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Camelid-derived Tcell engagers harnessing human y$
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In the last decade, there has been a surge in developing immunotherapies to enhance the
immune system’s ability to eliminate tumor cells. Bispecific antibodies known as T cell
engagers (TCEs) present an attractive strategy in this pursuit. TCEs aim to guide cytotoxic
T cells toward tumor cells, thereby inducing a strong activation and subsequent tumor
cell lysis. In this study, we investigated the activity of different TCEs on both conventional
alpha-beta () T cells and unconventional gamma delta (y3) T cells. TCEs were built using
camelid single-domain antibodies (VHHS) targeting the tumor-associated antigen CEA-
CAMS (CEA), together with T cell receptor chains or a CD3 domain. We show that Vy9Vv§2
T cells display stronger in vitro antitumor activity than of T cells when stimulated with a
CD3xCEA TCE. Furthermore, restricting the activation of fresh human peripheral T cells to
Vy9Vs2 T cells limited the production of protumor factors and proinflammatory cytokines,
commonly associated with toxicity in patients. Taken together, our findings provide fur-
ther insights that y8 T cell-specific TCEs hold promise as specific, effective, and potentially
safe molecules to improve antitumor immunotherapies.

Keywords: activation - cancer - immunotherapy - T cell engager - y§ T lymphocyte

Additional supporting information may be found online in the Supporting Information section
at the end of the article.
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Introduction

Over the last decade, redirecting immune cells against tumor cells
using bispecific antibodies has been investigated as a promising
and attractive strategy among antitumor immunotherapies. T cell

Dr. Emmanuelle Vigne and Dr. Emmanuel Scotet
e-mail: Emmanuelle.Vigne@sanofi.com; Emmanuel.Scotet@univ-
nantes.fr

engagers (TCEs) are bispecific molecules designed to bind both
T cells via T cell receptors (TCRs) and target cells via specifically
expressed antigens [1]. Simultaneous binding to the two types
of cells induces the formation of an active immune synapse and
leads to the death of the target cell without the need for costim-
ulatory signals [2-4] while bypassing tumor escape mechanisms
such as major histocompatibility complex (MHC) downregulation.
These molecules can be primarily classified according to the pres-
ence, or the absence, of an Fc region, the number of binding sites,
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and overall geometry, which together govern their pharmacoki-
netic and pharmacodynamic properties [5]. Their antigen-binding
sites may arise from conventional two-chain immunoglobulins
or from single-domain antibodies (sdAb), also called VHHs
(Variable Heavy domain of Heavy chain-only antibody), of
camelid origin [6-8]. VHHs are modular building blocks char-
acterized by their small size (15 kDa) and excellent biophysical
properties, which enable their easy assembly into multi-specific
functional molecules. They are well suited for therapy, as proven
by the recent approval in Japan of Ozoralizumab, a trivalent anti-
TNF-a Nanobody compound, for the treatment of rheumatoid
arthritis [9].

Initial studies highlighted a therapeutic benefit of TCEs in the
treatment of hematological malignancies, leading to the approval
of Blinatumomab (CD3xCD19) or Mosunetuzumab (CD3xCD20)
in the treatment of acute lymphoblastic B-cell leukemia and fol-
licular lymphoma, respectively [10, 11]. More recently, clinical
trials using TCEs targeting the prostate-specific membrane anti-
gen (PSMA) or human epidermal growth factor receptor 2 have
reported promising results in solid tumors [12, 13]. A recent study
has further demonstrated the benefits of combining TCE therapy
with immune checkpoint blockade (ICB) and a 4-1BB agonist in
T cell cold solid tumors, where ICB monotherapy did not show
any therapeutical benefit [14, 15].

The majority of current TCEs target T cells via the CD3 sig-
naling complex, thus inducing strong polyclonal T cell activa-
tion. TCEs were initially designed to trigger minimal side effects
by promoting tumor site-specific T cell recruitment, infiltration,
and activation. However, stage 3 (or higher) deleterious effects in
patients, such as cytokine release syndrome (CRS), neurotoxicity,
and neutropenia, are frequently associated with treatment [16].
In addition, the use of such molecules might also increase the risk
of activating protumor, inhibitory, or regulatory T cells (Tregs),
which could reduce the efficacy of these immunotherapies
[17].

TCEs that specifically activate selected T cell subsets such as
y8 T cells have been proposed to address these important issues
[18-22]. In humans, y3 T cells are distributed into four major
subsets identified according to the expression of the TCR 8§ chain
variable segment: V81, V32", V83*, and V35" populations. The
major peripheral blood subset in healthy human adults is highly
conserved, devoid of alloreactivity, and expresses a TCR composed
of a V32 chain that is almost exclusively associated with a TCR
Vy9 chain, whereas V31" and V33" T subsets are most frequently
found in tissues [23]. A compelling set of studies has shown that
Vy9Vs2 T cells can directly kill tumor cells and express proin-
flammatory cytokines involved in the clearance of tumor cells,
supporting the development of immunotherapies engaging this T
lymphocyte subset [24-26].

In this study, we challenged of T cells and unconventional y3
T cells using TCEs directed against the tumor antigen CEACAMS5
(CEA) in an in vitro colorectal cancer model. Our results show that
y8 T cells display a differential TCE-mediated antitumor response
versus conventional af T cells. Moreover, our results suggest that
TCEs that can selectively target Vy9V32 T cells could have an

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.
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enhanced therapeutic safety window by reducing cytokine release
syndrome.

Materials and methods

T cell Engager molecules

VHH sequences directed against TCRy3, TCRaf, and CD3 were
retrieved from patent applications W02015/156673 (#5C8;
#6H1), WO02016/180969 (#56G05) and WO2016,/180982
(#117G03), respectively. VHH sequences directed against CEA-
CAMS5 and FMDV have been previously published [27, 28]. DNA
sequences for VHHs were synthesized by GeneArt (Life Tech-
nologies) as string DNA fragments and cloned into a eukary-
otic expression vector fused with human CH1 or CL domains.
FreeStyle™ HEK293-F cells (Gibco, RRID:CVCL _6642) were
cotransfected with two plasmids, each encoding one of the Fab
chains. After 7 days, culture media were harvested and filtered
before purification of the constructs on nickel-affinity columns.

Reagents

AF647-conjugated anti-CD107a (#H4A3, RRID:AB_1227506),
PE-conjugated anti-PD1 (#EH12.2H7, RRID:AB 940483),
AF647-conjugated anti-perforin (#dG9, RRID:AB_ 493255)
and FITC-conjugated anti-Vy9 (#B3, RRID:AB_1236403) mon-
oclonal antibodies (mAbs) were purchased from BioLegend.
BV510-conjugated anti-CD4 (#SK3, RRID:AB_2870492) and
BV421-conjugated anti-CD8 (#RPA-T8, RRID:AB_11153676)
mAbs were purchased from BD Bioscience. FITC-conjugated anti
V32 (#IMMU389, RRID:AB 131019) and PE-conjugated anti
CD69 mAbs (#TP1.55.3, RRID:AB_2801272) were purchased
from Beckman Coulter. APC-conjugated anti-V31 mAb (#REA173,
RRID:AB_2733451) was purchased from Miltenyi.

Cell lines

LS174T (human colon carcinoma, RRID:CVCL 1384),
LS174T_shGFP (LS174T cell line stably transduced with lentivi-
ral vector FG12.34 expressing short half-life variant green
fluorescent protein), HEK293 (human embryonic kidney 293,
RRID:CVCL_0045), and HEK EBNA CEA*" (HEK293 cell line
stably expressing Epstein-Barr virus nuclear antigen-1 and
CEACAMS) cells were grown in low-glucose (1 g/L) DMEM-
GlutaMax medium (Life Technology) supplemented with 10%
heat-inactivated fetal calf serum (FCS) in a humidified chamber
at 37°C and 5% CO,. HEK293 (CRL-1573) and LS174T (CL-188)
cells were purchased from the American Type Culture Collec-
tion. FreeStyle HEK293-F cells were cultured in Freestyle 293
expression medium (Gibco).
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Isolation and amplification of human T cells

Human peripheral blood mononuclear cells (PBMCs) were iso-
lated from the blood of healthy donors (informed consent)
obtained from Etablissement Frangais du Sang (Nantes, France;
convention # CPDL-PLER-2022 029). PBMCs were collected by
Ficoll gradient centrifugation and resuspended in RPMI-1640
medium supplemented with 5% heat-inactivated FCS. T cells were
enriched from PBMCs by 30 min-incubation at 37°C in a hori-
zontal tissue-culture flask (up to 7.10° cells/mL) to promote the
adhesion of monocytes, macrophages, and B cells. T cell-enriched
supernatants were obtained by centrifugation and used directly or
were frozen in heat-inactivated FCS plus 10% DMSO.

Human Vy9V32 T cells were specifically expanded from fresh
PBMCs ex vivo using 5 uM zoledronic acid (Sigma Aldrich) or
3 uM BrHPP (bromohydrin pyrophosphate, kindly provided by
Innate Pharma) in RPMI 1640 culture medium supplemented
with 10% heat-inactivated FCS, 2 mM L-glutamine, 100 pg/mL
streptomycin, and 100 IU/mL recombinant human IL-2 (rhIL-
2) (Proleukin, Novartis). After 4 days of culture, T lymphocytes
were supplemented with rhiL-2 (300 IU/mL). After 3 weeks
(resting state time), the purity of V32 T cells was checked
using flow cytometry (85%< purity >95%). Nonspecific amplifi-
cations were performed using PHA-feeders: Phytohemagglutinin-
L (Sigma-Aldrich) and 35 Gy-irradiated allogeneic feeder cells
composed of human PBMC and Epstein-Barr virus-transformed
B-lymphoblastoid cell lines [29]. Expanded Vy9V32 T cells were
maintained in RPMI 1640 culture medium supplemented with
10% heat-inactivated FCS, 2 mM L-glutamine, 100 ug/mL strep-
tomycin, and 300 IU/mL rhIL-2.

Human af T cells were expanded from fresh PBMCs by incu-
bation with ImmunoCult human CD3/CD28 Activator (StemCell)
in RPMI 1640 culture medium supplemented with 10% heat-
inactivated FCS, 2 mM L-glutamine, 100 ug/mL streptomycin, and
100 IU/mL rhIL-2. After 12 days of expansion, the purity of the
amplified ap T cells was checked by flow cytometry (85% < purity
>95%).

T cell activation assays

For CD107a surface mobilization assays, target cells were co-
cultured for 4 h with amplified T cells (E/T ratio 1:1) in the
presence of TCE (concentration range:10 fM-1 nM) in culture
medium containing 5 uM Monensin (Sigma Aldrich) and anti-
human CD107a mAb. For CD69 expression, LS174T cells were
co-cultured with fresh T cell-enriched PBMCs for 24 h (E/T ratio
10:1) in the presence of TCE (concentration range: 10 fM-1 nM).
The gating strategy for the different T cell subsets is represented
in Fig. S1. Extracellular marker staining was performed after co-
culture by incubating with the antibody mixture for 20 min at
4°C. Flow cytometry data were acquired using the Accuri C6
(BD Biosciences, RRID:SCR_019591) or Canto II cytometer (BD
Biosciences, RRID:SCR_018056) and analyzed using FlowJo soft-
ware (Treestar, RRID:SCR_008520).

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.
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Cytotoxicity assays

LS174T cells were incubated with >1Cr (75uCi/1.10° cells) for 1
h, washed, and co-cultured with ex vivo-expanded T cells (E/T
ratio 10:1) for 4 h in the presence of TCE (concentration range:10
fM-1 nM). >!Cr-release in the supernatant was measured using a
MicroBeta counter (Perkin Elmer). The percentage of target cell
lysis was calculated as follows: ([experimental release — spon-
taneous release)/(maximum release — spontaneous release]) x
100. Spontaneous and maximum release values were determined
by adding either medium or Triton X-100 to >'Cr-labeled target
cells in the absence of T cells, respectively.

Imaging of immunological synapses

5.10° LS174T shGFP cells were plated in Ibidi u-Slide 8 wells
(Ibidi GmbH) coated with CellTak adhesion matrix (Corning)
overnight at 37°C. TCE (1 nM) and ex vivo-expanded T cells (E/T
ratio 10:1) were then added for 30 min. Cells were fixed in 4%
paraformaldehyde for 10 min at room temperature (RT) and per-
meabilized in PBS containing 0.1% BSA and 0.1% saponin for
20 min at RT. Nonspecific binding sites were saturated with PBS
containing 10% FCS and 0.1% saponin for 20 min at RT. Cells
were then labeled with anti-human perforin and phalloidin for 1
h at RT in PBS containing 0.1% BSA and 0.1% saponin. Imaging
was performed using a Nikon Al confocal microscope (60X oil
immersion objective, N.A 1.4) (RRID:SCR_020318). The distance
between the perforin granules and the contact area between the
tumor and T cells was measured using NIS-Elements analysis soft-
ware (Nikon, RRID:SCR_014329).

Cytokine/granzyme B bead-based assays

Supernatants from experiments of enriched T cell activation were
collected after 24 h of co-culture with LS174T cells (E/T ratio
10:1) in the presence or absence of TCE (concentration specified
for each experiment). Concentrations of released IL-2, IL-10, IL-
6, TGF-B1, IFN-y, TNF-a, and granzyme B were measured using
bead-based flow cytometry (LegendPlex, BioLegend) according
to the manufacturer’s protocol. Data were acquired with the
Accuri C6 cytometer or the Canto HTS cytometer (BD Biosciences,
RRID:SCR_018055) and analyzed using the LegendPlex software
(BioLegend).

Statistical analysis

Samples collected from unrelated healthy human donors have
been used in this study. Data were analyzed with GraphPad Prism
software v.10 and are presented as box-and-whiskers plots or
as mean + SD or SEM. Statistical analysis data was performed
by unpaired nonparametric Mann-Whitney test or by one-way
ANOVA followed by Newman-Keuls, Holm-Siddk, or two-tailed
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Figure 1. Anti-CD3 mAb #UCHT1 induces a stronger activation of human y38 T cells, as compared with of T cells. (A) Analysis by flow cytometry
of surface expression of CD107a on ex vivo-expanded human Vy9Vs2 and of T cells after a 4 h-activation with soluble anti-CD3 mAb (#UCHT1); n
= 4 unpaired donors. (B) Calculated activation potential (ECsp) from experiments shown in (A) panel; n = 4 unpaired donors. The unpaired Mann-
Whitney test was used to assess the significance of differences between calculated ECsy for T cell subsets (*P < 0.05). (C) Representative flow
cytometry histograms of CD107a surface expression on Vy9Vs2 (left) and of T cells (right) after a 4 h-activation with 0.05 pg/mL of #UCHT1. (D)
Analysis by flow cytometry of CD69 surface expression on T cell subsets from fresh T cell-enriched PBMCs after a 24 h activation with soluble anti-
CD3 mAb (#UCHT1); n = 7 donors. (E) Calculated activation potential (ECso) from experiments shown in panel (C); n = 7 donors. Statistical analysis
was performed using one-way ANOVA tests on log-transformed data with cell population as fixed effect and donor as a random effect, followed by
Newman-Keuls tests to correct for multiplicity. (F) Representative flow cytometry histograms of CD69 surface expression on T cell subsets after a
24 h activation with 0.001 pg/mL of #UCHT1. (A) and (D): graphs from representative donors. (B) and (E) ECs values are shown as box-and-whiskers
plots (*P < 0.02; **P < 0.004).

Dunnett’s tests to correct for multiplicity. P-values below 0.05  blood (V32*/V81t y8 T cells, CD8"/CD4" of T cells demon-
were considered statistically significant. strated a stronger reactivity of Vy9vs2 T over V81T and of
T cells, as revealed by the comparative analysis of CD69 expres-
sion levels at cell surface (Fig. 1D-F). These results indicate that

Results Vy9Ve2 and af T cell subsets react differently upon CD3e stimu-
lation, the former unconventional T cell subset requiring signifi-
Human «f and y8 T cells react differently following cantly lower amounts of anti-CD3¢ mADb to reach strong activation
CD3 engagement levels.
Generation and validation of T cell engager molecules
Various studies have shown that human y8 and af T cells differ Based on these results, TCE molecules were engineered with

in their development, phenotype, and effector functions [23]. To a VHH1 domain targeting either human CD3 or TCR (V82, Vy9
investigate the underlying functional features, we compared the  or ofTCR) subunits, and a VHH2 domain targeting CEA. CEA
effects of a soluble anti-CD3e mAb on the activation of ex vivo-  is overexpressed in most human colorectal, pancreatic, lung, or
expanded human Vy9Vs2 and af T cells. As shown in Fig. 1A-C,  breast carcinoma and is a validated tumor antigen for solid can-
anti-CD3e mAb (#UCHT1) induced higher levels of activation  cer immunotherapies [31, 32]. The CEA VHH2 was swapped with
(monitored by CD107a cell surface expression) in Vy9V82 T cells  an irrelevant VHH2 binding foot-and-mouth disease virus (FMDV)
than in opT cells, at both low and high mAb concentrations. In  to serve as a negative control. VHH1 and VHH2 were combined
contrast, two other anti-CD3¢ mAb clones (#0KT3 and #HIT3a) in a bispecific Fab-like format (bsFab), which relies on the sub-
showed an inverse profile as they activated preferentially af  stitution of the VH and VL domains of a conventional Fab with
T cells (Fig. S2). These results confirm previous observations in ~ two independent VHH domains [33]. HA and His tags were fur-
which the #UCHT1 clone mAb showed increased potency ver-  ther appended to the C-terminus of the CH1 domain to allow
sus #OKT3 to trigger a CD3e-mediated activation in Vy9Vs2  optimal detection and purification of TCE molecules (Fig. 2A).
T cells [30]. Furthermore, #UCHT1-mediated activation of dif- The apparent affinities (ECso) of bsFabs were determined on
ferent y8 and ap T cell subsets enriched from fresh peripheral =~ CEA-expressing tumor cells LS174T and expanded Vy9V32 or af

© 2024 The Author(s). European Journal of Immunology published by www.eji-journal.eu
Wiley-VCH GmbH.
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Figure 2. Design and validation of TCE molecules. (A) Schematic representation of the Fab-like TCE format and bispecific target design between
VHH1 (effector T cell): V§2, Vy9, af TCR, or CD3, and VHH2 (target cell): CEACAMS (tumor antigen) or FMDV (negative control) fused to human CL
and CH1 chains, respectively. (B) Flow cytometry analysis of CD107a expression on human ex vivo-expanded Vy9Vs2 T or (C) of T cells aftera4 h
co-culture with wild-type or CEACAM5-expressing HEK293 cells (E/T ratio 1:1) in presence of xCEA bsFabs; n = 3 donors. Data from a representative

donor.

Table 1. ECs, calculated from binding curves of TCEs on LS174T cell
line, ex vivo-expanded Vy9V32 and of T cells.

Vyovs2 T of T LS174T
VHH xCEA xFMDV xCEA xFMDV <xCEA xFMDV
V2 1.3 0.2 >1000 >1000 1.3 >1000
Vy9 0.6 46 >1000 >1000 1.8 >1000
TCRap >1000 >1000 107 84.4 0.8 >1000
cD3 3.9 9.6 6.9 15.7 0.02  >1000

Note: Values are expressed in nM.

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.

T cells (Table 1). CD3 bsFabs displayed close affinity values for
both Vy9Vs2 and of T cells (3.9 nM vs 6.9 nM for CD3xCEA;
97 nM vs 16 nM for CD3xFMDV). Importantly, bsFabs with
VHH1 targeting TCR subunits specifically bound to their associ-
ated T cell subsets albeit with contrasted affinity values (approx-
imately 100 nM for aBTCR bsFabs vs nM range for V32- and
Vy9-based bsFabs). Finally, all CEA bsFabs bound LS174T tumor
cells with strong affinity, whereas as expected, the FMDV-based
bsFabs did not bind these cells. Both the specificity and func-
tionality of bsFabs were then assessed in a co-culture assay
using HEK293 cells, either wild-type or stably expressing CEA.
Expanded Vy9V32 T cells were strongly activated by Vy9-, V32-, or
CD3xCEA bsFabs (Fig. 2B) when co-cultured with CEA-expressing

www.eji-journal.eu
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HEK293 cells. aff T cells were activated to a lesser extent by
afTCR- or CD3xCEA bsFabs (Fig. 2C). For all bsFabs, the acti-
vation was dose-dependent and only detected in the presence
of CEA-positive cells. These results demonstrate that all bsFabs
are functionally active and have the capacity to activate the
desired T cell subsets in a tumor-antigen-dependent manner.

Ex vivo-expanded human Vy9V$2 T cells are activated
by bsFabs in the presence of CEA-expressing tumor
cells

The human colon carcinoma cell line LS174T, which expresses
endogenously CEA, was further used to test, and compare the
specificity and potency of bsFabs in activating ex vivo-expanded
Vy9Vs2 and af T cells in a dose-response assay. LS174T and
T cells were co-cultured (E/T ratio: 1:1) in the presence of CEA
or FMDV bsFabs. T cell activation was monitored by measuring
the membrane expression of CD107a. As shown in Fig. 3A, V32-,
Vy9- and CD3xCEA bsFabs activated Vy9Vs2 T cells with sub pM
potency (ECso = 0.6 & 0.24 pM; 0.47 £+ 0.17 pM; 0.56 + 0.42 pM,
respectively). In contrast, FMDV TCEs induced a very low level of
activation, only at the highest tested doses (~1 nM) (Fig. S3A),
confirming that bsFabs were active in a tumor antigen-dependent
manner. In addition, V32- and Vy9xCEA bsFabs specifically acti-
vated Vy9Vd2 T cells with equivalent potency and efficacy and
failed to activate ap T cells. af T cells were exclusively activated
by either aBTCR- or CD3xCEA bsFabs. However, a 50-fold higher
potency was measured for CD3 bsFab over the a3 TCR bsFab (ECs,
= 1.8 £ 0.12 pM vs 47.7 £+ 2.7 pM) (Fig. S3B). Moreover, the
plateau of ap T cell activation induced by CD3xCEA bsFab was
much lower than that of Vy9Vs2 T cells (55 +0.46 % vs. 87
+5.6%).

Following cell expansion, the relative CD8 and CD4 T cell fre-
quency varied substantially between donors (Fig. S3C). We mea-
sured separately the activation of both CD8* and CD4" af T cells
upon treatment with aBTCR- and CD3xCEA bsFabs (Fig. 3D) and
observed a dramatic difference between the maximal percentage
of activated CD4* of T and CD8™ af T cells in response to each
bsFab (25.89 + 3.7 vs 58.32 + 5.1 % for aBTCR bsFab; 39.69
+ 4.2 vs 71.95 + 3.4 % for CD3 bsFab). Of note, the CD8" af
T cell subset showed a slightly lower activation efficacy (71.95 +
3.4 % vs 87.10 £+ 5.6 %) and potency (0.97 + 0.4 % vs 0.56 +
0.4 pM) than Vy9Vs2 T cells when activated with the CD3xCEA
bsFab.

The T cell-directed cytotoxicity induced by bsFabs against
LS174T was next measured (Fig. 3B). At E/T ratio of 10:1, Vy9Vs2
T cells potently killed tumor cells at sub pM concentrations of
V32-, Vy9-, and CD3xCEA TCEs (left panel, ECso = 0.6 £+ 0.24
pM vs 0.47 £+ 0.17 pM vs 0.56 £+ 0.42 pM, respectively) in a
tumor-antigen dependent manner (FMDV bsFab effect shown in
Fig. S3E, left). Similarly, af T cells killed tumor cells in the pres-
ence of CEA bsFabs only (CEA bsFabs in Fig. 3B right and FMDV
bsFab in Fig. S3E, right). A 26-fold difference in potency was mea-
sured between CD3- and aBTCRxCEA bsFabs (ECsg = 0.2 &+ 0.4

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.
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pM vs 5.2 £ 5.2 pM, respectively) and the maximal killing levels
by ap T cells was much weaker as compared with Vy9Vs2 T cells
when activated with the CD3xCEA bsFab (39.9 £3.7 vs 82 +3.8%,
respectively).

To investigate the effects of bsFabs in more detail, expanded
T cells were co-cultured with GFP-transduced LS174T cells (E/T
ratio 10:1), in the presence or absence of CEA bsFabs, and stained
for F-actin and perforin. This allows monitoring of the translo-
cation of perforin granules toward the contact area established
between T cells and target cells as a marker of an active immuno-
logical synapse (Fig. 3C). In the absence of TCE bsFabs, the intra-
cellular pool of perforin granules (P) was located on the oppo-
site side of the contact zone (C). By contrast, when CEA bsFabs
were added to the co-culture, perforin granules migrated rapidly
(within 30 min) toward the contact zone, resulting in a signifi-
cant decrease in the distance between perforin granules and the
immunological synapse regardless of the bsFabs and T cell subset
(Fig. 3D).

Altogether, these results show that bsFabs mediate specific
interactions between T- and tumor cells in an antigen-dependent
manner, resulting in their lysis via a perforin-based mechanism.

Both CD3 and TCR-specific bsFabs strongly activate
human y8 T cells in PBMCs

The stimulatory activity of bsFabs was investigated using fresh
T cell enriched PBMCs isolated from the peripheral blood of
healthy donors at an E/T ratio of 10:1. The results showed that
CEA bsFabs activate T cell subsets in both a dose-dependent
and VHH-specific manner when co-cultured with CEA-expressing
cells (Fig. 4A and B). They also confirmed that the CD3xCEA
bsFab activated CD4" and CD8" af T cells more than the
apTCRxCEA bsFab, whereas the stimulatory activity of Vy9-, V32-,
and CD3xCEA bsFabs on Vy9V32 T cells was comparable. Impor-
tantly, the calculated ECso values of the CD3xCEA TCE for each
T cell subset showed an increased potency to activate Vy9Vvs2
T cells, as compared with other T cell subsets, including CD8*
ap T cells (Fig. 4C).

Co-culture supernatants were collected 24 h after treatment
with the ECqy concentration of each TCE (Table 2), and the levels
of secreted pro- or anti-inflammatory cytokines were measured
(Fig. 4D). No IL-2 was detected when T cells were activated by
Vy9Ve2-specific TCEs. While the CD3xCEA TCE and OKT3 mAb
(CD3 control) induced a similarly strong release of cytokines, both
Vy9- and V32xCEA bsFabs triggered significantly lower produc-
tion of IFN-y, TNF-q, and IL-6. Furthermore, these cytokines were
measured at a similar level after aBTCRxCEA bsFab treatment,
despite the lower E/T ratio of Vy9V32 T over af T cells (Fig. 4E).
Cytokine production per T cell upon treatment with aBTCR- and
V32-specific TCEs was calculated. This shows that these TCE:s elicit
a stronger proinflammatory response from Vy9Vs2 T lymphocytes
compared with ap T cells, with higher production of IFN-y, TNF-
a, and IL-6 cytokines (Fig. S4A). This observation was partly con-
firmed when activating ex vivo-expanded Vy9V82 T and of T cells
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at the same E:T ratio. Upon activation, ex vivo-expanded Vy9V52
T cells produced more IL-2 and TNF-a than af T cells (Fig. S5A
and C). IFN-y production was similar for both T cell subsets,
whereas IL-6 production was higher for af T cells than Vy9Vvs2
T cells (42 pg/mL vs 167 pg/mL upon CD3xCEA bsFab treatment
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Figure 3. Comparison of bsFabs activa-
tion potency between ex vivo-expanded
Vy9Vs2 and of T cells. (A) Analysis by
flow cytometry of CD107a expression on
ex vivo-expanded human Vy9Vs2 (left) or
af T cells (right) after 4 h of co-culture
with LS174T cells (E/T ratio 1:1), in the
presence of XxCEA bsFabs. n = 3 donors. (B)
LS174T cells were loaded with *'Cr and
co-cultured for 4 h with ex vivo-expanded
human Vy9Vs2 (left) or af T cells (right)
at E/T ratio of 10:1, in the presence of
xCEA bsFabs. °!Cr release was measured
in culture supernatants; n = 4 unpaired
donors. (C) Confocal microscopy images
of Vy9Vs2 and af T cells co-cultured with
LS174T_GFP (green) for 30 min (E/T ratio
10:1) in the presence or absence of V§2-,
or apTCRxCEA TCEs (1 nM), before stain-
ing with phalloidin-AF568 (ActinF, red)
and anti-human perforin antibody-AF647
(magenta). White arrows {C = contact, P =
perforin}; scale bars = 10 pm [60x magni-
fication]. (D) Measurement of the distance
between perforin granules and the con-
tact point between Vy9V32 or af T cells
and LS174T (E/T ratio 10:1) from confo-
cal microscopy images in the presence, or
absence, of xCEA bsFabs (1 nM); n=12 to 23
images per condition. Statistical analysis
was performed using one-way ANOVA fol-
lowed by Dunnett tests to correct for mul-
tiplicity (*P < 0.003; ***P < 0.0001). (A-C)
Data were presented from one representa-
tive donor. (D) Data presented are individ-
ual values and their means + SD

To assess the contribution of the perforin/granzyme killing
pathway during TCE engagement, the levels of granzyme B
released in the co-culture supernatant at a saturating bsFab con-
centration (1 nM) were measured (Fig. 4F). Vy9-, V32-, and
apTCRxCEA bsFabs induced a comparable release of granzyme B

by T cell-enriched PBMCs when co-cultured with LS174T cells,

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.
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Figure 4. CEA bsFabs specifically activate human peripheral T cells. (A) Analysis by flow cytometry of CD69 surface expression on T enriched PBMCs
after a 24 h-co-culture with LS174T target cells (E/T ratio 10:1), in the presence of xCEA bsFabs; n = 5 donors. (B) Representative flow cytometry
histograms of CD69 surface expression on T cell subsets after a 24 h-co-culture with LS174T target cells (E/T ratio 10:1), in the presence of xCEA
bsFabs. Data were presented from one representative donor. (C) Calculated activation potential (ECso) from experiments with CD3 bsFab (calculated

from Fig. 4A); n = 5 donors. Statistical analysis was performed using one-way ANOVA followed by Holm-Sidak test to correct for multiplicity (*P <

0.05). (D) IFN-y, IL-2, TNF-q, and IL-6 concentration measured in the 24 h supernatant of fresh T cell-enriched PBMCs co-cultured with LS174T cells
(E/T ratio 10:1), in presence or absence of xCEA bsFabs at their ECqy (calculated from Fig. 4A); n = 3 donors. (E) Frequencies of V82, V§1*, CD4*, and
CD8" T cell subsets in fresh T cell-enriched PBMCs measured by flow cytometry; n = 14 donors. (F) Granzyme B release in the 24 h supernatant
of fresh T cell-enriched PBMCs co-cultured with LS174T cells (E/T ratio 10:1) in the presence or absence of xCEA bsFabs (1 nM); n = 8 donors. (C,
E) Data shown as box-and-whiskers plots. (D, F) Data presented as individual values and their mean — statistical analysis performed by one-way
ANOVA followed by two-tailed Dunnett’s tests for no TCE, V82xCEA, Vy9xCEA, and CD3xCEA vs aBTCRxCEA (*P < 0.05; ™*P < 0.0005) — nonsignificant

differences are not displayed in the figure.
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Table 2. ECq calculated from CD69 expression curves after activation
of Tcell-enriched PBMCs by TCEs and SD; n = 5 donors.

Subset ECqo (PM) SD
V§2xCEA Vyovs2 6.462 3.283
Vy9xCEA Vy9Vs2 15.03 5.791
ap TCRxCEA apCD8 1091 341.1
CD3xCEA apCD8 26.85 11.91

Note: Values are expressed in pM.

which reflects a higher secretion by Vy9vs2 T than of T cells
as shown by normalizing to the cell number (2.3 + 2.8 fg/cell
treated with V82 bsFab vs 0.99 + 1.3 fg/cell treated with afTCR
bsFab; Fig. S4B).

Altogether, these results indicate that Vy9-, V32- and CD3xCEA
bsFabs efficiently activate the innate-like peripheral human
Vy9Vd2 T cell subset and that Vy9Vs2 T cell-specific activation
triggers potent antitumor functions, such as perforin/granzyme
B-dependent cytolysis with decreased release of proinflammatory
cytokines.

Vy9Vé2-specific bsFabs fail to induce the expression
or release of inhibitory molecules

Finally, the induction of immunosuppressive or protumoral fea-
tures by bsFabs was investigated. First, the level of PD-1 surface
expression was measured in fresh T cell subsets after 24 and 48 h
of co-culture with LS174T cells (E/T ratio 10:1) in the presence
of a saturating dose of bsFabs (1 nM). Interestingly, yd and of
T cells exhibited different responses to bsFab-induced stimulation.
Upregulation of PD-1 expression on Vy9V82 T cells was observed
only with CD3xCEA bsFab at 48 h, but not with Vy9-, or V82xCEA
bsFabs. In contrast, af T cells displayed peak PD-1 expression at
24 h after stimulation with both CD3- and a«fTCRxCEA (Fig. 5A
and B).

The supernatants from the co-cultures of fresh T cell-enriched
PBMCs and LS174T cells were collected at 24 h and the produc-
tion of IL-10 and TGF-B1 were measured. At the ECgy concentra-
tions of TCEs (Table 2), there was no detectable IL-10 production
in the Vy9- and V82xCEA bsFabs supernatants (Fig. 5C), while IL-
10 was observed when T enriched PBMCs were treated with CD3-
and aBTCRxCEA bsFabs. Similarly, after 16 h of incubation with
a saturating dose of TCEs, no IL-10 was detected in the super-
natants of ex vivo-expanded Vy9Vs82 T cells (Fig. S5E). Interest-
ingly, the specific activation of aBT cells by the aBTCRxCEA bsFab
showed a distinct pattern with significant production of TGF-p1
while the activation by the two Vy9V32 TCR-specific bsFabs did
not induce the production of TGF-81 (Fig. 5D). CD3xCEA bsFab
induced similar levels of TGF-81 as Vy9- and V32-CEA bsFabs.
Collectively, these results suggest that activation of fresh T cell-
enriched PBMCs by Vy9V82 TCR-specific bsFabs, in contrast to
CD3 and ofTCR bsFabs, does not induce surface expression or
release of regulatory molecules known for their negative effects
on immune responses within the tumor environment.

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.
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Discussion

The ever-increasing number of TCEs progressing to clinical trials
and the recent approvals of multiple CD20 and BCMA TCEs for the
treatment of hematological malignancies highlight the consider-
able therapeutic potential of tumor-specific T cell agonism [34].
These immunotherapies suffer however from severe limitations
such as side effects or nonoptimal efficacy leading the patient to
discontinue therapy. CRS, infections, and neurotoxicity are com-
mon side effects whose occurrence and severity depend on TCE
and indications [35]. Solid cancer treatment by TCEs increases
the challenge due to the potential lower accessibility to the tumor
target and a higher risk of off-target toxicity [36, 37].

This mechanistic study aimed at investigating alternative TCE
strategies to reduce side effects while keeping a potent anti-tumor
response in solid cancers by specifically targeting human y38 T cell
subsets which can account for up to 50% of tissue-resident T cells
and for an important proportion of tumor-infiltrated T cells (TILs)
[38, 39]. We performed an in vitro comparative functional study
of TCEs targeting either all T cells, conventional af T cells, or
unconventional Vy9V32 T cells. Whereas TCEs that target CD3
and Vy9 TCR chains have been previously described, our study
is, to our knowledge, the first to propose a full in vitro and ex
vivo comparison with a single TCE format [40]. The reactivities
of these T cell subsets to CD3 TCEs or TCEs specific to each
T cell population were investigated; more precisely, their acti-
vation level, cytokine production, tumor cell-killing capacity, and
plasticity to display an immunomodulatory phenotype were com-
pared.

The use of ex vivo-expanded T cells, with similar purity ranges,
allowed us to study and compare the specific potential of CD3-
based TCEs on both af T and Vy9Vs2 T cells with comparable E:T
ratios. Our results showed that the activation of Vy9Vvs2 T cells
by the CD3 bsFab outperformed that of af T cells based on a
higher surface mobilization of the degranulation marker CD107a
and enhanced maximal tumor cell killing. Furthermore, treatment
of T cell enriched PBMCs with the CD3 TCE resulted in the acti-
vation of all T cell subsets and confirmed the higher sensitivity
of Vy9Vs2 T cells to CD3 stimulation when compared with af
T cells. Importantly, the Vy9V32-specific TCEs were as potent and
efficient as the CD3 bsFab to elicit both Vy9V82 T cell activation
and cytolytic activity, in an antigen-dependent manner. In con-
trast, the af T cell response to the aBTCR-specific TCE was found
to be much less potent than to the CD3 TCE. This could be related
to the different affinities of these two TCEs for aff T cells (=7 vs
100nM for CD3xCEA vs aff TCRxCEA bsFabs) or to their different
epitopes on the full ap TCR.

The in vitro potency of CD3-based bispecific TCEs is influenced
by several key factors [41]. The spatial arrangement of their bind-
ing domains is essential and modifying the relative positioning of
the antigen-binding domain and the CD3-binding domain, either
through changes in the TCE format or variations of the bind-
ing domains themselves, results in distinct binding geometries
to the target cells and dictates the size of the synapse as well
as the extent of the CD3 conformational change [42]. This, in
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Figure 5. The activation of fresh human peripheral y§ T cells by bsFabs does not induce the expression of exhaustion markers or regulatory
molecules. (A) Analysis by flow cytometry of surface PD-1 expression (median of fluorescence) on T cell-enriched PBMCs after 0, 24, or 48 h of
co-culture with LS174T cells (E/T ratio 10:1) in the presence or absence of xCEA bsFabs (1nM), gated on V§2*, V§1*, CD4* or CD8* cells; n = 2 donors.
For each of the four subsets, the data presented corresponds to the MFI (median) of PD-1 expression. (B) Representative flow cytometry histograms
of PD-1 surface expression on T cell subsets after 0, 24, or 48 h of co-culture with LS174T target cells (E/T ratio 10:1), in the presence of CD3xCEA
bsFab (1 nM). (C) IL-10 concentration measured in the 24 h-supernatants of fresh T cell-enriched PBMCs co-cultured with LS174T cells (E/T ratio
10:1), in the presence, or absence, of xCEA bsFabs at their ECq (calculated from Fig. 4A); n = 3 donors. (D) Measurement of total TGF-p1 in 24 h-
supernatants of fresh T cell-enriched PBMCs co-cultured with LS174T in the presence or absence of xCEA bsFabs (1 nM); n = 4 donors. (C, D) Data
were presented as individual values and their mean. Statistical analysis was performed using one-way ANOVA followed by two-tailed Dunnett’s
tests for ap TCRxCEA vs no TCE, V§2xCEA, Vy9xCEA, and CD3xCEA (*P < 0.01) — nonsignificant differences are not displayed in the figure.
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turn, influences T cell activation efficacy, and subsequently cell
killing potency and cytokine release [41]. In our study, the format
and the binding domain to the tumor antigen are fixed. Given the
diversity of variable domains in the TCR chains of af T cells, the
af TCR VHH is likely to bind the TCR constant domain. Unfortu-
nately, the absence of structural information on the VHHs (V32,
Vy9, and of TCR) limits our ability to precisely understand how
the corresponding bsFabs arrange on the TCR surface and influ-
ence the overall synapse topology. Furthermore, the affinities of
the TCEs for both CD3 and the tumor antigen are known to con-
tribute to the tightness of the interaction and play a critical role
in in vitro T cell activation and killing potency. In this study, the
affinities of the TCR-specific bsFabs for the tumor antigen are very
similar and therefore cannot account for the observed potency dif-
ference. In contrast, there is a 2-log difference in affinity for their
cognate T cells in favor of the two y3T—specific bsFabs. Lowering
the affinity of T cell engagers for the target CD3 is known to limit
in vitro T cell activation [43]. If this holds true when targeting the
TCR chains instead of the CD3 subunits, it could be the main fac-
tor contributing to the observed potency difference. An interesting
avenue for exploration involves comparing bsFabs built with VHH
affinity variants for either the af or Vy9Vvs2 TCR.

The cytolytic activity of all expanded T cell subsets induced by
all bsFabs involved the perforin/granzyme pathway as previously
reported for other CD3-based TCEs on CD4" and CD8™ T cells [4].
We showed that within 30 min after the addition of any bsFabs,
both ap T and Vy9Vs2 T cells have their perforin granules relo-
cated to the immune synapse. The difference in killing activity
levels that we measured for the two T cell subsets treated with
the CD3 bsFab could be explained by various parameters such as
the effector differentiation state and the number of responding
T cells, or intrinsic granzyme B loading [44]. Circulating Vy9V32
T cells have an innate-like and memory phenotype [45]. Conse-
quently, they require a lower threshold for early antigenic activa-
tion and can bypass the need for CD28 costimulation to acquire a
potent cytotoxic function as confirmed by our experiments using
a monoclonal anti-CD3 mAb. Interestingly, several studies have
shown that the lack of a costimulatory signal 2 leads to a nonopti-
mal CD4"/CD8* T cell stimulation by CD3 TCEs and that an addi-
tional tumor-specific CD28 stimulation is a promising strategy to
improve antitumor activity of CD3 bispecific T cell engagers [46].

A major adverse effect triggered by TCE-based therapies is the
massive production of inflammatory cytokines associated with an
overactivation of the immune system, also known as CRS. High-
grade CRS is generally manageable but requires patient hospital-
ization and can be life-threatening for the patient [47-49]. This
has led to recent engineering strategies aimed at decreasing CD3
binding domain affinities or designing conditionally active TCEs
[50-52]. An alternative strategy to improve the safety profile of
bispecific TCEs while keeping high antitumor activity is to selec-
tively recruit highly cytotoxic T cell subsets such as y8 T cells
rather than indiscriminately recruit all T cells (reviewed in [53]).
We compared the effects of specific stimulation of Vy9Vs2 T cells
by Vy9- or V82-based TCE and CD3-based TCE in T cell-enriched
PBMCs. While both triggered a similar level of Vy9V82 T cell acti-

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.
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vation, specific stimulation resulted in lower levels of secreted
immune effectors such as granzyme B, IFN-y, and TNF-qa, at lev-
els correlated with the low Vy9V32: tumor cell ratio. Similarly,
the secretion of IL-6, one of the most aversive cytokines in can-
cer immunotherapies [54], was dramatically decreased when only
Vy9V32 T cells were engaged. In addition, Vy9- or V32xCEA bsFab
treatment blocked the induction of immunomodulatory cytokines
(e.g. regulating Treg activation) such as IL-2, IL-10, or TGF-B1
while the CD3- and af TCRxCEA bsFabs induced at least 2 of these
3 cytokines. Finally, the induction of PD-1 expression on the T cell
surface following activation by bsFabs was found markedly differ-
ent between the different T cell subsets. af T cells rapidly upregu-
lated PD-1 when treated with either CD3 or af TCR bsFabs while
the y8 T cell response to the CD3xCEA bsFab was delayed. More
strikingly, PD-1 expression was not induced on Vy9Vs2 T cells
activated by Vy9- or V32xCEA bsFabs. This result is particularly
encouraging as it has been recently reported that continuous stim-
ulation with TCE can induce CD4t/CD8* T cell exhaustion and
ultimately lead to resistance to therapy [55].

Altogether, our results indicate that the specific activation of
Vy9Ve2 T cells by TCEs not only induces a strong cytotoxic activ-
ity, but also (1) triggers low production of IFN-y, TNF-a, and
IL-6, which should reduce the risk of CRS as compared with
large-spectrum TCEs which engage CD3 and subsequently all
T cells without discrimination, (2) is characterized by no to the
minimal release of modulatory cytokines such as IL-2, IL-10, or
TGF-B, and (3) does not induce the expression of exhaustion
markers such as PD-1, suggestive of a durable effective cyto-
toxic phenotype. This study therefore fully supports the develop-
ment of novel y8 T-bispecific cell engagers, the most advanced
of which are currently being evaluated in clinical trials [53]. To
progress successfully, the next steps involve comprehensive pre-
clinical assessments of efficacy and safety. Given the absence of
murine counterparts for human Vy9vs2 T cells and the lack of
animal models that fully recapitulate the intricate interplay of
human cancers and immune networks, the antitumor activity and
the safety of Vy9Vs2-targeting TCEs should be separately evalu-
ated using distinct animal models. Immunodeficient mice carry-
ing human tumor xenografts and injected with a partially human-
ized immune system through the introduction of human Vy9vs2
T or PBMCs have been used to assess the antitumor efficacy of
y8 T specific TCEs [22, 56]. In contrast, nonhuman primates,
which naturally harbor Vy9Vs2 T cells, can serve as a valuable
model for assessing the safety profile of Vy9Vs2-targeting TCEs.
King et al. [22] report these strategies for the characterization of
a V32xEGFR TCE demonstrating both its efficacy and safety. Of
note, advances in hematopoietic stem cell-engrafted immunodefi-
cient mice hold the potential to evaluate both criteria in a single
preclinical model in the near future.

Human y3 T cell subsets can account for an important pro-
portion of TILs. While TILs are pivotal for effective antitumor
immunity, the persistence of an immunosuppressive microenvi-
ronment that maintains TILs in an anergic or exhausted state
is a major cause of tumor control escape. With this in mind, it
would be interesting to generate TCEs specifically targeting other
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human y3 T cell subsets, such as V81" or V33" T cells. These
subsets have been evidenced for their contribution to antitumor
responses, especially in solid tumors [39]. Exploring the response
of TILs to TCEs tailored for different y3 T cell subsets could pro-
vide valuable insights. Unfortunately, the lack of VHHs targeting
specifically the V31 or V83 TCR chains makes such comparative
studies challenging. Finally, it would be interesting to investigate
whether y3 T-specific TCEs would be potent enough to overcome
immunosuppression in the tumor microenvironment, and if their
combination with allogeneic Vy9Vs2 T cell transfer from healthy
donors might help enhance the efficacy of TCEs without addi-
tional toxicity [57].
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