultures, culture supernatants were collected after 20 h to
determine IFN-y and TNF-a by ELISA (PeliKine compact ELISA Kits;
Sanquin, catalog nos. M1933 and M9323, respectively) according to the
manufacturer’s instructions. To determine the expression of CD107a, anti-
CD107a mAb and GolgiStop (BD Biosciences, catalog no. 554724) were
added during the final 4 h of the experiment. At the end of the experiment,
cells were stained with 7-AAD (according to the manufacturer’s protocol),
anti-CD25 mAb, or anti-CD69 mAb and analyzed by flow cytometry.

Binding analysis of VHH 5E7 to yd TCR—expressing cells in
FACS

To determine the binding of VHH 5E7 to donor-derived vy T cells or (TCR-
transduced) Jurkat cells, 5 X 10* cells were incubated with 100 nM VHH
for 30 min. Bound VHH was detected with anti-Myc-tag mAb clone 4A6
and allophycocyanin- or RPE-labeled goat-anti-mouse F(ab'), fragment by
flow cytometry.

To determine the binding persistence and stability of VHH 5E7 to
Vy9V32 T cells, VYOV32 T cells were incubated with 100 nM VHH,
cultured for 0, 8, or 15 d in Yssel’s medium (32) supplemented with 1%
AB human serum, 0.05 mM 2-ME VHH and, 100 IU/ml sodium penicillin,
100 pg/ml streptomycin sulfate, 2.0 mM L-glutamine, and 10% human
serum albumin (Sigma-Aldrich, catalog no. A9731). A final concentration
of 10 U/ml recombinant human IL-2 (Proleukin; Novartis) was added to
the culture every 3 d. On days 0, 8, and 15 a sample was taken from the
culture and VHH bound to the Vy9V32 T cells was detected with anti—
Myc-tag mAb clone 4A6 and allophycocyanin- or RPE-labeled goat anti-
mouse F(ab’), fragment by flow cytometry.

Statistical analyses of biological experiments

Statistical analyses were performed with GraphPad Prism version 5
(GraphPad Software, La Jolla, CA) using a one-way or two-way ANOVA
with a Bonferroni post hoc test as appropriate. Findings were considered
significant when p values were <0.05.

Homology modeling of VHH 5E7

Starting from the sequence of VHH 5SE7, we modeled its three-dimensional
structure by homology modeling. A BLASTp (38) search with default
parameters was performed against the Protein Data Bank (PDB) (39) to
find a suitable template for homology modeling. Among the templates
specifically showing the same length for the three CDRs of our query, we
chose the one with highest sequence identity: PDB code 4KRN (chain A,
78% of sequence identity, 1.55 A of resolution) (40). This template was
used for homology modeling using Modeler v9.10 (41). The top five ho-
mology models according to the dope score (42) were selected for the
docking.

Modeling of the Vy9V62 TCR-VHH 5E7 and Vy9V52
TCR-BTN3A1 complexes

To identify the Vy9V32 TCR regions involved in the binding with VHH
SE7 and BTN3Al, we performed docking simulations of the VyoVa2
TCR-VHH 5E7 and Vy9V32 TCR-BTN3A1 complexes using HADDOCK
(43-45). HADDOCK is a high ambiguity—driven docking program making
use of biochemical and/or biophysical interaction data (translated into
ambiguous interaction restraints) to drive docking. It makes use of a
crystallographic and NMR system (46) as its structure calculation engine.
The protocol consists of three steps: 1) randomization of orientation and
rigid body docking by energy minimization driven by interaction restraints
(it0), 2) semiflexible refinement in torsion angle space in which side chains
and backbone atoms of the interface residues are allowed to move (itl),
and 3) Cartesian dynamics refinement in explicit solvent. The final models
are clustered using the pairwise backbone root mean square deviation at
the interface. The resulting clusters are analyzed and ranked according to
the HADDOCK score, a weighted sum of van der Waals, electrostatic,
empirical desolvation (47), and restraint violation energies. As input
structures for the Vy9V3d2 TCR and BTN3A1, we used the available ex-
perimental structures with PDB code 1HXM (chains A and B) (34) and
4F9L (chain A) (7), respectively. In both cases, we first refined the struc-
tures using the final water refinement stage of HADDOCK. The ensemble

A Vy9V32 TCR NEUTRALIZING NANOBODY

of the top five refined structures was then used as input for the docking
runs for both Vy9V382 TCR and BTN3AI1. For the VHH 5E7, we used an
ensemble of the top five homology models as input (see above).

Docking runs. Given the lack of experimental information on the inter-
actions between these proteins, we first ran ab initio docking between
Vy9V82 TCR and VHH 5E7 with center of mass restraints, which ef-
fectively brings the molecules in contact by specifying a distance restraint
between their respective centers of mass. All 10,000 rigid-body docking
models (itO-runl) (first stage of HADDOCK) were analyzed to identify the
top 10% contacted residues (see below) on each protein. This information
was used in a second docking run (it0-run2) to refine the binding surface
on VHH 5E7, and all of the residues of the Vy9V82 TCR with >40%
relative solvent-accessible area were defined as passive (excluding the
transmembrane residues). Finally, to further pinpoint the binding site on
the Vy9V32 TCR, a third run was performed with the most contacted
residues on both VHH 5E7 and the Vy9V82 TCR defined as active. The
active residues for the Vy9V32 TCR were obtained from an analysis of the
most contacted residues in itO-run2. All runs were performed with default
parameters, except for more models (10,000, 400, and 400 for it0, itl, and
water refinement, respectively).

The same procedure was applied for the docking of the systems com-
posed by the Vy9V32 TCR-BTN3AL.

A complete list of the restraints for each run is provided in Supplemental
Table 1. The analysis of the most contacted residues was performed
through the CONS-COCOMAPS server (48). Solvent-accessible surface
area was calculated using Naccess (http://www.bioinf.manchester.ac.uk/
naccess).

Results
Identification and characterization of neutralizing Vy9V52
TCR-specific VHHs

To generate neutralizing Vy9V32 TCR VHHs, two llamas (Lama
glama) were s.c. injected with 10® purified human healthy donor-
derived Vy9Vd2 T cells for four times during a period of 6 wk.
Using phage display selections, a panel of 20 distinct Vy9Va2
TCR-specific monoclonal VHHs was obtained from the llama
immune libraries. From this, the VHH with the best Vy9V32 TCR
neutralizing properties was VHH clone 5E7. Vy9V32 TCR
specificity of VHH 5E7 was confirmed by binding assays using
different TCR-expressing cell lines. VHH 5E7 was allowed to
bind to a Jurkat cell line genetically modified to express the
Vy9V82 TCR (Jurkat Vy9Vd2 TCR). As negative controls, a
Jurkat cell line without TCR expression and a Jurkat cell line
transduced to express an a3 TCR were used. VHH 5E7 bound to
Jurkat Vy9V32 TCR cells but not to the control Jurkat cell lines,
indicating specificity for the Vy9V32 TCR but not for the aff TCR
or CD3 coexpressed in the TCR complex (Fig. 1A). Additionally,
VHH 5E7 demonstrated strong binding to healthy donor-derived
Vy9V82 T cells, and not to Vy9 V32~ d T cells (Fig. 1B),
confirming the specificity of Vy9V32 TCR binding by VHH 5E7.

The capacity of VHH 5E7 to inhibit Vy9V382 T cell activation was
studied by coculturing healthy donor—derived Vy9Va2 T cells with
NBP-treated HeLa cells in a 1:1 ratio for 24 h in the presence or
absence of the VHH or a nonspecific control VHH. Vy9Va32 T cell
activation was assessed by determining CD25 upregulation by flow
cytometry. VHH SE7 could significantly inhibit phosphoantigen-
mediated Vy9V82 T cell activation in multiple donors in a dose-
dependent manner (Fig. 2A). Importantly, the nonspecific control
VHH did not inhibit Vy9Va32 T cell activation nor did VHH 5E7
significantly influence CD25 expression of Vy9V32 T cells when
cells were not treated with NBP.

Next, we analyzed whether this VHH was capable of inhibiting
Vy9V82 T cell cytokine production and degranulation upon target
cell recognition. For this purpose, IFN-y and TNF-o were se-
lected as prototypic cytokines known to be produced by activated
Vy9V82 T cells. Indeed, in culture supernatants obtained after a
24 h coculture of Vy9V82 T cells with NBP-treated HeLa cells,
VHH 5E7 was found to significantly inhibit the production of both
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FIGURE 1. VHH S5E7 specifically binds the Vy9Va2 A
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TCR. (A) VHH 5E7 binds to Jurkat Vy9V82 TCR cells
(thick line), but not to Jurkat cells without TCR expression
(striped line) or Jurkat Va24VB11 TCR cells (thin line).
(B) VHH 5E7 binds to healthy donor-derived Vy9*V32*
vd T cells (thick line), but not to Vy9 V32~ vd T cells
(striped line). (A and B) VHH binding was determined by
flow cytometry. A representative figure is shown of n =3
experiments (biological replicates).

IFN-y and TNF-a in a dose-dependent fashion (Fig. 2B, 2C). As
expected, the nonspecific control VHH did not inhibit the pro-
duction of IFN-y and TNF-a by NBP-activated Vy9V82 T cells.
Degranulation of Vy9V32 T cells, as a measure for cytotoxic
activity, was determined by assessing cell surface expression of
the lysosomal-associated membrane protein-1 (CD107a) by
Vy9V82 T cells in response to target cell recognition. In line with
the previous experiments, and in contrast to the nonspecific con-
trol VHH, VHH 5E7 was found to dose-dependently and signifi-
cantly block CD107a translocation in Vy9Vd2 T cells when
cocultured with NBP-treated HeLa cells (Fig. 2D). To confirm that
the inhibition of Vy9V&2 T cell activation and degranulation was
accompanied by reduced target cell lysis, we determined lysis of
NBP-treated HelLa cells after a 24 h coculture with Vy9V32
T cells in the presence or absence of VHH SE7 or the nonspecific
control VHH and found that VHH 5E7 indeed significantly re-
duced the lysis of target cells by 38 = 10% (mean * SEM)
whereas the nonspecific VHH did not (Fig. 2E). Activation, cy-
tokine production, degranulation, and cytotoxicity of Vy9Ve2
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T cells are the result of functional signaling upon the accumula-
tion of tyrosine-phosphorylated proteins close to the immuno-
logical synapse as a consequence of Vy9Va2 T cell stimulation by
phosphoantigen (49). Because these processes are inhibited by
VHH 5E7, it is likely that VHH 5E7 inhibits the formation of
immunological synapses between Vy9V32 T cells and target cells.
This is supported by our observation that VHH 5E7, but not a
nonspecific control VHH, dose-dependently inhibited trogocytosis,
an active, rapid, and polarized bidirectional exchange of membrane
patches in the immunological synapse that forms between immune
effector and target cells (50-53), that is, between Vy9Va2 T cells
and phosphoantigen-expressing target cells (Supplemental Fig. 1).

To further characterize the Vy9V32 TCR-specific VHH 5E7,
we determined its binding affinity and stability over time. For an
assessment of binding affinity, Jurkat Vy9Va2 TCR cells were
incubated with different concentrations of VHH 5E7 to determine
the concentration at which half of the maximum fluorescence
intensity was reached by flow cytometry analysis. This revealed
that VHH 5E7 had an affinity of ~2.3 nM (data not shown). Next,
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FIGURE 2. V~v9V32 T cell activation by NBP-treated cells can be inhibited by a Vy9V82 TCR-specific VHH. VHH S5E7 (left panels) but not a
nonspecific control VHH (right panels) inhibits Vy9V82 T cell activation. Vy9V82 T cells were cocultured without VHH (white), with 100 nM VHH
(gray), or with 500 nM VHH (black) and NBP-treated HeLa cells in a 1:1 ratio. (A-D) Activation of Vy9V82 T cells was assessed by upregulation of
activation markers and secreted cytokine levels in the culture medium. (A) CD25 expression on Vy9V32 T cells assessed by flow cytometry. (B and C)
IFN-vy secretion (B) and TNF-a secretion (C) by Vy9Va82 T cells as determined by ELISA. (D) CD107a expression on Vy9Va32 T cells assessed by flow
cytometry. (E) NBP-specific lysis of HeLa cells. The percentage of lysed HeLa cells (7-AAD™) was determined by flow cytometry. VHH conditions (0 nM)
were set to 100%. (A-E) Shown are means = SEM of at least n = 3 experiments (biological replicates). The p values were calculated with a two-way
ANOVA and a Bonferroni post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001. MF, mean fluorescence intensity.
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we analyzed how long after exposure VHH SE7 could still be
detected on the surface of Vy9V82 T cells when cultured at 37°C
in the presence of 10% human serum albumin. Even at day 15,
VHH 5E7 was still detectable on all Vy9Va2 T cells, under-
scoring its high target affinity and stability (Fig. 3). As was to be
expected by natural downregulation and degradation of expressed
Vy9V82 TCRs and the synthesis and expression of new VyoVa2
TCRs over time, the amount of VHH bound per Vy9V82 T cell, as
reflected by mean fluorescence intensity, did decrease over time.
In conclusion, from our panel of 20 VHHs, we selected VHH 5E7
as the most potent inhibitor of NBP-mediated Vy9Vd2 T cell
activation.

Vy9Vé62 TCR-specific VHH 5E7 inhibits BTIN3A1
mAb-mediated activation of Vy9Ve2 T cells

In addition to NBP-mediated activation, Vy9V82 T cells have pre-
viously also been shown to become activated by target cells treated
with the agonistic anti-BTN3A1 mAb 20.1 in a phosphoantigen-
independent manner (54). To investigate the mechanism underly-
ing BTN3Al-induced Vy9V82 T cell activation, we determined
whether VHH 5E7 was capable of inhibiting the phosphoantigen-
independent mode of Vy9Va2 T cell activation. To this end, PBMCs
were cultured with the agonistic anti-BTN3A1 mAb 20.1 in the
presence or absence of VHH 5E7. After 24 h, Vy9V&82 T cell
activation was assessed by upregulation of CD25 and CD69
on Vy9Va2 T cells by flow cytometry. Vy9Va2 T cells could
be activated by the anti-BTN3A1 mAb 20.1, and this effect
was significantly and specifically blocked by the addition of
VHH 5E7 (as shown in Fig. 4). In conclusion, the Vy9V$2 TCR~
specific VHH 5E7 inhibited Vy9V82 T cell activation induced by
phosphoantigen-overexpressing target cells as well as by target cells
treated with the BTN3A1-specific mAb 20.1.

Structural in silico analysis of the interaction between VHH
SE7 and the Vy9V62 TCR

To explain the inhibiting effect of VHH SE7 on both phosphoantigen-
dependent and -independent activation of Vy9Vd2 T cells, we
reasoned that VHH 5E7 could bind a crucial epitope on the VyoV2
TCR that is required for the BTN3Al-mediated activation of
Vy9Va2 T cells. To further evaluate this, we first determined whether
there was predominant binding of VHH 5E7 to either the Vy9 chain
or the V82 chain of the Vy9V82 TCR. For this purpose, a pan-yd
T cell line (bulk culture) was generated from human PBMCs by
magnetic bead isolation and subsequently separated into four distinct
populations by flow cytometric sorting: Vy9~V32*, Vy9"V82™,
Vy9*Va2*, and Vy9 V82~ 3 T cells. VHH 5E7 showed
strong binding to VY9~ V32* and Vy9"V82* v3 T cells but not
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FIGURE 3. Stability of binding of VHH 5E7 to Vy9V32 T cells.
Vy9Va2 T cells were incubated with VHH SE7, washed, and cultured for
the indicated time periods in the presence of human serum albumin (10%).
Bound VHH to Vy9V32 T cells was detected by flow cytometry directly
after binding (day 0), after 8 d, and after 15 d of culturing. Both the
percentage and mean fluorescence intensity (MF) of bound VHH to
Vy9V32 T cells are shown. Shown are means = SEM of n = 3 experiments
(biological replicates).
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FIGURE 4. VHH 5E7 inhibits anti-BTN3A1 mAb-induced Vy9V82 T
cell activation. PBMCs were preincubated without VHH (white), with 100
nM VHH 5E7 (gray), or with 300 nM VHH 5E7 (black) in the presence or
absence of anti-BTN3A1 mAb 20.1 and cultured for 24 h. Vy9V82 T cell
activation within the PBMC pool was assessed by upregulation of (A)
CD25 or (B) CD69 as determined by flow cytometry. Shown are means *
SEM of n = 4 experiments (biological replicates). The p values were
calculated with a two-way ANOVA and a Bonferroni post hoc test. *p <
0.05, **p < 0.01. MF, mean fluorescence intensity.

to Vy9*V82~ or Vy9 V82~ 8 T cells (Fig. 5A), indicating
that VHH 5E7 specifically requires the 82 chain for binding. Of
note, the flow cytometry—based binding analysis showed that
VHH 5E7 bound the Vy9*V32* vy8 T cell population with a
higher mean fluorescence intensity than did the VY9~ V32* v
T cell population, indicating that although VHH 5E7 primarily
binds to the V32 chain, the presence of the Vy9 chain may
stabilize this binding.

To identify the region of the Vy9V82 TCR interacting with
VHH 5E7, we generated models of the complex of the Vy9Va2
TCR with VHH 5E7 using HADDOCK (43-45). A model of VHH
SE7 was built by homology modeling as described in Materials
and Methods, whereas the crystal structure of the Vy9Vd2 TCR
(PDB code 1HXM) (34) was available. We first ran an ab initio
docking using the “center of mass” restraints protocol in HADDOCK.
From a statistical analysis of the most frequently contacted
residues within the pool of generated models, no clear region
emerged for the Vy9V32 TCR, although the three CDRs of the
Vvy9V32 TCR were found at the binding interface for VHH 5E7.
Subsequently, a second docking run was performed with the
CDRs of VHH 5E7 defined as “active” residues and all the
solvent-exposed accessible residues of the Vy9Vd2 TCR as
“passive” residues (excluding the transmembrane region) (see
Supplemental Table I and Materials and Methods) to drive the
docking. The in silico statistical contact analysis of the models
(see Materials and Methods) obtained with this second run
clearly revealed preferred interactions of VHH 5E7 with
VA9V32 TCR, in particular at 82 CDR3 (Glu' and Tyr'®%), v9
CDRI1 (Ala*?), y9 CDR2 (Tyr’* and Arg®), and y9 CDR3 (Tip'®,
Leu'®, G1y107, and Lyswg) (Table I), which is in agreement with the
VHH 5E7 in vitro binding analysis performed with the different yd
T cell populations.

The exact mode of recognition between Vy9V82 T cells and
BTN3A1l-expressing cells has not yet been elucidated. Vavassori
et al. (55) have provided evidence for a direct (low affinity) in-
teraction between BTN3Al and the Vy9V82 TCR. To study
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FIGURE 5. Vy9V32 TCR chain interactions with VHH 5E7 and BTN3AL1. (A) Binding of VHH 5E7 to V49~ V82~ (filled gray), Vy9*V32™ (thin line),
VY97 V32" (bold line), and Vy9*V82* (dotted line) yd T cell populations as determined using flow cytometry. Results are representative of n = 3 ex-
periments (biological replicates). (B) Surface representation of the Vy9V32 TCR (PDB code IHXM). Residues of the 82 chain and the y9 chain are colored
in silver and beige, respectively. The Vy9V32 TCR residues in the docking simulations that are found at the interface in both the interactions with VHH
SE7 and BTN3A1 (dark blue), only with VHH 5E7 (green), and only with BTN3A1 (light blue) are indicated. (C) A rotation and zoom on the binding
region is reported with the same color scale as in (B). Labels on each Vy9V82 TCR CDR have been added. (D) Three-dimensional representation of the best

HADDOCK cluster for the Vy9V32 TCR-VHH 5E7 complex (red).

whether binding of VHH 5E7 to the Vy9V32 TCR could directly
compete for binding of BTN3A1 to the Vy9V82 TCR and thereby
possibly account for the inhibitory effect of VHH 5SE7, we addi-
tionally generated in silico models of the Vy9Vd2 TCR with
BTN3A1 (the experimental structure of BTN3A1 is available as
PDB code 4F9L) (7). Also in this case, in silico statistical contact
analysis did not reveal any clear binding region on the VyoVa2
TCR, whereas a specific region could be identified on BTN3AI1.
The corresponding residues of BTN3AIl, together with the
solvent-exposed residues of the Vy9V82 TCR, were defined as
active and passive residues, respectively, to drive a second docking
(see Supplemental Table I). The results of this second run showed
a clear preference for the Vy9V382 TCR to bind BTN3A1 with its
CDRs, and in particular with residues in 82 CDR3 (Gly]m, Gluloz,
and Tyr'®), 82 CDR1 (Ala™, Ser®*, and Tyr*®), y9 CDR2 (Tyr’*,
Asp>®, and Arg®), and vy9 CDR3 (Trp'®, Leu'®, and Lys'®).
From the comparison of the docking results between the two
complexes as illustrated in Fig. 5B and 5C (and Table I), we
observed substantial overlap between the Vy9V32 TCR binding
sites for VHH 5E7 and BTN3Al.

To further specify the Vy9V32 TCR binding sites interacting
with VHH 5E7 and BTN3A1, we performed a third docking round

Table I. List of residues of the Vy9V32 TCR involved in the interaction
with VHH 5SE7 and BTN3Al

TCR in Complex TCR in Complex

with VHH 5E7 with BTN3A1
82 CDR3 102, 103 101, 102, 103
v9 CDR1 32 32, 34, 36
v9 CDR2 54, 59 54, 55,59
v9 CDR3 100, 106, 107, 109 100, 106, 109

The Vy9V82 TCR residues involved both in the interactions with VHH 5E7 and
with BTN3AL1 are noted in bold type. Numbers indicate amino acid residues.

with the most contacted residues from the second docking runs
defined as active residues on both molecules to obtain a repre-
sentative model for both complexes (details in Materials and
Methods and list of residues reported in Supplemental Table I).
For each complex, the top ranking HADDOCK cluster was se-
lected for an analysis of the intermolecular interactions. In Table 11
a list of hydrogen bonds occurring at the interface is reported. As
expected from the results of the previous runs, a clear overlap
between the Vy9V82 TCR binding site for VHH 5E7 and
BTN3A1 was noted, with particular involvement of the 82 chain,
especially in the binding with VHH 5E7 (see Table II). Fig. 5D
shows a three-dimensional representation of the best HADDOCK
cluster between the Vy9V82 TCR and VHH 5E7.

Taken together, these data indicate that VHH 5E7 and BTN3A1
could bind to overlapping regions on the Vy9V32 TCR, and they
thereby suggest that the inhibitory effect of VHH 5E7 might be the
result of active competition between VHH 5E7 and BTN3A1 for
binding to the Vy9Va2 TCR.

Vy9V62 TCR-specific VHH 5E7 inhibits NBP-mediated
Vy9Vé2 T cell activation in PBMCs

Patients treated with NBP frequently experience a troublesome
APR as a result of the (unintended) systemic activation of Vy9Va2
T cells. NBP is frequently administered by i.v. infusion, resulting
in the exposure of PBMCs to NBP for at least a few hours.
Endocytically active cell types, including monocytes, are able to
take up NBPs, leading to phosphoantigen accumulation and
Vy9V82 T cell activation (56). We evaluated the capacity of the
Vy9V82 TCR-specific VHH 5E7 to block this phenomenon. At
present there is no satisfactory immunocompetent animal model
available to study the inhibitory effects of VHH 5E7 in vivo, as
rodents naturally lack BTN3A1 expression (57). In an effort to
mimic the in vivo physiological situation ex vivo, we evaluated
whether VHH 5E7 was capable of inhibiting Vy9Ve2 T cell
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Table II.  List of hydrogen bonds for Vy9V82 TCR-BTN3A1 and Vy9V32 TCR-VHH 5E7 complexes

Vy9V82 TCR BTN3Al VY9V52 TCR VHH 5E7

52, 102 Glu 27 Arg 82, 34 Tyr 3 Gln
32, 102 Glu 1 Glu 32, 97 Leu 3 Gln
52, 102 Glu 119 Tyr 52, 100 Gly 109 Lys
82, 103 Tyr 103 Ala 82, 99 Met 5 Ser
v9, 55 Asp 30 Ser 52, 103 Tyr 28 Phe
Y9, 54 Tyr 31 Asn v9, 54 Tyr 80 Gly
82, 101 Gly 99 Gln v9, 59 Arg 26 His
v9, 59 Arg 30 Ser

v9, 107 Gly 104 Asp

Based on the top clusters obtained by docking. Numbers indicate amino acid residues.

activation in PBMCs of healthy adult volunteers exposed to NBP.
PBMCs were preincubated with VHH 5E7 followed by a 2 h
culture in the presence of NBP. After washing, the PBMCs were
cultured for an additional 24 h, after which Vy9Va2 T cell acti-
vation was determined by assessing upregulation of CD25 and
CD69 by flow cytometry. VHH SE7 was able to significantly in-
hibit the NBP-induced activation of peripheral blood Vy9V32
T cells at concentrations as low as 100 nM VHH (Fig. 6).

Inhibition of tumor cell-mediated activation of Vy9Vé2 T cells

As VHH 5E7 efficiently inhibited Vy9V82 T cell activation after
NBP stimulation, we next explored whether it could also block
Vy9V82 T cell activation induced by tumor cells known to pro-
mote elevated levels of phosphoantigen without the requirement of
exogenous agents. The Burkitt’s lymphoma cell line Daudi in-
duces continuous activation of Vy9Vd2 T cells, as do some ma-
lignancies such as, for example, chronic lymphocytic leukemia
(CLL) (58, 59). Vy9V82 T cells were incubated with either VHH
SE7 or a nonspecific control VHH and cocultured with Daudi cells
in a 1:1 ratio. Mevastatin, which diminishes intracellular phos-
phoantigen levels by inhibiting hydroxymethylglutaryl CoA re-
ductase, an enzyme early in the mevalonate pathway, was used to
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FIGURE 6. VHH 5E7 inhibits Vy9V32 T cell activation in NBP-
exposed PBMCs. PBMCs from a healthy adult donor were preincubated
without VHH (white), with 100 nM VHH (gray), or with 300 nM VHH
(black), treated with NBP for 2 h, washed, and then cultured for an ad-
ditional 24 h. Vy9V382 T cell activation was assessed by determining CD25
(A) and CD69 (B) upregulation on Vy9Va2 T cells within the PBMC pool.
Shown are means = SEM of n = 4 experiments (biological replicates). The
p values were calculated with a two-way ANOVA and a Bonferroni post
hoc test. *p < 0.05. MF, mean fluorescence intensity.

determine the background level of Vy9Vd2 T cell activation
whereas NBP was used to determine the maximum level of
Vy9V82 T cell activation in this experimental system (17, 60).
Degranulation of Vy9V32 T cells and Vy9V82 T cell-induced
Daudi cell lysis was assessed after 4 h by flow cytometry. VHH
SE7 significantly blocked the activation of Vy9Vd2 T cells trig-
gered by Daudi cells in a concentration-dependent manner, as
assessed by both degranulation and target cell lysis (Fig. 7). In-
deed, both the Vy9V82 T cell CD107a levels as well as Daudi cell
lysis in the presence of VHH SE7 were as low as observed when
Vy9V82 T cells were cocultured with mevastatin-treated Daudi
cells. Furthermore, VHH 5E7 was also capable of neutralizing the
increased activation of Vy9Vd2 T cells resulting from NBP
treatment of Daudi cells. The Vy9Vo2 T cell CD3 expression level
was not altered during these coculture experiments (Supplemental
Fig. 2), indicating that VHH 5E7 does not act by downregulating
the Vy9V52 TCR but by blocking the Vy9V82 TCR from recog-
nizing the phosphoantigen—-BTN3A1 complex. Taken together,
these data indicate that VHH SE7 can efficiently neutralize tumor
cell-induced Vy9Va2 T cell activation.

Discussion

In this study, we report on the identification and characterization of
a Vy9V32 TCR-specific VHH that binds with high affinity and
has neutralizing properties. Although Vy9V82 T cells play an
important role in antitumor and antimicrobial defense, there are
circumstances in which Vy9V382 T cell activation can be con-
sidered detrimental to the host. For instance, when NBPs are given
to patients for the treatment of hypercalcemia, osteoporosis, or
metastatic bone disease, bothersome side effects resembling an
APR are frequently observed (15-17). It is thought that the un-
intended accumulation of the phosphoantigen isopentenyl pyro-
phosphate (IPP) induced by NBPs stimulates a massive Vy9Va2
T cell activation with accompanying high levels of proin-
flammatory cytokine production that leads to the APR. Recently,
clinical attempts have been made to reduce the APR effects ob-
served with NBP treatment by coadministering statin medication,
which inhibits an upstream step in the mevalonate pathway,
thereby preventing IPP accumulation, at least in vitro (17, 18, 59—
61). However, statin therapy could not prevent activation of
Vy9Va2 T cells or the occurrence of an APR in vivo, which is
likely related to insufficient inhibition of the mevalonate pathway
at doses commonly used for its therapeutic indication as a cho-
lesterol lowering agent (23-25). VHH 5E7 might provide a novel
therapeutic approach, as it directly targets the Vy9V82 TCR and
blocks the phosphoantigen/BTN3A1-mediated Vy9V82 T cell ac-
tivation in patients treated with NBPs. Indeed, VHH 5E7 signifi-
cantly inhibited the activation and cytokine production of human
Vy9V32 T cell lines derived from various donors, when stimulated
by human NBP-exposed cells. Although V32 TCR-specific mAbs
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FIGURE 7. VHH 5E7 inhibits tumor cell-induced Vy9V82 T cell ac-
tivation. Vy9Va2 T cells were incubated with VHH 5E7 or a nonspecific
control VHH (white, 0 nM VHH; gray, 100 nM VHH; black, 500 nM
VHH) and cocultured with mevastatin-treated, NBP-treated, or regular
Daudi cells in a 1:1 ratio. After 4 h, Vy9V82 T cell activation was de-
termined by assessing CD107a expression on Vy9Vd2 T cells (A) and
assessing Vy9Vd2 T cell-induced lysis of Daudi cells (B). The percentage
of lysed Daudi cells was determined using 7-AAD staining and flow
cytometry. Shown are means = SEM of n = 3 experiments (biological
replicates). The p values were calculated with a two-way ANOVA and a
Bonferroni post hoc test. *p < 0.05, ***p < 0.001. meva, mevastatin.

with neutralizing properties have been described, the clinical use
of these mAbs would have several limitations, including the
development of human anti-mouse Abs, resulting in Ab neu-
tralization and potential adverse events such as the cytokine re-
lease syndrome (27, 62). When considering clinical application,
VHHs have several advantages over conventional mAbs. For
example, VHHs are low immunogenic because they are devoid
of an Fc region and share high homology with human VH family
three genes. Furthermore, owing to the single-domain character
and small size (~15 kDa) of VHHs, they have additional
advantages, including enhanced tissue/tumor penetration,
enhanced stability and solubility, and ease of production in
relatively cost- and time-efficient production systems such as
bacteria or yeast (27, 63).

Because rodents naturally lack BTN3A1 expression and hence
phosphoantigen-dependent yd T cell responses, there is currently no
satisfactory immunocompetent rodent model available to investi-
gate the inhibitory effects of VHH 5E7 on Vy9V82 T cell activation
in vivo (57). Therefore, we studied the effect of VHH 5E7 on
preventing NBP-induced Vy9V32 T cell activation directly ex vivo
using PBMCs of healthy adult volunteers, confirming its neutral-
izing properties. Furthermore, as VHH 5SE7 has high affinity for the
Vy9V82 TCR and could still be detected on the cell surface of
Vy9V32 T cells after >14 d in culture, our data offer a promising
perspective to explore this VHH as a novel therapeutic to prevent
the occurrence of APR in patients treated with NBPs.

Additionally, we found that VHH 5E7 can inhibit Vy9V32 T cell
activation when exposed to tumor cells that induce continuous
Vy9V32 T cell activation without the requirement of additional
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agents to promote elevated levels of phosphoantigen. Multiple
studies have reported on the induction of Vy9Vo2 T cell unre-
sponsiveness after repeated administration of NBP or exogenous
phosphoantigens (64-66). Likewise, it has been reported that pa-
tients with, for example relapsed/refractory low-grade non—
Hodgkin lymphoma, multiple myeloma, or CLL can have an
unresponsive Vy9V32 T cell population (11, 58). Although it is
unknown what causes the Vy9Vd2 T cell unresponsiveness in
these patients, it has been suggested that an overactive mevalonate
pathway, resulting in supraphysiologic levels of the phosphoanti-
gen IPP, leads to continuous Vy9Vd2 T cell activation and ex-
haustion in patients with CLL (58, 67). An unresponsive Vy9Va2
T cell population can severely limit the efficacy of Vy9Va2
T cell-dependent antitumor immune responses. It would be worth
investigating whether VHH S5E7 could inhibit this continuous
Vy9V82 T cell activation mediated by tumor cells and could
thereby restore Vy9Vo2 T cell anergy and exhaustion and allow
Vy9V82 T cells to regain their antitumor effector function. If so,
administration of VHH 5E7 might not only also be beneficial for
non-Hodgkin lymphoma and multiple myeloma patients but, as
Vy9V82 T cells recognize a broad range of cancer cells, it is not
unlikely that Vy9V82 T cell exhaustion and reduced antitumor
function also occur in nonhematological cancers (2, 10, 68, 69).
To date, there are limited reports about the mechanism behind the
observed dysfunctional Vy9V82 T cell population in patients;
consequently, it would be interesting to investigate the mevalonate
pathway activity in patients from a broad range of cancer types
and correlate this to patients’ Vy9V82 T cell responsiveness. If a
strong correlation is found, VHH SE7 may be clinically relevant to
prevent the diminished Vy9V32 T cell-mediated antitumor im-
mune response in these patients.

Of note, we found that VHH SE7 not only neutralized
phosphoantigen-dependent, but also phosphoantigen-independent,
Vy9V82 T cell activation by the activating anti-BTN3A1 mAb
20.1. In vitro and in silico binding analyses revealed VHH 5SE7 to
predominantly bind to the V32 chain of the Vy9V82 TCR. VHH
5E7 did not induce downregulation of the Vy9V32 TCR, and it is
therefore likely that VHH SE7 exerts its inhibitory function by
shielding the Vy9V3d2 TCR from interacting with BTN3Al-
expressing cells. Currently, there is an ongoing debate in the lit-
erature on the exact mode of recognition between Vy9Va2 T cells
and BTN3Al-expressing cells. Although the requirement of in-
tracellular binding of phosphoantigen to BTN3A1 has been
demonstrated by several groups (8, 54, 57, 70), diverse models
have been proposed to explain the extracellular interactions be-
tween Vy9VS2 T cells and BTN3A1-expressing cells (55, 71, 72).
Of interest, docking simulations that we performed suggested a
direct interaction between BTN3A1l and the Vy9V82 TCR and
additionally suggested that the predicted region of interaction
overlapped with the region on the Vy9V32 TCR predicted to in-
teract with VHH 5E7. However, although this could explain the
observed inhibitory effects of VHH 5E7, it does not explain or
take into account reports indicating additional proteins encoded on
chromosome 6 supplementary to BTN3AT1 to be required for full
HMPBB-induced stimulation of Vy9V82 T cells (55, 73). Possi-
bly, our observed in silico interaction between BTN3A1 and the
Vy9V32 TCR is of relatively low affinity, which would be in
agreement with earlier reports (55) and suggestions (8) and would
therefore require additional (costimulatory) interactions for com-
plete TCR engagement and Vy9V32 T cell activation (74).

Previously, mutagenesis experiments have shown that variations
in the Vy9V382 TCR CDR332 region, which may differ within and
between individuals, determine phosphoantigen/BTN3A1-mediated
Vy9V32 TCR activation. However, no specific sequence was
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required except for an aliphatic residue at position 97 and re-
strictions regarding the length of the CDR (10, 75). In accordance
with these data, one of the interactions found in the model of the
Vy9V82 TCR-VHH 5E7 complex involves CDR382 Leu’’, and
although interactions were found in the CDR382¢g_¢; region,
reported to affect phosphoantigen/BTN3Al-mediated VyoVd2
T cell activation (10), mutations in this region did not abrogate
VHH 5E7 binding (Supplemental Fig. 3), suggesting that VHH
SE7 will be widely applicable when considering clinical utility. It
is likely that the CDR382 Leu®” residue plays a crucial role in the
strong neutralizing effect of VHH 5E7 on Vy9V32 TCR activa-
tion. Additionally, interactions were also predicted for the Vy9
chain with VHH 5E7 and BTN3A1. Both molecules were found to
interact with ¥9 Lys'®, a residue previously reported to be in-
volved in Vy9V32 TCR activation (76, 77). Considering the rel-
evance of the 82 chain interactions reported in the present study
and previously (10, 78), the y9 interactions are likely to be pri-
marily relevant for stabilization of the interaction with V32. Ad-
ditionally, we found residue y9 Tyr>* to interact with BTN3A1 but
not with VHH 5E7, which is in accordance with the suggestion
that this residue is involved in contacting the Ag-presenting
molecule of the Vy9Vd2 TCR (75).

Collectively, the data reported in the present study show that we
have identified a unique Vy9V82 T cell-specific VHH that can
inhibit Vy9V82 T cell activation by directly targeting the Vy9Vo2
TCR. This VHH holds promise for the development of a future
immunotherapeutic strategy aimed at preventing undesired Vy9Vo2
T cell activation as, for example, observed during the APR in NBP-
treated patients.
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