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SUMMARY

Vg9Vd2 T cells constitute a homogeneous effector T cell population that lyses tumors of different origin,
including the prostate. We generated a bispecific T cell engager (bsTCE) to direct Vg9Vd2 T cells to
PSMA+ prostate cancer (PCa) cells. The PSMA-Vd2 bsTCE triggered healthy donor and PCa patient-derived
Vg9Vd2 T cells to lyse PSMA+ PCa cell lines and patient-derived tumor cells while sparing normal prostate
cells and enhanced Vg9Vd2 T cell antigen cross-presentation to CD8+ T cells. Vg9Vd2 T cell expressed
NKG2D and DNAM-1 contributed to Vg9Vd2 T cell activation and tumor lysis at low PSMA-Vd2 bsTCE con-
centrations. In vivomodels confirmed the antitumor efficacy of the bsTCE and demonstrated a half-life of 6–
7 days. Tissue-cross reactivity analysis was in line with known tissue distribution of PSMA and Vg9Vd2
T cells. Together these data show the PSMA-Vd2 bsTCE to represent a promising anti-tumor strategy and
supports its ongoing evaluation in a phase 1/2a clinical trial in therapy refractory metastatic castration-resis-
tant PCa.

INTRODUCTION

Prostate cancer (PCa) is the second most common cancer

among men worldwide.1 Initially, patients with metastatic PCa

typically receive androgen-deprivation therapy (ADT).2–4 When

PCa becomes resistant to ADT (i.e., castration resistant), thera-

peutic approaches may include 2nd generation anti-hormonal

agents (e.g., enzalutamide and abiraterone), chemotherapy

(e.g., docetaxel and cabazitaxel), poly ADP-ribose polymerase

inhibitors (e.g., olaparib and rucaparib), and most recently lute-

tium-177-prostate-specific membrane antigen (PSMA)-617 ra-

dioligand therapy.5–7 Nevertheless, a high unmet medical need

remains for patients with castration-resistant prostate cancer

that do not benefit from these existing treatments long term.5,8

Immunotherapeutic strategies have demonstrated impres-

sive improvements in treatment outcomes for multiple cancers,

particularly in melanoma, non-small-cell lung carcinoma, and

renal cell carcinoma. To date, anti-PD-1 monoclonal antibodies

have been approved for only a fraction of PCa patients

with high microsatellite instability (MSI-H) or mismatch repair

deficient (dMMR) tumors.9 Unfortunately, the overall efficacy

of immunotherapy in PCa has been disappointing. This may

be related to PCa, especially in advanced stages, being an

immunologically cold tumor with an immunosuppressive

tumor microenvironment enriched for Th17 cells, regulatory

T cells (Tregs), and suppressive myeloid cell populations.10–13

Whereas infiltration of conventional ab T cells is generally

limited in PCa, the frequency of tumor-infiltrating Vg9Vd2

T cells was reported to be relatively high in prostate tumors

compared to other tumor types, with their abundance corre-

lating with favorable outcome.14 Vg9Vd2 T cells are activated

by conformational changes in the butyrophilin (BTN) 2A1-

BTN3A1 complex caused by intracellular binding of (non-

peptidic) phosphoantigens, which accumulate in tumor

cells through dysregulation of the mevalonate pathway.15,16

Vg9Vd2 T cells can bridge innate and adaptive immune re-

sponses and harbor direct and indirect anti-tumor properties

in an HLA-independent manner.17,18 Activation of these cells
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leads to secretion of pro-inflammatory cytokines (i.e., tumor ne-

crosis factor [TNF] and interferon gamma [IFN-g]), expansion,

antigen presentation, recruitment of ab T cells, and tumor lysis

via perforin/granzyme B and Fas ligand.19–24

PSMA has been recognized as an attractive target in prostate

cancer due to overexpression of the protein in the primary tumor,

in cancerous lymph nodes and bone metastases, compared to

non-malignant (healthy) prostate tissue.25,26 Here, we set out

to generate and characterize a PSMA-Vd2 bispecific T cell en-

gager (bsTCE) to direct the antitumor properties of Vg9Vd2

T cells to PCa. The PSMA-Vd2 bsTCE effectively triggered

Vg9Vd2 T cells to lyse multiple PSMA-expressing prostate tu-

mors, but not non-malignant prostate tissue, inhibited tumor

growth in an in vivomouse model, and enhanced (tumor-associ-

ated) antigen cross-presentation to CD8+ T cells. Tissue-cross

reactivity studies confirmed binding to be restricted to tissues

known to express PSMA or contain Vg9Vd2 T cells further sup-

porting clinical evaluation of this Vg9Vd2 T cell targeted immuno-

therapy approach in PCa patients.

RESULTS

PSMA-Vd2 bsTCEs bind to PSMA and Vd2 and trigger
Vg9Vd2Tcelldegranulationand lysisofPSMA+tumorcells
To generate Vg9Vd2 T cell engagers, the PSMA-specific variable

heavy domain of heavy chain (VHH) D227 was N-terminally

(PSMA-Vd2 bsTCE) or C-terminally (Vd2-PSMA bsTCE) linked

to the Vd2-TCR-specific VHH5C8.28 While both orientations of

the bsTCE bound with similar half maximal effective concentra-

tion (EC50) to Vg9Vd2 T cells (PSMA-Vd2: 1.10 nM versus Vd2-

PSMA: 0.59 nM) (Figure 1A), a difference was observed in the

EC50 for binding to the PSMA+ cell line LNCaP (PSMA-Vd2:

14.12 nM versus Vd2-PSMA: 65.37 nM, Figure 1B). No binding

to PC3 tumor cells, which lack PSMA expression, was observed.

In the presence of LNCaP cells both orientations of the bsTCE

induced comparable Vg9Vd2 T cell degranulation, CD25 upregu-

lation, IFN-g production, and lysis of LNCaP cells (see Figures 1C

and 1D, also for EC50 values). Vg9Vd2 T cell degranulation, CD25

upregulation, IFN-g production, and target cell lysis were not

observed in co-cultures with PSMA�PC3 tumor cells, confirming

target specificity. To facilitate clinical applicability, the PSMA-

Vd2 bsTCE was humanized using complementarity-determining

region (CDR) grafting technology as described in the Star

Methods section, and its binding to Vd2 and PSMA was

confirmed (Figure S2). In addition, as the expected plasma half-

life of a bispecific VHH is short, the humanized bsTCE was pro-

ducedwith an Fc tail by linking the individual VHHs via amodified

hinge to a human CH2 and CH3 domain (hereafter referred to as

PSMA-Vd2-Fc bsTCE; both humanized molecules are illustrated

in Figure S1) to prolong plasma half-life. The PSMA-Vd2-Fc

bsTCE was shown to bind with (low) nM apparent affinity to

Vg9Vd2 T cells (EC50 1.17 nM) and LNCaP cells (EC50

18.42 nM) (Figure 2A) similarly to the bsTCE without Fc tail. Acti-

vation of Vg9Vd2 T cells was observed in co-cultures with several

PSMA-expressing tumor cell lines i.e., 22Rv1, VCaP (Figure 2B),

and LNCaP in the presence of the PSMA-Vd2-Fc bsTCE as

shown by the induction of degranulation, CD25 upregulation,

and IFN-g production (Figure 2C, with all listed EC50 values). All

three PSMA+ tumor cell lines were efficiently lysed by Vg9Vd2

T cells in a bsTCE concentration-dependent manner (Figure 2D).

No binding of the PSMA-Vd2-Fc bsTCE to LNCaP PSMA knock-

out cells or PC3 cells was detected (Figure 2A), and Vg9Vd2

T cells did not degranulate when exposed to LNCaP PSMA KO

cells or PC3cells (Figure 2C), norwerePC3cells lysed in thepres-

ence of the bsTCE (Figure 2D). Control bsTCEs did not bind to

Vg9Vd2 T cells nor LNCaP cells (Figure 2A) and did not induce

Vg9Vd2 T cell activation or tumor cell lysis (Figure 2E).

These data demonstrate that both bispecific VHHs with or

without the Fc domain bind Vg9Vd2 T cells and PSMA+ tumor

cells similarly and trigger target-dependent and specific

Vg9Vd2 T cell activation, degranulation, cytokine release, and

lysis of PSMA+ prostate tumor cells at sub-nanomolar

concentrations.

PSMA-Vd2-Fc bsTCE triggers activation of Vg9Vd2
T cells in prostate cancer patient-derived tumor tissue
and PBMC and induces selective prostate tumor cell
lysis
We next assessed the frequency and phenotype of Vg9Vd2

T cells in PCa patient-derived peripheral blood mononuclear

cell (PBMC) and malignant and non-malignant prostate tissue

suspensions and tested their activation in the presence of the

bsTCE. As shown in Figure 3A, the frequency of Vg9Vd2 T cells

(of total CD3+ T cells) was 2.6 ± 0.7% (mean ± SEM; n = 40) in

PBMC, 1.4 ± 0.4% (mean ± SEM; n = 31) in non-malignant pros-

tate tissue and 1.6 ± 0.5% (mean ± SEM; n = 31) in malignant

prostate tissue. Phenotypic analysis of Vg9Vd2 T cells and

CD3+ non-Vg9Vd2 T cells (T cells) is shown in Figure 3B. Expres-

sion of the early activation and tissue-residency marker CD69

was observed on the majority of Vg9Vd2 T cells with a non-sig-

nificant trend toward more cells expressing CD69 in non-malig-

nant and malignant prostate tissue compared to PBMC (CD69

mean ± SEM: 81.4% ± 8.9% of Vg9Vd2 T cells in non-malignant;

87.7% ± 6.0% of Vg9Vd2 T cells in malignant prostate tissue;

68.1% ± 4.5%of Vg9Vd2 T cells in PBMC). Vg9Vd2 T cell expres-

sion of the co-stimulatory molecule 4-1BB, typically expressed

on activated T cells, was generally limited and mostly restricted

to cells in malignant prostate tissue. Malignant prostate tissue

also contained the highest frequency of Vg9Vd2 T cells express-

ing the terminal differentiationmarker CD57. Expression levels of

the PD-1 immune checkpoint receptor did not statistically differ

between Vg9Vd2 T cells from PBMC and prostate tissue. While

the percentage of CD3+ cells expressing 4-1BB was higher in

malignant prostate tissue, expression of CD69 and PD-1 was

significantly higher in both non-malignant and malignant pros-

tate tissue compared to PBMC. Expression of CD57 on CD3+

cells was not different in PBMC or prostate tissue. In order to

explore the functional responsiveness of Vg9Vd2 T cells in PCa

patients to PSMA-Vd2-Fc bsTCE, we tested Vg9Vd2 T cell

degranulation and tumor cell lysis in cultures of non-malignant

(PSMA expression MFI mean ± SEM; 0.7 ± 0.3) and malignant

(PSMA expression MFI mean ± SEM; 5.7 ± 2.4) prostate tissue

alone or in co-cultures with autologous patient-derived PBMC

added. In the case of malignant prostate tissue, addition of

the PSMA-Vd2-Fc bsTCE resulted in a significant increase in

degranulation of both tissue infiltrated (TI; 4 h co-cultures, p =
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0.005) and peripheral blood Vg9Vd2 T cells (24 h co-cultures, p =

0.04) (Figure 3C). In contrast, the PSMA-Vd2-Fc bsTCE did not

enhance degranulation of Vg9Vd2 T cells when added to non-

malignant prostate tissue (containing autologous TI lympho-

cytes) alone or to co-cultures containing non-malignant prostate

tissue and autologous PBMC (Figure 3D). Lysis of prostate tumor

cells (defined as CD45�EpCAMdim/+ cells) and non-malignant

prostate cells (defined as CD45�EpCAM- cells) was also as-

sessed. In 24 h co-cultures with autologous PCa patient-derived

PBMC (PBMC:target cell ratio = 10:1; Vg9Vd2 T cell:target

cell ratio = 1:25 [donor 1], 1:9 [donor 2], and 1:5 [donor 3]), we

observed lysis of prostate tumor cells triggered by the PSMA-

Vd2-Fc bsTCE, whereas non-malignant prostate cells were

spared (Figure 3E). Of note, in 2/3 donors, tumor lysis was also

observed in the PSMA-Vd2-Fc bsTCE only conditions and there-

fore mediated by intratumoral Vg9Vd2 T cells.

NKG2D and DNAM-1 receptor interactions contribute to
PSMA-Vd2-Fc bsTCE-induced Vg9Vd2 T cell
degranulation and tumor cell lysis at functionally non-
saturating bsTCE concentrations
Expression levels of PSMA and of co-stimulatory and co-inhibi-

tory ligands were determined on malignant and non-malignant

prostate tissue to assess their possible contribution to the

observed tumor specificity of Vg9Vd2 T cells upon binding of

the PSMA-Vd2-Fc bsTCE. As expected, prostate cancer cells

expressed significantly higher levels of PSMA compared to

non-malignant prostate cells (p % 0.0001; Figure 4A). This was

further confirmed using paired non-malignant and malignant tis-

sue samples from 30 PCa patients (p % 0.0001; Figure 4B). We

also observed BTN3A and BTN2A1, receptors critically involved

in mediating the phosphoantigen dependent activation of

Vg9Vd2 T cells, to be expressed at significantly higher levels

Figure 1. Impact of binding domain order in PSMA-Vd2 bsTCEs on cell binding and induction of cytolytic activity of Vg9Vd2 T cells

(A) Binding of non-humanized PSMA-Vd2 and Vd2-PSMA bsTCE to expanded Vg9Vd2 T cells (n = 7).

(B) PSMA expression shown as histogram (n = 1) and binding of non-humanized bsTCEs to LNCaP (n = 2) and PC3 cells (n = 2).

(C) Vg9Vd2 T cell CD107a expression (n = 5), CD25 expression (n = 3), IFN-g secretion (n = 3).

(D) Target cell lysis (n = 5) in 24 h co-cultures of expanded Vg9Vd2 T cells with LNCaP or PC3with indicated concentrations of non-humanized bsTCEs. Data were

generated using flow cytometry (A, B left, C CD107a and CD25, D), ELISA (B right) or CBA (C IFNg). Data represent mean ± S.E.M.
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Figure 2. Target binding, Vg9Vd2 T cell activation, and tumor cell lysis by the PSMA-Vd2-Fc bsTCE

(A) PSMA-Vd2-Fc bsTCE and control bsTCE binding to expanded Vg9Vd2 T cells (n = 6), LNCaP (left: n = 3, right: n = 2), and PC3 cells (n = 1).

(B) PSMA expression by 22Rv1 and VCaP shown as histograms.

(legend continued on next page)
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on malignant versus non-malignant prostate cells (p % 0.0001

and p = 0.04, respectively Figure 4C). Similarly, the Vg9Vd2

T cell activating ligands nectin-2 and poliovirus receptor (PVR)

(DNAM-1 ligands) as well as MIC-A/B, ULBP-3, and ULBP-2/5/

6 (NKG2D ligands) were found to be expressed at significantly

higher levels by malignant versus non-malignant prostate cells

(nectin-2: p = 0.003, PVR: p = 0.01, MIC-A/B: p = 0.003,

ULBP-3: p = 0.02 and ULBP-2/5/6: p = 0.03; Figures 4D and

4E). Only the NKG2D ligand ULBP-1 was expressed at similar

levels (p = 0.2; Figure 4E). Also, HLA-E, the ligand for the inhibi-

tory NKG2A receptor was expressed at significantly higher levels

onmalignant prostate cells compared to non-malignant prostate

cells (P=<0.0001; Figure 4F). Frequencies of Vg9Vd2 T cells that

expressed the receptors for these ligands, DNAM-1, NKG2D,

and NKG2A, varied substantially between patients and were

not statistically significantly different between Vg9Vd2 T cells in

PBMC, non-malignant or malignant prostate tissue in the case

of NKG2D and NKG2A (Figure 4G). The frequency of DNAM-1

expressing Vg9Vd2 T cells was lower in malignant tissue

(PBMC versus malignant p%0.0001, non-malignant versus ma-

lignant p = 0.03), though the intensity of expression (in MFI) on

DNAM-1 expressing Vg9Vd2 T cells was very similar between

groups.

Following the observation of higher levels of BTN3A, BTN2A1,

and ligands of NKG2D, NKG2A, and DNAM-1 on prostate tumor

cells, we next assessed whether receptor interactions involving

these molecules could contribute to Vg9Vd2 T cell reactivity

induced by the PSMA-Vd2-Fc bsTCE, using monoclonal anti-

bodies blocking these interactions. For this purpose healthy donor

derived expanded DNAM-1, NKG2D, and NKG2A expressing

Vg9Vd2 T cells were co-cultured with either of three prostate can-

cer cell lines expressing variable levels of PSMA, BTN3A, and

DNAM-1, NKG2D, and NKG2A ligands (expression of DNAM-1,

NKG2D, and NKG2A on Vg9Vd2 T cells is shown in Figure S3A

and expression of BTN3A and DNAM-1, NKG2D and NKG2A li-

gands shown in Figure S3B) in the absence or presence of

PSMA-Vd2-Fc bsTCE concentrations that, based on experiments

shown in Figure 2, triggered maximal (5 nM) or sub-optimal (1 pM

and 5 pM) Vg9Vd2 T cell activation and cytotoxicity.

Vg9Vd2 T cell degranulation, cytokine production, and tumor

cell lysis increased with increasing dose of PSMA-Vd2-Fc bsTCE

(Figures 5A and 5B; Figures S3 and S4). When functionally satu-

rating concentrations of the PSMA-Vd2-Fc bsTCE were used,

Vg9Vd2 T cell degranulation and tumor lysis were strong regard-

less of the presence of neutralizing antibodies. In the absence

of PSMA-Vd2-Fc bsTCE or in the presence of non-saturating

concentrations of PSMA-Vd2-Fc bsTCE, DNAM-1 receptor-

ligand interactions impacted Vg9Vd2 T cell reactivity to LNCaP,

VCaP, and 22Rv1 cells, as degranulation was significantly

reduced in the presence of the DNAM-1 blocking antibody (Fig-

ure 5A). Similar trends were observed when specific tumor cell

lysis (Figure 5B) and Vg9Vd2 T cell cytokine production were as-

sessed (Figure S4). The impact of blocking NKG2D receptor-

ligand interactions on Vg9Vd2 T cell reactivity to PSMA-Vd2-Fc

bsTCE only reached statistical significance in the presence of

LNCaP cells (Figures 5C and 5D which may be related to the

higher NKG2D ligand expression levels on LNCaP compared

to VCaP and 22Rv1 cells (Figure S3B). Vg9Vd2 T cell degranula-

tion was not statistically significantly affected by the presence of

either BTN3A or NKG2A neutralizing antibodies (Figure S5). To

explore whether these receptor interactions also impacted

Vg9Vd2 T cell reactivity in patient samples, we cultured prostate

tumor sample single-cell suspensions of 3 patients in the pres-

ence of 0.05 nM PSMA-Vd2-Fc bsTCE and either DNAM-1 or

NKG2D blocking antibodies ex vivo for 4 h. The PSMA-Vd2-Fc

bsTCE induced increase in Vg9Vd2 T cell degranulation was

significantly reduced in the presence of a DNAM-1 blocking anti-

body whereas the NKG2D blocking antibody only reduced

degranulation in 1 of the 3 donors (Figure 5E). In line with this

observation, the tumor-infiltrating Vg9Vd2 T cells of this patient

expressed higher baseline NKG2D levels than the other 2 donors

(MFI: 3.34 versus MFI: 1.52 and 1.66). In conclusion, DNAM-1

and NKG2D receptor interactions contribute to Vg9Vd2 T cell

reactivity and prostate cancer lysis in the absence of or in the

presence of functionally non-saturating PSMA-Vd2-Fc bsTCE

concentrations.

Activation of Vg9Vd2 T cells by bsTCE enhances their
capacity to function as antigen-presenting cells
It was reported that phosphoantigen-activated Vg9Vd2 T cells

can function as antigen presenting cells (APCs) and can

(cross-) present antigens to CD4+ and CD8+ T cells.29–31 We

therefore evaluated whether bsTCE-activated Vg9Vd2 T cells

could also exert APC functions. When freshly isolated (non-

expanded) Vg9Vd2 T cells were co-cultured for 24 h with

PSMA-Vd2 bsTCE in PSMA protein-coated plates, we observed

a significant increase in expression of CD83, HLA-A2, and HLA-

DR, which are known APC-associated ligands also expressed by

mature dendritic cells32 (Figure 6A). Next, to study the effect of

bsTCE on peptide cross-presentation by Vg9Vd2 T cells, we

selected 3 model long peptides (LP), derived from the influenza

M1 protein, the cytomegalovirus (CMV) pp65 protein, and the

melanoma associated MART-1 protein, that contain known se-

quences that can be recognized by anti-viral (M1 and pp65)

and anti-tumor (MART-1) specific CD8+ T cells. As these 25-

30-mer LPs require intracellular processing and cross-present-

ing on HLA-A2 molecules in order to activate antigen specific

CD8+ T cells, the Vg9Vd2 T cells used for these experiments

were derived from HLA-A2 positive donors. We observed that

(expanded) Vg9Vd2 T cells that were pre-activated by the

PSMA-Vd2 bsTCE using PSMA-coated plates induced signifi-

cantly more activation (expression of CD69, CD25, CD107a,

(C) Vg9Vd2 T cell CD107a expression, CD25 expression, and IFN-g secretion (n = 3).

(D) Target cell lysis (n = 3–4) in 24 h co-cultures of expanded Vg9Vd2 T cells with 22Rv1, VCaP, LNCaP (WT or PSMA KO), or PC3 with indicated concentrations of

bsTCE.

(E) Vg9Vd2 T cell CD25 expression (n = 3) and target cell lysis (n = 3) in 24 h co-cultures of expanded Vg9Vd2 T cells with 22Rv1, VCaP, LNCaP, or PC3with 100 nM

PSMA-Vd2-Fc bsTCE or control bsTCEs. Data were generated using flow cytometry (A left, B, C; CD107a and CD25, D, E), ELISA (A, middle and right) or CBA (C,

IFNg). Data represent mean ± S.E.M.
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Figure 3. PCa patient Vg9Vd2 T cell frequency, phenotype, and cytolytic activity in the presence of PSMA-Vd2-Fc bsTCE

(A) Vg9Vd2 T cell frequency (percentage of total T cells) in PBMC and non-malignant and malignant prostate tissue derived from PCa patients with primary

prostate cancer.

(B) CD69, 4-1BB, PD-1, and CD57 expression (%) on Vg9Vd2 T cells or conventional CD3+ T cells (non-Vg9Vd2 T cells).

(C) CD107a expression on Vg9Vd2 T cells within tissue infiltrate (TI) derived from malignant prostate tissue (4 h culture, n = 4) or CD107a expression on Vg9Vd2

T cells derived from autologous PBMC cultured with malignant prostate tissue (right, 24 h culture, 10:1 ratio, n = 5) with or without 50 nM PSMA-Vd2-Fc bsTCE.

(D) CD107a expression on Vg9Vd2 T cells derived from non-malignant prostate tissue (left, 4 h culture, n = 4) or CD107a expression on Vg9Vd2 T cells derived from

autologous PBMC cultured with non-malignant prostate tissue (right, 24 h culture, 10:1 ratio, n = 4) with or without 50 nM PSMA-Vd2-Fc bsTCE.

(E) Target cell lysis of CD45-EpCAMdim/+ cells from malignant tissue (n = 3) or CD45-EpCAM- cells derived from non-malignant tissue (n = 3) from patients with

primary PCa in the presence or absence of matched PBMC in a 10:1 PBMC:tissue ratio after 24 h cultures. Data were generated using flow cytometry, circles

represent individual patient samples and themean (A and B) or mean ± S.E.M (E) are shown. One-way ANOVAwith Dunnet multiple comparisons test (B), paired t

test (C and E). p < 0.05: *, p < 0.01: **, p < 0.001: *** and p < 0.0001: ****.
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and IFN-g) of M1 or MART-1 specific CD8+ T cells when pulsed

with M1 or MART-1 LPs during the stimulation (Figures 6B and

6C). As illustrated in Figure 6D, a similar experiment was per-

formed using freshly isolated (non-expanded) Vg9Vd2 T cells.

Freshly isolated Vg9Vd2 T cells pre-activated with PSMA-Vd2

bsTCE induced significantly more activation (CD69 and

CD107a) of pp65-specific CD8+ T cells when pulsed with pp65

LP during stimulation. We observed that pp65 LP cross-presen-

tation by PSMA-Vd2 bsTCE activated (expanded) Vg9Vd2 T cells

also promoted an increase in the frequency of pp65-specific

CD8+ T cells among CD8+ T cells from a CMV+ donor (Fig-

ure 6E). This suggests an improved survival/proliferation of anti-

gen-specific CD8+ T cells by PSMA-Vd2 bsTCE activated and

pp65-loaded Vg9Vd2 T cells. To determine if those activated

pp65-specific CD8+ T cells were functional and could induce

cytotoxicity of tumor cells, unloaded or pp65 short peptide

(SP, not requiring antigen processing)-loaded THP-1 tumor cells

were subsequently added as target cells to those cultures and

incubated for another 24 h. As shown in Figure 6F, we observed

that CD8+ T cells co-cultured with pp65 LP pre-treated Vg9Vd2

T cells induced significantly more cytotoxicity of pp65 SP-loaded

THP-1 tumor cells compared to CD8+ T cells co-cultured with

Vg9Vd2 T cells that were not exposed to pp65 LP. Tumor cell

cytotoxicity was not seen when THP-1 tumor cells were not

pre-loaded with pp65 SP, indicating that the observed lysis is

specifically mediated via pp65-specific CD8+ T cell recognition

of the tumor cells (Figure 6F left panel).

PSMA-Vd2-Fc bsTCE triggers in vivo antitumor activity
in a xenograft PCa model using human PBMC
In order to evaluate the in vivo therapeutic efficacy of the PSMA-

Vd2-Fc bsTCE, male immunodeficient NCGmice were inoculated

subcutaneously with 22Rv1 tumor cells admixed with human

healthy donor derived PBMC in a ratio of 2:1 (22Rv1:PBMC, n =

2 PBMC donors: Vg9Vd2 T cell frequencies of respectively

21.9% and 8.8% of total CD3+ cells resulting in 22Rv1:Vg9Vd2-

T ratios of 22:1 and 60:1. Mice were treated with the PSMA-

Vd2-Fc bsTCE (0.2 and 2.0 mg/kg) or PBS intravenously weekly

on day 0, 7, 14, and 21 starting at the day of tumor cell and

PBMC inoculation and animals were sacrificed when themean tu-

mor volume of a group exceeded 2.000 mm3. As shown in

Figures 7A and 7B, inoculation of PBMC alone did not influence

tumor growth but in combination with the PSMA-Vd2-Fc bsTCE

treatment (0.2 mg/kg and 2.0 mg/kg) led to significant tumor

growth inhibition (0.2 mg/kg: p % 0.0001, TGI 61% and 2.0 mg/

kg: p % 0.0001 and TGI 60% on day 37) resulting in a significant

Figure 4. Phenotypic analysis of ligands on PCa patient-derived tissue samples and matched co-receptors on PCa patient-derived Vg9Vd2

T cells

(A–G) Expression levels (MFI or percentage) of PSMA, BTN3A, BTN2A1, nectin-2, PVR, MIC-A/B, ULBP-1, 2, 3, 5, HLA-E, DNAM-1, NKG2D, and NKG2A on PCa

patient-derived tissue samples and Vg9Vd2 T cells. Individual patient samples are indicated using circles. Data were generated using flow cytometry and the

median is shown. MFI = mean fluorescent intensity. Paired t test (A–F), one-way ANOVA with Dunnet multiple comparisons test (G). p < 0.05: *, p < 0.01: ** and

p < 0.0001: ****.
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Figure 5. Impact of DNAM-1 and NKG2D receptor interactions in PSMA-Vd2-Fc bsTCEmediated Vg9Vd2 T cell activation and prostate tumor

cell lysis

(A) CD107a expression (4 h culture, n = 4) and (B) tumor cell lysis (24 h culture, n = 4) from cultures of expanded Vg9Vd2 T cells pre-incubated with 10 mg/mL anti-

Fc receptor Ab and a-DNAM-1 blocking antibody or IgG1 isotype control with LNCaP, VCaP, or 22Rv1 tumor cells with indicated concentrations of PSMA-Vd2-Fc

bsTCE.

(C and D) (C) CD107a expression (4 h culture, n = 4) and (D) tumor cell lysis (24 h culture, n = 4) from cultures of expanded Vg9Vd2 T cells pre-incubated with

10 mg/mL anti-Fc receptor Ab and a-NKG2D blocking antibody or IgG1 isotype control with LNCaP, VCaP, or 22Rv1 tumor cells with indicated concentrations of

PSMA-Vd2-Fc bsTCE.

(E) CD107a expression on Vg9Vd2 T cells derived from malignant prostate tissue (n = 3) of PCa patients after 4 h co-culture with 0.05 nM PSMA-Vd2-Fc bsTCE

and a-DNAM-1 or a-NKG2D blocking Ab. Data were all generated using flow cytometry and circles represent individual data-points. Box and whisker plots

indicate themedian, 25th to 75th percentiles andminimum tomaximum and bar graphs represent mean ±S.E.M. Paired t test (A, C–E). p < 0.05: *, p < 0.01: ** and

p < 0.001: ***.
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increase in overall survival (0.2mg/kg: p% 0.0001 and 2.0 mg/kg:

p % 0.0001) with a median overall survival of 49.5 days in

the PSMA-Vd2-Fc treated groups and 37 days in the PBS

treated group. These data show that the PSMA-Vd2-Fc bsTCE

triggers in vivo antitumor activity using non-expanded freshly iso-

lated PBMC.

Figure 6. Cross-presentation of virus-specific and tumor-associated antigens by PSMA-Vd2 bsTCE activated Vg9Vd2 T cells

(A) Expression of CD83, HLA-A2 and HLA-DR (MFI) by non-expanded Vg9Vd2 T cells (n = 3–4) after 24 h incubation with 10 pM PSMA-Vd2 bsTCE or medium on

1 mg/mL PSMA-coated plates.

(B–F) Vg9Vd2 T cells (expanded or non-expanded) were pre-incubated for 24 h with 10 pMPSMA-Vd2 hu-bsTCE or mediumwith or without 1 mMM1,MART-1, or

pp65 LPs on 1 mg/mL PSMA-coated plates and were subsequently incubated with M1, MART-1, or pp65-specific CD8+ T cells. (B) Expression of CD69, CD25,

CD107a, or IFN-g (%) by M1-specific CD8+ T cells incubated for 16–24 h with expanded Vg9Vd2 T cells as described. (C) Expression of CD107a and IFN-g (%) by

MART-1 specific CD8+ T cells incubated 16–24 h with expanded Vg9Vd2 T cells as described. (D) Expression of CD69 and CD107a (%) by pp65-specific CD8+

T cells incubated 16–24 hwith non-expanded Vg9Vd2 T cells as described. (E) Percentage of pp65-specific CD8+ T cells within CD8+ T cell population (CD8+ cells

of CMV+ healthy donor were used) incubated for 7 days with expanded Vg9Vd2 T cells as described. (F) Lysis of THP-1 tumor cells unloaded (left) or pre-loaded

with 1 mM pp65 SP (right) after 24 h co-culture with CD8+ T cell fractions that were variably enriched for pp65-specific cells during the 7 days co-culture with

expanded Vg9Vd2 T cells as shown in (E). Live target cells were determined as % of 7AAD� THP-1 cells. Data were all generated using flow cytometry, circles

represent individual data-points and mean ± S.E.M. is shown. MFI = mean fluorescent intensity. Paired t test (A), two-way ANOVA with Tukey multiple com-

parisons test (B–E). p < 0.05: *, p < 0.01: ** and p < 0.0001: ****.
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Pharmacokinetics of PSMA-Vd2-Fc bsTCE in human
FcRn-transgenic mice and non-human primates
Pharmacokinetic properties of the PSMA-Vd2-Fc bsTCE were

assessed in two in vivo animal models using animal species

with no cross-reactivity with the bsTCE, i.e., mice and non-hu-

man primates. In the first model, different doses of the PSMA-

Vd2-Fc bsTCE were injected alone or in combination with the

reference IgG1 antibody trastuzumab into Tg32 severe com-

bined immunodeficient (SCID) transgenic mice that expressed

the human FcRn (Figure 7C). Quantification of the amount of anti-

body in blood samples collected at different timepoints indicated

that the PSMA-Vd2-Fc bsTCE had a half-life that ranged be-

tween 5.83 ± 0.42 days (2 mg/kg), 6.67 ± 0.42 days (5 mg/kg),

and 7.15 ± 0.44 days (10 mg/kg). Addition of trastuzumab did

not impact the half-life since the half-life of 5 mg/mL PSMA-

Vd2-Fc bsTCE without trastuzumab injection was not signifi-

cantly different (6.99 ± 0.10 days). The half-life of trastuzumab

was comparable in all groups and similar to the half-life of the

PSMA-Vd2Fc bsTCE ranging between 5.11 ± 0.44 days (2 mg/

mL), 4.71 ± 0.11 days (5 mg/mL), and 5.76 ± 0.33 days (10 mg/

mL). More details regarding kinetic parameters can be found in

Table S3. A second pharmacokinetic assessment of the

PSMA-Vd2-Fc bsTCE was done in female cynomolgus monkeys

(Macaca fascicularis) because of the high homology between

their FcRn and human FcRn. Plasma samples were collected

at different timepoints after a single intravenous administration

of 0.03, 1.0, or 3.0 mg/kg PSMA-Vd2-Fc bsTCE doses. As Fig-

ure 7D illustrates, the plasma half-life of the PSMA-Vd2-Fc

bsTCE ranged between 6.75 days (0.03 mg/kg), 6.25 days

(1.0mg/kg), and 6.91 days (3.0mg/kg) andwas thus comparable

to that observed in the murine Tg32 SCID transgenic model.

More details regarding kinetic parameters can be found in

Table S4. Thus, the PSMA-Vd2-Fc bsTCE shows favorable

pharmacokinetic properties in line with the IgG1 antibody

trastuzumab.

PSMA-Vd2-Fc bsTCE reactivity follows the expected
expression patterns of PSMA and Vg9Vd2-TCR in
healthy human tissues
In order to assess the human tissue reactivity of the PSMA-Vd2-

Fc bsTCE, the molecule was FITC-labeled to be able to detect it

using a secondary anti-FITC detection method in IHC. We first

established that the labeling of the bsTCE did not affect binding

affinity to either Vg9Vd2 T cells (Vg9Vd2 T cell binding EC50 =

1.41 nM (FITC-labeled PSMA-Vd2-Fc bsTCE) versus 0.97 nM

(PSMA-Vd2-Fc bsTCE)) or PSMA-expressing LNCaP cells

(LNCaP binding EC50 6.00 nM (FITC-labeled PSMA-Vd2-Fc

bsTCE) versus 6.28 nM (PSMA-Vd2-Fc bsTCE)) (Figure 8A;

Vg9Vd2 T cells, binding assessed by flow cytometry and 8B;

LNCaP cells, binding assessed by ELISA). Reactivity to a panel

of 42 different frozen normal human tissues and blood smears

(three donors per tissue/blood smear) was subsequently tested

and showed moderate to marked membrane staining (with

some variable cytoplasmic staining) in acinar cells of the pros-

tate; low intensity, mainly cytoplasmic, staining in acinar cells

of the parotid gland in three out of three donors, and minimal

Figure 7. In vivo anti-tumor activity and pharmacokinetics of PSMA-Vd2-Fc bsTCE

NCG mice were engrafted subcutaneously with 22Rv1 PSMA+ tumor cells with or without PBMC and treated with PBS (n = 4), 2.0 mg/kg PSMA-Vd2-Fc bsTCE

(n = 4), PBMC (n = 12), PBMC and 0.2 mg/kg PSMA-Vd2-Fc bsTCE (n = 12) or PBMC and 2.0 mg/kg PSMA-Vd2-Fc bsTCE (n = 12). PSMA-Vd2-Fc bsTCE was

administered weekly for four weeks.

(A) Tumor volume in mm3.

(B) Survival curve.

(C) PSMA-Vd2-Fc bsTCE plasma concentration (mg/mL) over time in Tg32 SCID transgenic mice injected intravenously with 2, 5, or 10 mg/mL PSMA-Vd2-Fc

bsTCE with (n = 4) or without (n = 3) 2, 5, or 10 mg/kg trastuzumab.

(D) PSMA-Vd2-Fc bsTCE plasma concentration (mg/mL) over time in Macaca fascicularis injected with 0.03, 1.0, or 3.0 mg/kg PSMA-Vd2-Fc bsTCE (n = 1 per

concentration). Black arrowheads indicate PSMA-Vd2-Fc bsTCE injections. Data were generated by measuring tumor volume using a caliper (A) or ELISA (C and

D) and represent mean ± S.E.M. Two-way ANOVA (A), mantel-cox test (B). p < 0.0001: ****.
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Figure 8. Binding analysis of PSMA-Vd2-Fc bsTCE using immunohistochemistry

(A and B) FITC-labeled PSMA-Vd2-Fc bsTCE and/or PSMA-Vd2-Fc bsTCE binding to (A) Vg9Vd2 T cell lines (n = 2) and (B) LNCaP tumor cells (n = 2).

(C and D) Representative images of binding of 0 or 20 mg/mL FITC-labeled PSMA-Vd2-Fc bsTCE to a panel of frozen normal human tissues and a blood smear

from donors. Binding was detected with a secondary goat anti-FITC antibody (brown) combined with hematoxylin and bluing reagent to stain cell nuclei (blue).

Data were generated using flow cytometry (A) and ELISA (B) and represent mean ± S.E.M. or IHC (C and D). Black arrows indicate staining-positive Vd2+ T cells.

As specified in each subfigure, scale bars indicate 50, 100 or 200 mm.
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staining in fusiform cells of blood vessels and placenta villi

(considered to represent endothelial cells) in the placenta of

one out of three donors (representative images are shown in Fig-

ure 8C). No reactivity was detected in a wide range of other tis-

sue samples (adrenal, blood smears, breast, small and large in-

testines, gall bladder, kidney, liver, lung, lymph node, nerve,

ovary, oviduct, spleen, testis, thymus, tonsil, ureter, urinary

bladder, cervix, and uterus endometrium) with the exception of

incidental reactivity to membranes of lymphocyte-like cells,

which were most likely Vg9Vd2 T cells binding to the Vd2-VHH

(representative images are shown in Figure 8D). This tissue reac-

tivity analysis of the PSMA-Vd2-Fc bsTCE therefore was in line

with the known tissue expression of PSMA (i.e., prostate, parotid

glands, and placenta25,33) and Vg9Vd2 T cells and did not reveal

unexpected off-target reactivity.

DISCUSSION

Patients with metastatic PCa are initially treated with androgen-

deprivation therapy but tumors typically progress over time to

castration-resistant PCa which remains an incurable and fatal

disease.5,6 Although immunotherapeutic approaches have

offered tremendous progress in the treatment of many cancer in-

dications, in PCa these have failed to achieve a significant

benefit for the great majority of patients. This lack of success

is likely due to the immunosuppressive tumor microenvironment

in PCa and the general lack of infiltration by effector T cells.10–13

Vg9Vd2 T cells however have been reported to be present in tu-

mors labeled as immunologically ‘‘cold’’ and their high-cytotoxic

capacity and ability to activate other immune cells may offer the

opportunity to transform themicroenvironment in such tumors to

a more immune permissive state.14,17,18 Therapies stimulating

Vg9Vd2 T cells in cancer patients through the use of nitrogen-

containing aminobisphosphonates (nBP) like pamidronate or zo-

ledronic acid, in combination with low dose IL-2 or adoptive

transfer of Vg9Vd2 T cells are well tolerated and safe. While

some partial or complete remissions have been observed,

these approaches overall failed to provide consistent clinical

benefit.34–36 Here, we set out to explore the possibility to move

from systemic activation of Vg9Vd2 T cells to a tumor-targeted

approach by generating bispecific antibodies that can redirect

Vg9Vd2 T cell reactivity to PSMA, which is overexpressed in pri-

mary and metastatic PCa tissues compared to non-malignant

prostate tissue.25,26 PSMA-Vd2 bsTCE were initially tested using

expanded healthy donor-derived Vg9Vd2 T cells and various

PSMA expressing tumor cell lines, demonstrating potent

Vg9Vd2 T cell activation and effector cytokine release as well

as killing of PSMA-expressing tumor cells. These features were

maintained when bsTCE were optimized for future clinical use

(i.e., humanized and half-life extended). Though infiltration of

Vg9Vd2 T cells in PCa had previously been reported,14,37 we

confirmed the presence of these cells in both malignant and

non-malignant portions of prostate tissue samples of patients

undergoing radical prostatectomy and found that the frequency

of Vg9Vd2 T cells in these tissues was in the same range as in

PCa patient peripheral blood. The majority of Vg9Vd2 T cells in

both peripheral blood and in prostate tissue were found to ex-

press CD69. While CD69 is associated with early activation as

well as tissue residency, the observation that levels of the activa-

tion marker 4-1BBwere generally low on Vg9Vd2 T cells in tissue

may suggest that here CD69 expression is more reflective of the

tissue resident nature of these cells. Expression of PD-1 and

CD57 was common but more variable on Vg9Vd2 T cells from

PCa patients and was more prominent on Vg9Vd2 T cells in ma-

lignant prostate tissue. On conventional T cells, PD-1 and CD57

have been considered markers of activation/exhaustion and

senescence, respectively, and both possibly associated with

chronic antigen stimulation.38 Recent studies found that highly

cytotoxic CD4+ and CD8+ T cells expressing both PD-1 and

CD57 were associated with survival and are responsive to im-

mune checkpoint blockade.39–41 Whether this is similarly the

case for PD-1 and CD57 expression on Vg9Vd2 T cells is yet to

be determined. Of interest, CD57 has also been indicated as a

marker for memory differentiation in Vg9Vd2 T cells42 and PD-1

and CD57 co-expression has been speculated to be reflective

of anti-tumor effector functions rather than a sign of an impaired

immune response.43 In line with this notion, our analyses using

prostate tumor tissue-derived and blood-derived Vg9Vd2

T cells confirmed PCa patient Vg9Vd2 T cell reactivity and

effector functions in response to the PSMA-Vd2 bsTCE. A

similar preservation of effector functions was also reported for

PD-1+TIM-3+ Vd2+ T cells in acute myeloid leukemia (AML) pa-

tients after treatment with anti-PD-1 and anti-TIM-3 blocking

antibodies.44

Importantly, when exposed to PSMA-Vd2 bsTCEs, Vg9Vd2

T cells were found to trigger lysis of prostate tumor cells with

limited effects on normal prostate cells. This tumor specific ac-

tivity may be related to differences in expression of PSMA as

well as other receptors known to be involved in Vg9Vd2 T cell

reactivity. Indeed, compared to non-malignant prostate cells,

malignant prostate cells expressed higher levels of PSMA as

well as higher levels of BTN3A and BTN2A1 (both critical for

pAg sensing of Vg9Vd2 T cells), andmore of the DNAM-1 ligands

nectin-2 and PVR, as well as NKG2D ligands MIC-A/B, ULBP-3.

and ULBP-2/5/6. In the absence of bsTCE or in the presence

of sub-optimal concentrations of the PSMA-Vd2-Fc bsTCE,

DNAM-1, and NKG2D interactions were found to contribute to

the tumor reactivity of Vg9Vd2 T cells. As BTN3A and NKG2D

were found to contribute to Vg9Vd2 T cell reactivity in our earlier

work using a CD1d-Vd245 and an epidermal growth factor recep-

tor (EGFR)-Vd2 bsTCE46 respectively, it is likely that the impact of

co-receptors on tumor reactivity of Vg9Vd2 T cells may differ de-

pending on the make-up of the respective receptor profiles on

both the tumor and Vg9Vd2 T cell population. At functionally

saturating concentrations of the PSMA-Vd2-Fc bsTCE an impact

of these co-receptors could not be detected.

The anti-tumor potential of PSMA-Vd2 bsTCE was confirmed

in a xenograft mouse model using PBMC as effector cells. Of

note, although the Vg9Vd2 T cell frequency in these PBMC do-

nors was relatively high, the Vg9Vd2 T cells in these PBMCs

were neither enriched nor pre-activated ex vivo. Yet, their activa-

tion via the bsTCE in the in vivo model resulted in >60% tumor

growth inhibition despite the low (initial) Vg9Vd2 T cell to tumor

cell ratios of 1:22 and 1:60. It is possible that other immune cell

subsets may have contributed to the observed tumor kill. Previ-

ously, we have shown activation of conventional T cells and NK
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cells via IFN-g and TNF production by Vg9Vd2 T cells activated

using an EGFR-Vd2 bsTCE.46 In the current study, we addition-

ally showed that bsTCEs can enhance the ability of Vg9Vd2

T cells to act as APCs to activate (tumor) antigen specific CD8+

T cells. This interplay with other immune cells could possibly

tip the balance toward a more inflamed tumor microenvironment

containing (re-)activated effector cells, which might be further

function-enhanced in combination with other immune-activating

approaches, such as PD-1 immune checkpoint inhibition.

In recent years, PSMA has proven to be a relevant therapeutic

target inmetastaticcastration-resistantprostatecancer (mCRPC)

with the approval of lutetium-177-PSMA-617 radio-ligand ther-

apy7 and several other PSMA-targeted agents in development,

including PSMA directed radioligands,47 antibody-drug conju-

gates,48 chimeric antigen receptor (CAR) T cells,49 and bispecific

CD3 T cell engagers.49 Of note, while the median 4 months in-

crease in overall survival of mCRPC patients treated with lute-

tium-177-PSMA-617 radioligand therapy is meaningful,7 there is

a strong need for more efficacious therapeutics that ideally also

avoid some of the on-target off-tumor toxicity associated with

theapprovedPSMAdirected therapy,which includeoral toxicities

such as dry mouth.50 Other challenges currently noted in the

development of in particular CAR T cell and bispecific pan T cell

engager therapies also need to be addressed: e.g., high-grade

cytokine release syndrome, neurotoxicity, as well as immune-

related deaths with PSMA-directed bispecific T cell engag-

ers.51–54 The data in this paper as well as our earlier work indicate

that the intrinsic ability of Vg9Vd2Tcells to selectively interactwith

tumor cells is fairly well maintained in the presence of Vd2

bsTCEs.45,46,55 Vd2 bsTCE are also expected to reduce the risk

of high-grade CRS. Indeed, in multiple non-human primates

(NHP) studies designed to explore toxicity with cross-reactive

surrogate gd T cell engagers directed against CD1d or EGFR,

no relevant signs of toxicity were observed.46,55 Finally, and in

contrast to pan (CD3-based) T cell engagers,56–58 Vd2 bsTCEs

do not cause detrimental co-activation of suppressive regulatory

Tcells,which arepresent in increased frequencies inPCapatients

and that are associated with poor outcome.59,60 Therefore, the

PSMA-Vd2 bsTCE described here is expected to result in a better

overall therapeutic window.

To conclude, we here describe the development of a human-

ized half-life extended PSMA-Vd2-Fc bsTCE that contains muta-

tions known to silence Fc-mediated effector functions, shows no

off-target binding in tissue cross-reactivity studies, and effec-

tively induced antitumor immune responses against PCa in

in vitro, ex vivo, and in vivomodels with the potential for a broader

antitumor immune response via increased bsTCE-triggered

Vg9Vd2 T cell APC activity. The results reported here have

formed the basis for the initiation of a phase 1/2a clinical trial in

patients with therapy refractory metastatic castration-resistant

prostate cancer (NCT05369000).

Limitations of the study
The findings of this study are based on data collected from

in vitro, ex vivo, and in vivo (animal) models. Clinical trials will

be necessary to further validate these results.

The influence of sex on the results could not be determined

because all prostate cancer patients in the study were male.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PSMA-Vd2 bsTCE ImmunoPrecise antibodies N/A (custom-made)

Vd2-PSMA bsTCE ImmunoPrecise antibodies N/A (custom-made)

Humanized PSMA-Vd2 bsTCE ImmunoPrecise antibodies N/A (custom-made)

Humanized PSMA-Vd2-Fc bsTCE ImmunoPrecise antibodies N/A (custom-made)

gp120-gp120-Fc bsTCE ImmunoPrecise antibodies N/A (custom-made)

gp120-Vd2-Fc bsTCE ImmunoPrecise antibodies N/A (custom-made)

PSMA-gp120-Fc bsTCE ImmunoPrecise antibodies N/A (custom-made)

DNAM-1 blocking antibody BD Bioscience Cat#559787; RRID: AB_397328

NKG2D blocking antibody R&D Systems Cat#MAB139-100

NKG2A blocking antibody Proteogenics Cat#PX-TA1392-100UG

BTN3A blocking antibody Creative Biolabs Cat#PABL-415; RRID: AB_3111655

IgG1 isotype control R&D Systems Cat#MAB002; RRID: AB_357344

HRP-conjugated goat a-FITC antibody KPL Cat#01-40-01

rabbit anti-camelid VHH cocktail GenScript Cat#19L002038

monoRab rabbit anti-camelid VHH-HRP

conjugate

Genscript Cat#A01861-200

mouse anti-trastuzumab antibody BioRad Cat#HCA168

HRP labeled-rabbit anti-camelid VHH-

antibody

Genscript Cat#A011861

A*02:01-GILGFVFTL-dextramer Immudex Cat#WB2161-APC

A*02:01-NLVPMVATV-dextramer Immudex Cat#WB2132-APC

OKT3 Thermo-Fisher Scientific Cat#16-0037-81; RRID: AB_468854

Chemicals, peptides, and recombinant proteins

ELAGIGILTV ProImmune N/A (custom-made)

LKTRPILSPLTKGILGFVFTLTVPSERGLQ ProImmune N/A (custom-made)

GHGHSYTTAEELAGIGILTVILGVL ProImmune N/A (custom-made)

TWPPWQAGILARNLVPMVATVQG

QNLKYQE

ProImmune N/A (custom-made)

NLVPMVATV ProImmune N/A (custom-made)

PSMA protein Sino Biological Cat#15877-H07H

IL-2 Miltenyi Biotec Cat#130-097-748

IL-7 R&D Systems Cat#207-IL-025

IL-15 eBioscience Cat#34-8159-85

IL-15 Miltenyi Biotec Cat#130-095-766

PHA Thermo Fisher Scientific Cat#R30852801

Experimental models: Cell lines

LNCaP American Type Culture Collection Cat#CRL-1740

PC3 American Type Culture Collection Cat#CRL-1435

VCaP European Collection of Authenticated Cell

Cultures

Cat#06020201-1VL

22Rv1 European Collection of Authenticated Cell

Cultures

Cat#5092802

THP-1 European Collection of Authenticated Cell

Cultures

Cat#88081201

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

JY European Collection of Authenticated Cell

Cultures

Cat#94022533

Experimental models: Organisms/strains

Mouse: NOD/ShiLtJGpt-

Prkdcem26Cd52Il2rgem26Cd22/Gpt strain

Crown Bioscience (Taichang, China) N/A

Mouse: B6.Cg-Fcgrttm1Dcr Prkdcscid Tg

[FCGRT]32DcrJ strain

The Jackson Laboratory (Bar Harbor, USA) N/A

Non-human primates: Macaca fascicularis Covance Laboratories Limited

(Cambridgeshire, UK)

N/A

Software and algorithms

Kaluza Analysis Version 1.3 Beckman Coulter N/A

FlowJo Version 10.6.1 and 10.7.2 Becton Dickinson N/A

FCAP Array software v3.0 BD N/A

SoftMax Pro software v7.1 Molecular Devices N/A

GraphPad Prism v9.1.0 GraphPad N/A

Other

Anti-mouse IgG microbeads Miltenyi Biotec Cat#130-048-401

EasySepTM human gamma/delta T cell

negative isolation kit

STEMCELL Technologies Cat#19255

EasySep human CD8+ T cell isolation kit STEMCELL Technologies Cat#17953

CTSTM AIM-VTM Medium Thermo-Fisher Scientific Cat#A3830801

RPMI medium Gibco Cat#22400089

Fetal calf serum Biological Industries Cat#04-007-1A

b-mercaptoethanol Biological Industries Cat#200-646-6

b-mercaptoethanol Merck Cat#M6250

PSG Life Technologies Cat#10378-016

RPMI 1640 ATCC modified medium Thermo-Fisher Scientific Cat#A10491-01

Fetal bovine serum Cytiva Cat#SV30160.03

Gentamycin Gibco Cat#15710-049

RPMI 1640 medium Thermo-Fisher Scientific Cat#A1049101

Human AB-serum Sigma Cat#H4522

Penicillin-Streptomycin Thermo-Fisher Scientific Cat#15140-122

IMDM medium Gibco Cat#12440053

DNAse I Roche Cat#10104159001

Collagenase A Roche Cat#10103586001

100 mM cell strainers BD Falcon Cat#352360

mouse a-human Fc-HRP BioRad Cat#MCA647P

PBS Fresenius Kabi Cat#1073508600

Bovine serum albumin Fisher Scientific Cat#M090001/03

TrueGuideTM Synthetic sgRNA Thermo-Fisher Scientific Cat#A35533

LymphoprepTM Fresenius Cat#AXI-1114547

donkey anti-human IgG-HRP Jackson ImmunoResearch Cat#709-036-149

human IFN-g CBA flex set BD Bioscience Cat#560111

Fc-receptor block Miltenyi Biotec Cat#130-059-901

7-Aminoactinomycin D Sigma Cat#A9400-1MG

123counting eBeads Thermo-Fisher Scientific Cat#01-1234-42

Antibody block Discovery Cat#760-4204

ChromoMab DAB kit Discovery Cat#760-159

hematoxylin II Ventana Cat#790-2208

bluing reagent Ventana Cat#760-2037
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Design, production, purification and humanization of bsTCEs
The following bsTCEs were generated: PSMA-Vd2 bsTCE, Vd2-PSMA bsTCE, humanized PSMA-Vd2 bsTCE, humanized PSMA-

Vd2-Fc bsTCE, and control antibodies gp120-gp120-Fc bsTCE, gp120-Vd2-Fc bsTCE and PSMA-gp120-Fc bsTCE (Figure S1 pro-

vides a schematic overview of the humanized PSMA-Vd2 bsTCE and PSMA-Vd2-Fc bsTCE). The control gp120-specific VHHL8CJ3

binds to glycoprotein (gp)120 of HIV-1.61 The PSMA-Vd2 and Vd2-PSMA bsTCEs were constructed by linking the Vd2-TCR-specific

VHH5C828 and PSMA-specific VHHD227 using a 5 amino acid (a.a.) glycine (G)-serine (S) (sequence G4S) linker. Purified protein was

produced by ImmunoPrecise antibodies (IPA, Utrecht, The Netherlands) using transient DNA transfection into HEK293E cells fol-

lowed by purification using protein-A affinity chromatography (mAbSelect prismA) and preparative size exclusion chromatography

using a Superdex 75 column.

The Vd2-TCR-specific VHH5C8 and PSMA-specific VHHD2 were humanized using CDR grafting technology.62 VHH sequences

were aligned to the human germline63 and the closest human germline VH segment was identified and used for direct grafting of

the llama-derived CDR sequences. Next, the NCBI NR database was queried using BLASTP to identify human template sequences

that demonstrated the highest identity to the llama-derived VHH sequences, preferentially with equal lengths of CDR loops and these

were used for grafting of the llama-derived CDR sequences. To understand the effect of humanized framework residues on the struc-

ture of the VHHs, homology models were made using the ‘Antibody Prediction’-tool (default parameters) within BioLuminate 4.2.156

(Schrödinger, LLC). The CDRs were grafted in silico to study the possible effect(s) of the human residues on features as loop confor-

mation of the CDRs, the hydrophobicity of the surface and structural integrity (e.g., increased rigidity). The resulting constructs were

checked for these features, resulting in the design of additional humanized sequences. All designed variants were expressed and

purified as recombinant VHH proteins as described for PSMA-Vd2 and Vd2-PSMA. The PSMA-Vd2-Fc bsTCE, gp120-gp120-Fc

bsTCE, gp120-Vd2-Fc bsTCE and PSMA-gp120-Fc consist of two polypeptide chains with the design: VHH-modified hinge-CH2-

CH3. The two chains were designed to preferentially hetero-dimerize using knobs-into-holes (KIHs) technology64 in CH3; the CH2

domains were silenced for Fc receptor interactions by the L234F and L235E (LFLE) mutations. In addition, a Cys220 deletion was

included to avoid an unpaired cysteine and the hinge was slightly modified.65 Expression and purification were performed as

described above (co-transfection of two plasmids), except for the use of a Superdex-200 column instead of a Superdex-75. Purified

proteins were found to be >95% pure (as judged by SDS-PAGE analysis) and >95%monomeric (as determined by HP-SEC analysis)

and essentially free from endotoxins (0.05 EU/mg, as determined by a LAL assay).

Tumor cell lines
LNCaP (PSMA+ clone FGC, CRL-1740) and PC3 (PSMA�, CRL-1435) were obtained from American Type Culture Collection (ATCC)

and VCaP (PSMA+, 06020201-1VL) and 22Rv1 (PSMA+, 5092802) from the European Collection of Authenticated Cell Cultures

(ECACC). Cell lines were maintained in Roswell Park Memorial Institute (RPMI) medium (22400089, Gibco) supplemented with

10% (v/v) fetal calf serum (FCS, 04-007-1A, Biological Industries), 0.05 mM b-mercaptoethanol (200-646-6, Merck), 100 IU/mL so-

dium penicillin, 100 mg/mL streptomycin sulfate and 2.0 mM L-glutamine (PSG, 10378-016, Life Technologies), referred to as RPMI

complete medium. THP-1 cells were obtained from ECACC-Sigma (88081201) and cultured in RPMI 1640 ATCC modified medium

(A10491-01, Thermo-Fisher Scientific) supplemented with 10% heat inactivated fetal bovine serum (FBS, SV30160.03, Cytiva), 0.5%

gentamycin (15710-049, Gibco) and 5 mM b-mercaptoethanol (M6250, Sigma). Cell lines were kept at 37�C in a humidified atmo-

sphere containing 5% CO2 and tested for Mycoplasma using PCR every 3 months.

Generation of LNCaP PSMA knock-out cell line
For the generation of a LNCaP-derived PSMA knock-out cell line, LNCaP cells were co-transfected with four predesigned synthetic

CRISPR guide RNAs (CRISPR646020_SGM, CRISPR971863_SGM, CRISPR646032_SGM and CRISPR646028_SGM, Thermo-

Fisher Scientific) and the recombinant Streptococcus pyogenes Cas9 (wt) protein (Thermo-Fisher Scientific) using Lipofectamine

(Thermo-Fisher Scientific), according to manufacturer’s recommendations (TrueGuide Synthetic sgRNA). Single cell clones were

generated and PSMA expression was assessed using flow cytometry. Cells were kept at 37�C in a humidified atmosphere containing

5% CO2.

PBMC isolation and T cell cultures
Peripheral blood mononuclear cells (PBMC) derived from healthy donor- and PCa patient blood were isolated using Lymphoprep

(AXI-1114547, Fresenius) density gradient centrifugation. Blood samples were obtained fromSanquin (Amsterdam, The Netherlands)

in case of healthy donors or from PCa patients under written informed consent from the Amsterdam UMC (location VUmc, Amster-

dam, The Netherlands). Patient characteristics can be found in Table S1. PBMC were processed for phenotypic analysis using flow

cytometry or resuspended in RPMI medium complete for functional experiments.

Healthy donor-derived Vg9Vd2 T cells were isolated from PBMC and expanded as described before.45 In short, Vg9Vd2 T cells

were isolated from PBMC using magnetic bead sorting with FITC-labeled Vd2 monoclonal antibodies (mAbs, Table S2) in combina-

tion with anti-mouse IgG microbeads (130-048-401, Miltenyi). Purified Vg9Vd2 T cells were stimulated weekly with irradiated feeder

mix consisting of healthy donor PBMC (1x106 cells/ml), JY cells (1x105 cells/mL, 94022533, ECACC), IL-7 (10 U/mL, 207-IL-025, R&D
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Systems), IL-15 (10 ng/mL, 34-8159-85, eBioscience), and PHA (50 ng/mL, R30852801, Thermo Fisher Scientific) and used in exper-

iments if purity of Vg9Vd2 T cells was >95% of total cells (referred to as expanded Vg9Vd2 T cells). Alternatively, Vg9Vd2 T cells were

isolated from PBMC using the EasySep human gamma/delta T cell negative isolation kit (19255, STEMCELL Technologies) and

directly used in functional experiments (referred to as non-expanded Vg9Vd2 T cells).

M1-specific and pp65-specific CD8+ T cells were isolated fromPBMCof CMV+ and influenza+ experienced donors (Sanquin) using

an enrichment step (EasySep human CD8+ T cell isolation kit, 17953, STEMCELL Technologies) and subsequent sorting of CD8+

T cells using a BV510 labeled CD8a antibody (Table S2) and the A*02:01-GILGFVFTL-dextramer (WB2161-APC, Immudex) for

M1-specific CD8+ T cells or the A*02:01-NLVPMVATV-dextramer (WB2132-APC, Immudex) for pp65-specific CD8+ T cells. Cells

were expanded using a rapid expansion protocol by culturing the cells in the presence of irradiated (5000 rad) allogeneic PBMC

(mixed from 3 donors) and irradiated (5000 rad) JY cells in T cell medium consisting of 50% CTS AIM-V Medium (A3830801,

Thermo-Fisher Scientific) and 50%RPMI 1640medium (A1049101, Thermo-Fisher) supplemented with 10% heat inactivated human

AB-serum (H4522, Sigma) and 1% Penicillin-Streptomycin (15140-122, Thermo-Fisher Scientific) in the presence of 30 ng/mL anti-

CD3 antibody (OKT3, 16-0037-81, Thermo-Fisher Scientific) and 3000 IU/mL IL-2 (130-097-748, Miltenyi Biotec). After the initial

7 days of culture, medium was replaced every 2 days with fresh T cell medium supplemented with 3000 IU/mL IL-2, but on day

16 a lower concentration of IL-2 (60 IU/mL) was added. Cells were cryopreserved 3–5 days later and thawed when needed for func-

tional experiments. After thawing, CD8+ T cells were expanded in T cell medium supplemented with irradiated (5000 rad) allogeneic

PBMC (mixed from 3 donors) and irradiated (5000 rad) JY cells, 50 ng/mL PHA, 250 IU/mL IL-2 and 10 ng/mL IL-15 (130-095-766,

Miltenyi Biotec) and used in the assays at least 7 days after the last addition of cytokines. MART-1 specific CD8+ T cells were gener-

ated66 and expanded as described for M1-and pp65-specific CD8+ T cells (above) with the addition of pre-loading JY cells with 1 mM

MART-1 short peptide (SP, ELAGIGILTV, custom, ProImmune) to promote expansion of ELAGIGILTV-specific CD8+ T cells. Vg9Vd2

T cell and CD8+ T cell donors were HLA-A2 matched.

All T cell cultures were kept at 37�C in a humidified atmosphere containing 5% CO2.

PCa patient tissue samples
Non-malignant and malignant tissue samples were collected from radical prostatectomies of patients with non-metastatic prostate

cancer at the Amsterdam UMC (location VUmc) after written informed consent (characteristics of 39 patients can be found in

Table S1, ethical approval number: U2017-013). The pathologist assessed whether the tissue pieces were of non-malignant or ma-

lignant origin by macroscopic analysis in combination with clinical and radiological findings provided by treating physicians. Tissues

were cut into small pieces, resuspended in dissociation medium composed of Iscove’s Modified Dulbecco’s Medium (IMDM,

12440053, Gibco) supplemented with 0.1% DNAse I (10104159001, Roche), 0.14% Collagenase A (10103586001, Roche), PSG

and 5% FCS, transferred to a sterile flask and incubated on a magnetic stirrer for 45 min at 37�C. Subsequently, cell suspensions
were run through a 100 mM cell strainer (352360, BD Falcon). Dissociation steps were repeated 1–3 rounds in total from incubation

in dissociation medium onwards. Single cell suspensions derived from these tissues were processed for phenotypic analysis using

flow cytometry and/or resuspended in RPMI complete medium for functional testing depending on the available cell quantity.

In vivo tumor rejection
An in vivo anti-tumor efficacy study was performed by Crown Bioscience (Taichang, China) according to the Institutional Animal Care

and Use Committee (IACUC)-approved protocol and in accordance with the regulations of the Association for Assessment and

Accreditation of Laboratory Animal Care (AAALAC) (ethical approval number: AN-2004-12-1378). Female immunodeficient NCG

mice (the NOD/ShiLtJGpt-Prkdcem26Cd52Il2rgem26Cd22/Gpt strain, 6–8 weeks old) were subcutaneously inoculated with 5x106

22Rv1 PSMA+ tumor cells admixed with PBMC of either of two human healthy donors (Vg9Vd2 T cell percentages of CD3+ cells:

21.9% and 8.8%), in a 2:1 22Rv1:PBMC ratio. After tumor cell-PBMC inoculation (n = 4 or n = 12 per group), PBS (vehicle control)

or PSMA-Vd2-Fc bsTCE (at doses of 0.2 and 2.0 mg/kg) were intravenously administered weekly (day 0, 7, 14 and 21). Tumor vol-

umes were measured twice per week using a caliper, and the volume was expressed in mm3 using the formula: ‘‘V = (L x W x W)/2,

where V was tumor volume, L was tumor length (the longest tumor dimension) and Wwas tumor width (the longest tumor dimension

perpendicular to L). At the end of the follow-up period tumor growth inhibition (TGI) in percentage was calculated as: ((tumor volume

of PSMA-Vd2 bsTCE treated mice in mm3 – tumor volume of PBMC treated mice in mm3)/tumor volume of PBMC treated mice in

mm3)* 100%. Mice were sacrificed when the mean tumor volume of a group exceeded 2000 mm3.

In vivo pharmacokinetics of the PSMA-Vd2-Fc bsTCE
Pharmacokinetic (PK) characteristics of PSMA-Vd2-Fc bsTCE were assessed in two in vivo studies. The first study was performed in

human neonatal Fc receptor (hFcRn) expressing mice by The Jackson Laboratory (Bar Harbor, USA) according to an American

Association for Laboratory Animal Science (IACUC)-approved protocol and in compliance with the Guide for the Care and Use of

Laboratory Animals (National Research Council, 1996) (ethical approval number: 15006-A78). Male Tg32 SCID mice (the B6.Cg-

Fcgrttm1Dcr Prkdcscid Tg[FCGRT]32DcrJ strain, 7–10 weeks old) expressing human FcRn received PSMA-Vd2-Fc bsTCE and trastu-

zumab (as a reference IgG1 antibody) co-administered intravenously at 2, 5 or 10 mg/kg (n = 4 per dose). One group of mice received

PSMA-Vd2-Fc (5 mg/kg) alone to rule out any potential effect that trastuzumab could have on the PK of PSMA-Vd2-Fc bsTCE. Blood

samples were collected at different time points (5 min, 8h and 1, 3, 7, 10, 14, 17, 21 and 28 days) after compound administration, and
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concentrations of PSMA-Vd2-Fc bsTCE or trastuzumab were determined using an antigen capture ELISA (Lava Therapeutics,

Utrecht, The Netherlands); plates were coated O/N with human PSMA protein (1 mg/mL) and PSMA-Vd2-Fc bsTCE detection was

performed using monoRab rabbit anti-camelid VHH-HRP conjugate (clone 96A3F5, A01861-200, Genscript). An anti-idiotype

ELISA was used for trastuzumab quantification; plates were coated O/N with mouse anti-trastuzumab antibody (clone AbD18018,

HCA168, BioRad) and trastuzumab antibody detection was assessed by mouse a-human Fc-HRP (MCA647P, BioRad). Toxicoki-

netic parameters can be found in Table S3.

The second study was performed in non-human primates (NHP), whose FcRn is highly homologous to human FcRn, by Covance

Laboratories Limited (Cambridgeshire, UK) in accordancewith the applicable sections of theUnited KingdomAnimals (Scientific Pro-

cedures) Act 1986, Amendment Regulations 2012 (the Act) (ethical approval number: P8A1A5297). In this study, PK parameters were

assessed in three femaleMacaca fascicularis (2.12–2.18 kg, 29–31 months old) that were intravenously injected with a single dose of

0.03, 1.0 or 3.0 mg/kg PSMA-Vd2-Fc bsTCE (n = 1/dose). Venous blood samples were collected at different timepoints (30 min, 1, 2,

4, 8h and 1, 3, 5, 7, 14, 21 and 22 days) after compound administration and PSMA-Vd2-Fc bsTCE concentrations in plasma were

determined using a free drug assay (at Lava Therapeutics). Microtiter plate wells were coated with 2.5 mg/mL PSMA protein

(15877-H07H, Sino Biological) and HRP labeled-rabbit anti-camelid VHH-antibody (A011861, Genscript) was used for detection.

Toxicokinetic parameters can be found in Table S4.

METHOD DETAILS

Flow cytometry
Cells were resuspended in PBS (1073508600, Fresenius Kabi) supplemented with 0.5% bovine serum albumin (M090001/03, Fisher

Scientific) and 20 mg/mL NaN3 (247-852-1, Merck) and incubated with fluorochrome-labeled antibodies (Abs, Table S2) for 30 min at

4�C. Unbound fluorochrome-labeled Abs were washed away. The LSR Fortessa XL-20 (BD) was used for data-acquisition and flow

cytometry data were analyzed using Kaluza Analysis Version 1.3 (Beckman Coulter) or FlowJo Version 10.6.1 and 10.7.2 (Becton

Dickinson). Cytometric Bead Array (CBA) data were analyzed with FCAP Array software v3.0 (BD).

Assessment of target specificity and binding characteristics of bsTCEs
Binding of bsTCEs or control bsTCE to the Vd2 chain of the Vg9Vd2-TCR and to PSMA was determined as follows: Vg9Vd2 T cells

were incubated with different concentrations of bsTCE or control bsTCE, and after unbound bsTCEwaswashed away, bound bsTCE

was detected with FITC-labeled anti-llama polyclonal Ab or AF647-labeled anti-VHH (Table S2) after which cells were analyzed using

flow cytometry. Binding of bsTCEs to LNCaP and PC3 tumor cells was detected using a whole cell ELISA. Tumor cells were plated in

96-well cell culture plates and 48h later incubated with different concentrations of bsTCE. Bound bsTCE was detected using rabbit

anti-camelid VHH cocktail (19L002038, GenScript) or donkey anti-human IgG-HRP (709-036-149, Jackson ImmunoResearch) and 3,

30, 5, 50-tetramethylbenzidine (TMB) was used as a substrate for color development. The absorbance (450 nm) wasmeasured using a

plate reader (Molecular Devices, iD5) and data were analyzed using SoftMax Pro software v7.1 (Molecular Devices).

Assessment of Vg9Vd2 T cell activation
The capacity of PSMA-Vd2 bsTCEs to induce Vg9Vd2 T cell activation was assessed using different sources of Vg9Vd2 T cells.

Expanded healthy donor-derived Vg9Vd2 T cells were incubated with LNCaP (WT or PSMA knock-out), PC3, 22Rv1 or VCaP tumor

cells (1:1 E:T ratio) and different concentrations of the bsTCEs or control bsTCEs; prostate cancer patient PBMCwere incubated with

autologous prostate cancer patient dissociated tissue suspensions (10:1 E:T ratio) and different concentrations of the bsTCEs. In

parallel, prostate cancer patient dissociated tissue suspensions (containing infiltrated Vg9Vd2 T cells) were incubated with different

concentrations of bsTCEs. PE-labeled CD107a mAb was added during incubation to allow evaluation of degranulation. After 24 h

Vg9Vd2 T cell degranulation and CD25 expression was assessed, and culture supernatants were collected and stored at�20�C until

analysis using the human IFN-g CBA flex set (560111, BD Bioscience). For blocking experiments, Vg9Vd2 T cells or prostate cancer

patient dissociated tissue suspensions were incubated 30 min with 10 mg/mL Fc-receptor block (130-059-901, Miltenyi Biotec) fol-

lowed by a 30 min incubation with DNAM-1 (clone DX11, 559787, BD Bioscience), NKG2D (clone 149810, MAB139–100, R&D Sys-

tems), NKG2A (monalizumab, PX-TA1392-100UG, Proteogenics) blocking antibodies or IgG1 isotype control antibody (MAB002,

R&D Systems) before incubation with bsTCEs. LNCaP, VCaP or 22Rv1 cells were incubated for 30 min with BTN3A (clone 103.2,

PABL-415, Creative Biolabs) blocking antibodies.

Assessment of target cell lysis
Lysis of target cells was assessed by incubating expanded healthy donor-derived Vg9Vd2 T cells with prostate tumor cells (LNCaP,

PC3, 22Rv1 or VCaP) or prostate cancer patient dissociated tissue suspensions (1:1 E:T ratio) in the presence of the bsTCE or control

bsTCEs for 24h or by incubating prostate cancer patient PBMC with autologous prostate cancer patient dissociated tissue suspen-

sions (10:1 E:T ratio) in the presence of the bsTCE (50 nM) for 24h. Tumor lysis was determined using 7-Aminoactinomycin D (7AAD,

A9400-1MG, Sigma) and 123counting eBeads (01-1234-42, Thermo-Fisher) followed by flow cytometric analysis. Percentages of

lysis were calculated based on cell numbers relative to target cell only or to target cell + Vg9Vd2 T cell conditions.

iScience 27, 111289, December 20, 2024 e5

iScience
Article

ll
OPEN ACCESS



Assessment of APC function of Vg9Vd2 T cells
Different experiments were performed to study the capacity of the bsTCE to promote antigen presentation by Vg9Vd2 T cells. Vg9Vd2

T cells were incubated on PSMA-coated plates (1 mg/mL, 2h pre-incubation at room temperature, 15877-H07H, Sino Biologicals) and

either medium control or 10 p.m. PSMA-Vd2 bsTCE to induce TCR-mediated activation. After 24h incubation, expression of APC-

associated molecules CD83, HLA-A2 and HLA-DR (Table S2) by Vg9Vd2 T cells (non-expanded) was assessed using flow cytometry.

Cross-presentation of virus-specific or tumor-associated antigens by bsTCE-activated Vg9Vd2 T cells to CD8+ T cells was assessed

by analysis of the activation state of the CD8+ T cells after co-culture of bsTCE-activated Vg9Vd2 T cells and peptide-specific CD8+

T cells. As the CD8+ T cells recognize their target peptide in the context of HLA-A2, Vg9Vd2 T cells fromHLA-A2 positive donors were

used in these experiments. Expanded or non-expanded Vg9Vd2 T cells were pre-incubated for 24h on PSMA-coated wells with 0 or

10 p.m. PSMA-Vd2 bsTCE in the presence or absence of 1 mM long peptides (LP) M1 (30-mer, influenza-derived antigen,

LKTRPILSPLTKGILGFVFTLTVPSERGLQ), MART-1 (25-mer, tumor-associated antigen, GHGHSYTTAEELAGIGILTVILGVL) or

pp65 (30-mer, CMV-derived antigen, TWPPWQAGILARNLVPMVATVQGQNLKYQE) which were custom made by ProImmune.

Vg9Vd2 T cells (expanded) pre-treated with the M1 or MART-1 LPs, were subsequently co-cultured for 16-24h with M1-or MART-

1-specific CD8+ T cells; Vg9Vd2 T cells (non-expanded) pre-treated with pp65 LP, were co-cultured with pp65-specific CD8+

T cells. Percentages of CD69, CD25, CD107a and IFN-g (Table S2) positive CD8+ T cells were determined using flow cytometry.

In some experiments, Vg9Vd2 T cells (expanded) that were pre-treated with pp65 LP were subsequently co-cultured for 7 days

with CD8+ T cells, which were negatively isolated from a CMV positive donor to determine proliferation of pp65+ CD8+ cells within

the CD8+ population. Unloaded or pp65 short peptide (SP, NLVPMVATV, custom, ProImmune)-loaded THP-1 tumor cells were

added as target cells to the 7-day culture conditions to analyze tumor cytotoxicity using flow cytometry.

Tissue-cross reactivity
To explore human tissue reactivity, the PSMA-Vd2-Fc bsTCEwas FITC-labeled by Squarix GmbH (Marl, Germany) using a controlled

reaction with NHS-coupled FITC. The average number of fluorochromemolecules conjugated per protein (F/P) was 4.3. Tissue-reac-

tivity was assessed by Charles River Laboratories (Evreux, France) through immunohistochemistry (IHC) technique using the FITC-

labeled PSMA-Vd2 bsTCE on a panel of 41 different frozen normal human tissues (adrenal, bone marrow, breast/mammary gland,

cecum, cerebellum, cerebral cortex, colon, duodenum, endothelium [vessels], eye, esophagus, fallopian tube [oviduct], gall bladder,

heart [ventricle], ileum, jejunum, kidney [cortex], liver, lung, lymph node, muscle [striated, skeletal], peripheral nerve, ovary, pancreas,

parotid, parathyroid pituitary, placenta, prostate, rectum, skin, spinal cord, spleen, stomach, testis, thymus, thyroid, tonsil, ureter,

urinary bladder, uterus [cervix] and uterus [endometrium]) and peripheral blood smears (three donors per tissue or blood smear).

Frozen sections were air-dried, fixed in zinc formalin (4087236, MicromMicrotech) and rinsed using Milipore water. Test tissue sam-

ples were incubated with 0, 3 or 20 mg/mL FITC-labeled PSMA-Vd2-Fc bsTCE followed by 2 mg/mL HRP-conjugated goat a-FITC

antibody (01-40-01, KPL) after which antibody block (760–4204, Discovery) was applied. The ChromoMab DAB kit (760-159, Discov-

ery) was used for detection according to the manufacturer’s recommendations. Test samples were then stained with hematoxylin II

(790–2208, Ventana) and bluing reagent (760–2037, Ventana), washed, dehydrated andmounted. Slides were evaluated by a pathol-

ogist using a light microscope (Olympus BX51).

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism v9.1.0 (GraphPad Software) was used for statistical analyses. Data were analyzed using paired or unpaired t test,

one-way ANOVA with Dunnet multiple comparisons test or Mantel–Cox test or two-way ANOVA with Tukey test as appropriate.

p < 0.05 was considered significant and indicated with asterisks: p < 0.05: *, p < 0.01: **, p < 0.001: *** and p < 0.0001: ****. EC50

values were calculated using nonlinear regression analysis with GraphPad Software.
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